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ABSTRACT

The scope of this Thesis was to apply integrated methods to characterise the groundwater
systems of the Lagos Coastal Basin. Like every coastal area in the world, saline intrusion has
been the major challenge threatening the fresh groundwater aquifers of the study area over
the last couple of decades, and thus, necessitating its assessment. Environmental isotopes,
being a reliable and standard tool in hydrological investigation, was employed in combination

with geophysical and hydrogeochemical methods to study the coastal aquifer systems.

Geophysical probing of the subsurface revealed an alternating sequence of clay and sand,
constituting the major lithological units in the study area. The basin aquifers are hosted
essentially by sands and clayey sand, while the modes of aquifer occurrences are unconfined

to semi-confined and confined for shallow and deep aquifers, respectively.

Hydrochemical interpretation identified a surficial thin layer of fresh groundwater overlying
the main zone of saline intrusion, which essentially comprises Ca-HCO3 and Ca-Mg-HCOs3,
Ca-Mg-HCO3; and Ca-Mg-CI-SO4 hydrochemical facies for both dry and wet seasons,
whereas the surface waters are characterised by Mg-Cl and Na-Cl water types for the lagoon
and the ocean, respectively. The evaluation of the chemical processes revealed the dominance
of carbonate weathering in the shallow aquifer. Hydrochemical, statistical and geochemical
model analyses identified that the groundwater chemistry is significantly controlled by

water—rock interaction and ion exchange processes as well as anthropogenic activities.

Stable isotopes revealed precipitation as the main source of recharge into the basin aquifer
systems. Analyses of the ®H and *C activities were in agreement, revealing an interesting fact
about the increase in the groundwater residence time from the surface through deeper depths
deducible from 3H values range between 0.1 TU and 2.8TU; 0.0 TU and 0.3 TU; and **C age
range from 4350+£10 to 1050+10 years and between 12030+69 and 7400+50 years for the
shallow and deep aquifers, respectively. The mean residence time was supported by the
aquifer systems’ recharge which took place in Holocene for the shallow aquifer and Late
Pleistocene—early Holocene for the deep aquifers evident from the calculated ambient

temperature, 20 and **C plots.

The hydrogeological conceptual models showed that saline incursion severely impacted the

second aquifer from a depth >20 m to 170 m in the western and central parts of the study.



However, the observed local saline occurrence in places <20 m was attributed to groundwater

overexploitation.

Conclusively, the hydrological systems of the Lagos coastal basin is continually being
modified by both anthropogenic and natural activities that constitute not only a major threat
to the groundwater sustainability of the Lagos coastal basin but can also consume the entire

study area.
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Chapter 1
INTRODUCTION

1.1  Background to the Research

Nigeria is situated in West Africa between Sahel in the north and the Atlantic Ocean in the
south. It experiences differential precipitation due to its location in the tropical region. The
climate varies from equatorial in the south to tropical in the middle belt and the north. The
rainfall distribution in Nigeria is not only variable in time but also in space, being highest in
the coastal zones, while decreasing inland. This makes the northern part wulnerable to
drought and water shortages, while the southern region is prone to floods and inundation of
coastal aquifers by saline water induced by climatic variability and human activities (Yusuf
and Abiye, 2019).

In developing countries such as Nigeria, efforts on urban water supply were initially focused
on surface water, while groundwater was only meant for rural supply. However, increasing
demand for water resources due to high population growth and urbanisation has resulted in an
unprecedented dependence on groundwater as a major source of water supply. Groundwater
aquifers are known to host approximately 99% of the global available liquid freshwater
(Gabriel and Khan, 2010) and at least 25% of the world’s population depends on it to fulfil its
water demands (Jackson etal, 2001). The heavy reliance on groundwater globally,
particularly in urban areas, exposed the aquifers to increasing pressure and accelerated
environmental degradation. Like many other countries in the world, the authorities of Nigeria
realised that potable groundwater resources are limited and wulnerable. Thus, the
management and utilisation of this finite and wvulnerable resource are of immense importance
to maintain the life, environment, and development of the country (Martins, 2001). However,
efforts have been made to prepare all stakeholders for this acute situation. Though the
problem of saltwater intrusion was not only limited to Nigeria, it has become a major concern
worldwide (Batayneh, 2006). It constitutes the commonest of all the pollutants to fresh
groundwater that threatens the sustainable development and economic well-being of dwellers

in any coastal area (Urish and Frohlich, 1990).

The southern part of the country, especially in the Lagos region, where this research study

was undertaken, is currently grappling with essentially two major threats to groundwater
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degradation, namely saltwater intrusion due to the rise in the sea level and over-abstraction,
and contamination generated from inland activities. The situation is more aggravated when
surface water, which ought to complement groundwater abstraction in many parts of the city,
is in itself rendered unusable due to large pollution attendants, leaving groundwater as the
only viable option for the users (Adelana et al., 2003; Yusuf et al., 2014). The provision of
potable water, however, appears to be crucial for residents, both now and in the future. Longe
etal. (1987) estimated that over 45460.90 m* of water is being extracted per day via
boreholes from the multilayered aquifers that exist in the coastal city of Lagos. However, a
recent study asserts that Lagos State extracts over 818 296.2 m® of groundwater per day
(Majolagbe and Osinbajo, 2012). This implies a significant increase in the rate of
groundwater exploitation by owver 170 % within a short period of 25 years, which
consequently induces saltwater intrusion into fresh groundwater. The consequences become
evident in most of the boreholes drilled in the coastal area of Lagos, which in most cases are

abandoned after a few months due to severe saltwater intrusion into the aquifers.

Although seawater intrusion has been affirmed to be an inevitable problem of coastal
freshwater aquifers associated with urban areas, the future safety of these aquifers and the
potential for shallow aquifer water migrating to deeper aquifers, need to be evaluated and
fully understood before making policy and financial investments (Hwang etal, 2004).
Apparently, studies on the groundwater resources of the Lagos State have covered many parts
of the city and its environs and these studies have contributed a lot to the development and
management of groundwater resources (Oteri and Atolagbe, 2003; Oladapo etal, 2013).
However, the studies are limited to a narrow area of hydrogeology, studies such as isotope
analyses, geochemical modelling, and dynamism associated with groundwater flow systems
are not yet known to this basin. As noted by Okagbue (1988), a complete appraisal of
groundwater involves the integration of geophysical and hydrogeochemical studies. In order
to make an adequate and improved characterisation of hydrogeology in complex multilayered
aquifer systems, it is imperative to adopt an integrated approach to enhance an understanding

of the groundwater resources.

In light of the abowve, this study provides an insight into the characterisation and assessment
of groundwater resources through an integrated application of different methodologies, which
include geophysics, hydrochemistry, environmental isotopes, hydrochemical models, and
multivariate  statistical techniques. Although groundwater was the major focus of this

research, attention was also given to surface water draining the areas, due to potential
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interactions with groundwater. The result from this study is not only pivotal to understanding
the human interaction and hydrological cycle but also contributes to a detailed understanding
of the coastal aquifer system, allowing for better planning and management of groundwater
resources. Besides, the results will also guide decision-makers to take precautionary measures
towards formulating policies that will control the indiscriminate discharges of contaminants,
provide adequate implementable future plans, and protect the aquifer from further

deterioration.

1.2  Research Aim and Objectives

The main aim of this forensic research was to apply an integrated approach to investigate and
characterise the hydrogeology of the coastal aquifer in the city of Lagos. This the
collection of relevant data from the government, agencies, individuals, and literature to
complement the acquired field data as well as the various analyses. To achieve this laudable

aim, the following specific objectives were considered:

e To establish the depth to the water table as well as aquifer thickness, to delineate
formations bearing fresh and saline water, distinguish between the sandy and clay
layers, establish the depth to the freshwater and saltwater interface, and groundwater

flow direction.

e To identify and determine the source of aquifer recharge and Mean Residence Time of

groundwater.
e To assess the status or trend of groundwater pollution in the study area.
e To develop a hydrogeochemical model for the study area.

e To recommend optimal and reliable mitigation or control measures for groundwater

protection from contamination for future planning and policy formulation.

1.3  Thesis Structure
This thesis is divided into ten chapters. The contents of each chapter are summarised as
follows:

Chapter 1 presents the general background of the research including the rationalisation of the

research, the research aim and objectives, and the structure of the thesis.



Chapter 2 describes the study area, including location, climate, relief and drainage,
population and land use, population and water use, vegetation and land cover, geological

setting, stratigraphic setting, and hydrogeological setting.

Chapter 3 reviews the state of research in the Lagos Coastal Basin (LCB) including, the
geological,  hydrogeological, hydrochemical, geophysical and environmental isotopes
techniques. This chapter also offers a background to the processes involved in all the methods

adopted for aquifer characterisation.

Chapter 4 details the research approaches, methodology, and materials used in the study to

collect, analyse, and present various data.

Chapter 5 investigates and characterises the subsurface of the coastal basin with the aid of
geophysical methods. This involves the application of a geoelectrical method and resistivity
log interpretation to delineate lithological units, estimation of layer thickness, depth to the
aquifer, and the freshwater—saltwater interface. The work was presented at the 15th Biennial
Conference of Groundwater Division in Stellenbosch, South Africa, in October 2017, as well
as at the 54th Annual International Conference of the Nigerian Mining and Geosciences
Society in Kano, Nigeria, in January 2018. Parts of this chapter had been published in the
Elsevier Journal of Groundwater for Sustainable Development (Yusuf and Abiye, 2019), and
the other parts are currently under review in the Springer Journal of Environmental Earth
Sciences (manuscript number ENGE-D-18-02360 R2).

Chapter 6 presents the results of the environmental isotopes of surface water, groundwater,
and rainwater in the LCB. Part of this chapter had been published in the Elsevier Journal of
Heliyon (Yusuf etal, 2018), while the other part is currently under review in the Elsevier
Journal of Groundwater for Sustainable Development (GSD-20-357 R1).

Chapter 7 presents the geochemical modelling and hydrochemical characteristics of the LCB.
Part of this chapter is presently under review for publication in the Elsevier Journal of
Heliyon (HELIYON-2020-02205 R2).

Chapter 8 presents both the general and specific conceptual models for the aquifer systems of

the study area.

Chapter 9 synthesises all the findings and enumerates the significant contributions of the

thesis to knowledge.



Chapter 10 completes and highlights the main conclusions and recommendations from the

overall findings of this research work.



Chapter 2
DESCRIPTION OF THE STUDY AREA

2.1 Introduction

The study area is situated within the coastal domain of Dahomey Basin, and thus an integral
part of it. Dahomey Basin is a marginal basin forming parts of the Gulf of Guinea, extending
from south-eastern Ghana through Togo and the Benin Republic to the western limit of the
Niger Delta in Nigeria (Billman, 1976). It is a shelf depositional environment sedimentary
basin constituting a thick sequence of sedimentary rocks underlying the Earth surface. The
basin acts as host to many mineral resources of economic importance such as oil, gold, coal,
and natural gas, some of which have been explored for their resource value. Furthermore, it
also plays host to large volumes of groundwater resources that are essentially tapped for
human needs. Hence, since groundwater assumes to be the only vital source of freshwater for

the coastal inhabitants, studies involving sedimentary basins are of prime importance.

For this study, it becomes necessary to discuss the regional and local physiographic setting,
including the geology and geography of the area being investigated. A thorough
understanding of the climatic condition and geology of the basin is indispensable in the

process of assessing and characterising the groundwater resources of the region.

2.2 Location

The geology of Nigeria consists mainly of basement complexes and sedimentary basins. The
port city of Lagos is, however, located in the sedimentary segment of the south-western part
of Nigeria, a zone of coastal creeks and lagoons (Elueze and Nton, 2004). It lies
approximately between longitudes 2°30'E to 4°30'E and latitudes 6°15'N to 7°00'N
(Oladapo et al,, 2013). The Lagos State is bounded in the south by the 180 km long Atlantic
coastline, while it is bordered in the northern and eastern ends by the Ogun State, and sharing
a boundary with the Benin Republic at the western limit (Odumosu et al., 1999) (Figure 2.1).
Its land size is about 3577 km?; about 22 % of which is a water-covered area (Odumosu
etal, 1999). It is the smallest state in the federation in terms of landmass. Until 1991, Lagos

was the Federal Capital of Nigeria and still is the commercial capital and economic hub of the



nation (Adelana etal., 2008). Lagos accounts for over 60 % of the industrial and commercial

activities of the nation (Nwagwu and Oni, 2015).
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Figure 2.1: Generalised geological map of Nigeria showing Lagos State

The study area, comprising parts of the Lagos coastal belt, is situated within the coastal plain
sand (CPS) aquifer of Lagos and lies approximately between longitudes 3°18'E to 3°54'E
and latitudes 6°20'N to 6°32'N It is bordered in the east by Ibeju-Lekki, in the west by
Apapa, in the north by lagoon, and in the south by the Atlantic Ocean (Figure 2.2). It is
situated on stratified series of sedimentary rocks composed of siltstone, claystone, peat, or
coal associated with sandstone deposition. The total area of study was estimated to be
approximately 200 km?. The research area is surrounded by water bodies, the Atlantic Ocean,

a lagoon, and creeks, forming a large tract of land from the central area towards the eastern



limit of the study. These surface water bodies are of tremendous ecological importance to

neighbouring communities and play host to a large variety of flora and fauna.
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Figure 2.2 Location map of the study area

2.3  Climate, Topography, and Drainage

Climate is a major factor influencing the availability of water resources of the coastal region.
This is due to the fact that both the surface water and groundwater in the coastal area are in
direct response to the local climatic conditions (Yusuf et al, 2018). The system is essentially
recharged through precipitation, while evapotranspiration causes the depletion of surface and
subsurface moisture. Hydrological processes such as surface run-off and groundwater
recharge rates are strongly influenced by rainfall frequency and intensity. Adequate

knowledge of local prevalent weather conditions is paramount for hydrological studies.

Lagos, unlike the northern parts of the country, is very humid with an average relative
humidity of above 70 % throughout the year (Ogundele, 2012). The region falls into a humid



tropical climatic region characterised by the hot and wet conditions associated with the
movement of the Inter-Tropical Convergent Zone north and south of the equator (Adelana
etal, 2008). The direction of the wind is synchronous to the season’s positions in the Inter-
Tropical Convergent Zone. During the wet season, the south-western winds prevail as the
front moves to the north. However, as from October/November when the front moves
southwards, the northeast winds sweep in the dry season. Lagos State, however, experiences
a predominantly south-westerly wind and sea breeze throughout the year (Ogundele, 2012).
In Lagos, the annual average temperature is about 27 °C (Adepelumi etal., 2008). Since there
IS a slight variation in temperature, rainfall distribution over space and time becomes the
single most important factor in differentiating the seasons and climatic regions (Adelana
et al.,, 2008).

The area is characterised by torrential rainfall and governed essentially by two major seasons:
the wet season spans between April and November, while the dry season covers the months
of December to March. Oke (2015) reported an average annual rainfall of 1800 mm
(70 inches) for Lagos, as indicated in Table 2.1. Eighty percent of the annual rainfall
(1 440 mm) falls during the southwest Monsoon (April to October) and the remaining twenty
percent (360 mm) falls during the northeast Monsoon (November to March). The recent
rainfall data shows a slight increase in precipitation in the area when compared to the
1700 mm per annum reported by Adelana etal. (2008) for the same region. Extreme rainfall
events occur when occasional tropical cyclones over the Atlantic Ocean make landfall.
Generally, precipitation increases from north to south in the Dahomey Basin. This is reflected
in the high rainfall recorded in the southern part of the Dahomey Basin in Lagos, rather than
in the northern end at Abeokuta (inland). The average annual recharge estimate varies from
1 800 mm for Lagos, 1600 mm for ljebu-Ode and 1 200 mm for Abeokuta (Table 2.1). The
stormy and sporadic patterns characterising the heavy downpours, sometimes running for as
long as a week, usually subject the coastal basin to frequent flooding, thereby increasing the

threat on groundwater, particularly the shallow aquifer.



Table 2.1: Twenty years’ rainfall data of three major cities in the Dahomey Basin

Year Lagos (mm) ljebu-Ode (mm) Abeokuta (mm)
1987 2 057.0 1501.9 12771
1988 24321 1653.2 1 604.4
1989 1702.6 14455 1401.0
1990 2 030.2 17138 11110
1991 17229 1646.9 11731
1992 1357.6 1611.8 1 076.7
1993 1828.2 1456.9 11936
1994 1602.3 1556.9 712.2
1995 20253 1643.8 11775
1996 25359 20324 14716
1997 1936.8 1705.7 1354.9
1998 12329 11728 11184
1999 2 056.9 1819.4 15304
2000 14589 1655.0 12019
2001 1110.0 1462.3 849.2
2002 15232 14265 1235.1
2003 1549.0 1572.0 1214.7
2004 21174 1 766.6 11533
2005 17456 14733 9175
2006 1 996.2 2 043.6 1157.2
Average 1801.05 1618.015 1196.54

Source: Oke et al. (2016)

Flooding of the Lagos coastal strip occurs during the rainy season, May to October, and is
more serious when rains coincide with astronomically high tides (Awosika etal., 2000). In
mid-2011, the Lagos State experienced one of the worst and most devastating flood events
that claimed 20 lives with thousands of people displaced from their homes (National
Emergency Management Agency). The devastation resulted from heavy downpour aided by
blockage of water channels and drainages, indiscriminate refuse dumping and building of
houses along channels (Stearns, 2011). According to Kalu (2011), it rained for 17 hours,
while the Nigeria Institute of Oceanography and Marine Research affirmed that the supposed
rainfall of 264 mm for one full month was recorded in one day. From the above submission,
the calculated average of 0.37 mm/hour, or 8.8 mm/day, maybe proposed as the threshold for
the study area beyond which floods will occur. A comparison of this threshold with the
average of 15.53 mm/hour that it rained in less than a day in 2011, was 42 times more than

the threshold value. It is, therefore, not surprising that the National Emergency Management
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Agency tagged the event as the most devastating flood occurrence in the Lagos State. Figure

2.3 shows the floods in the Lekki and Apapa residential areas in Lagos.

Source: Alegba (2019) Source: Slaughter and Odume (2017)

Figure 2.3: (a) Flooded highways in Lekki, Lagos; (b) Flooded street at Apapa residential area

Figure 2.4 shows the rainfall pattern over twenty years, obtained from Nigeria’s
Meteorological Agency for Lagos and two notable cities located in the immediate vicinity of

the study area within the Dahomey Basin.
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Figure 2.4: Twenty years’ annual rainfall pattern of Lagos Ijebu-Ode,
and Abeokuta in the Dahomey Basin
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Temperatures also reflected variations; however, more subdued than rainfall. Temperatures
peaked in the dry season with the maximum records ranging between 29 °C and 34 °C and
lowest in the wet season with the minimum records ranging between 24 °C and 28 °C
(Ogundele, 2012).

The topography of the area is generally characterised by the low-lying alluvial plain. It is
roughly about 35 m above sea level, with a shallow water table (as shallow as 0.2 m). Some
depressions were observed in places along the coastal belt which are prone to flooding, as
they are apparently below the surface of the lagoon (Oyedele and Momoh, 2009). The sandy
nature of the area, coupled with relatively flat topography and shallow water table, enhances
the close relationship between the surface water and groundwater. This association is evident
as the groundwater becomes saline, particularly in proximity to the saline sources (Ayolabi
etal, 2013; Yusuf etal, 2018). The groundwater level in the study area is sensitive to
prevalent local weather conditions and responds directly to rainfall and seasonal cycles.
Coastal wetlands, sandy barrier islands, beaches, low-lying tidal flats, and estuaries are
typical landforms that characterise the area (Adepelumi etal, 2008). The Cretaceous
sediments are unconformably overlain by relatively thin, discontinuous, shallow marine and
beach deposits, while the Quaternary sediments of a variety of depositional environments
constitute the surface sediments for most of the coastal plain (Hobday, 1979). Due to the high
permeability of these sediments, rapid recharge to the aquifer, and strong interactions with

wetlands in the basin are promoted.

The drainage system consists of the Lagos and Lekki lagoons, fed by the Oni, Osun and
Sunmoge Rivers in the north-eastern region and by the Ogbere and Ogun Rivers in the north-
central and north-western parts of the lagoon (Emmanuel and Chukwu, 2010), while the
Badagry creek is being fed by the Yewa River. The Lagos lagoon is the only one with
significant surface drainage with which other connected tributaries are linked to the ocean
(Figure 2.5 and Figure 2.8). The Lagos Metropolitan Area constitutes about 33 % of Lagos
State, with 455 km?® of the metropolis being waterbodies, wetlands, and mangrove swamps
(George, 2009).
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24  Populationand Land Use

Lagos is known to be one of the fastest-growing and emerging coastal cities in sub-Sahara
Africa (Sojobi et al, 2016). With the recent rural-urban migration, the present population of
Lagos based on estimates by Bloch et al. (2015) can be conservatively estimated to be around
17.5 million. However, the population of the metropolis was estimated at 14 million in the
year 2000 (Boomie, 2001). It is clear that whatever the size, and however the city is defined,
Lagos is the centre of one of the largest urban areas in the world. With a population of
perhaps 1.4 million in 1970, its growth has been enormous. The rate of population growth is
about 300 000 persons per annum, with an average density of about 1 308 persons per square
kilometre, whereas the average density in the built-up urban areas of the city is 20 000

persons per square kilometre (Adelana et al., 2005).

Lagos Metropolitan Area, with a total land area of 3 600 kn? and an annual growth of 4 %,
was rated as one of the world’s five megacitics in 2015. Besides, Lagos is a highly
industrialised state, which accounts for over 60 % of the nation’s total industrial investment
(Atakpo et al., 2011). There are over 2 000 industries located across the length and breadth of
the city (Japan International Cooperation Agency, 1999). The industries include
manufacturing, major ship berthing port complexes, scores of petrol stations and over 50 tank
farms, situated along the coastline, all of which portends a threat to the environment,
especially the groundwater resources. The state’s three main settlement components are
urban, peri-urban, and riverine, while industrial, peri-urban agriculture, commercial activities
and fishing are the major activities in the Lagos Metropolitan Area. It is important to note
that the rapid growth in population and industrialisation in the Lagos Metropolitan Area

further increases pressure on the already stressed groundwater resource.

2.5 Populationand Water Use

Lagos is faced with the challenge of acute shortages of municipal water supply resulting from
a tremendous increase in the population of the city, with an estimated 17.5 million people in
the year 2015. This demographic expansion had great consequences on the municipal water
supply system and increased the problem of waste management within the city (Adelana
etal., 2008). The supply of drinking water to the residents of Lagos is drawn from both
surface water and groundwater resources. To date, the Lagos Water Corporation (LWC)

harnesses water essentially from three surface waters, namely lju, Ishasi, and Adiyan (major
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waterworks) and 48 mini and micro waterworks from groundwater. The major and
mini/micro waterworks have a total capacity of 119 and 91 million gallons per day,
respectively (LWC, 2009). Despite the high total daily production, the water supply in Lagos
is becoming more critical in response to the population explosion in the Metropolitan Area.
According to Fasona etal. (2005) and the LWC (2009), a supply of 340 million litres per day,
which accounts for about 47.6 % of the total domestic water distributed throughout the state
IS being sourced from the surface rivers, while the remaining 52.4 % (374 million litres per
day) was produced through groundwater. The importance of groundwater to the residents of
Lagos was further elucidated by Sample et al., (2013) as illustrated in Table 2.2 where the
high-income category utilises 95 % groundwater, while the low-income sector focuses on dug
wells (59 %).

Table 2.2: Importance of groundwater to Lagos residents

Class Borehole utilisation (%) Dug-well utilisation (%0)
High income 95 -
Medium income 54 38
Low income 36 59

Source: Sample etal. (2013)

It is important to note that the type of water sourced depends largely on price, quality, and
proximity. Due to the steady population growth of the coastal city, the water demand has
outpaced the supply over the years. The State faced a demand gap of 330 million gallons per
day in 2011 (LWC, 2011), which is continuing until these days. In order to meet the water
demand, the solution by residents was sinking private boreholes, water supply via tankers and
water carts, boreholes and wells which provide 70 % of the water consumed (LWC, 2011).
This is in tandem with the assertion of LWC (2009) that water supplies in Lagos State have
only succeeded in meeting less than 40 % of the water demand. This thus confirms that
groundwater resources are heavily relied upon in Lagos to equal the water need of the
inhabitants. Furthermore, it has been projected that between 2010 and 2020, the demand for
potable water is expected to grow from 600 to about 800 million gallons per day (LWC,
2011).

2.6 Vegetationand Land Cover

The Dahomey Basin vegetation varies from a rainforest belt, which characterises the
northern-most end, to prevailing swampy mangrove vegetation in the south. Rivers, streams,

creeks, and lagoons dominate the southern limit of the basin, particularly in Nigeria and the

15




Benin Republic where most parts of the basin are water-logged. However, the vegetation of
Lagos is dominated by freshwater swamp forests, brackish water swamp forests and riparian
forests (Federal Environmental Protection Agency, 1997). The vegetation is influenced by a
high rainfall pattern that characterises the region and makes the environment a perpetual
wetland domain. Consequent to land reclamation orchestrated by the population explosion,
industrialisation and urbanisation, this natural ecosystem had been greatly distorted and
degenerated. According to Obiefuna etal. (2013), the mangroves decreased by 77 %, from
88.51 km? to 19.92 kn?, at an average loss of 3.12 kn? per year, while swamps were depleted
by about 52 %, from 344.74 km’ to 165.37 km?, at an 8.15 km’ per year deficit between 1984
and 2006 due to urbanisation (Figure 2.6).
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Figure 2.6: Percentage of land cover changes in the study area: 1984-2006

2.7  Geological Setting of Dahomey Basin

Regionally, Lagos State is an integral component of the Dahomey Basin. The evolution of
Dahomey Basin was attributed to the transcurrent movements on the oceanic fracture
systems, especially the Romanche, Chain and Charcot fractures during the drifting stages of

separation of South America and Africa in the Campania to Tertiary. It is a marginal sag
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basin or marginal pull-apart basin (Kingston et al., 1983), in which the eastern half occurs in
the Nigerian territory within which the present study area is located. The basin is composed
of an extensive wedge of Cretaceous, Paleocene and Neocene sediments. These are marked
with decreasing thickness from the onshore margin (north) of the basin where the Cretaceous
clastic sediments rest on the Basement complex, towards the offshore (south) where thick,
finer-grained Cenozoic sediments obscure the Cretaceous rocks developed in Leptogeoclinal
basins (Whiteman, 1982).

The sequence of Cretaceous has been subdivided into three Formations, namely the Ise,
Afowo, and Araromi Formations, formerly known as the Abeokuta Group (Jones and Hockey
1964; Omatsola and Adegoke, 1981). The Upper Cretaceous rocks, which are largely
Maestrichtian, are predominantly of sandy facies and were probably laid down during the
first post-Santonian sedimentary cycle (Murat, 1972). The oldest known Cenozoic Formation
in Nigeria (Dahomey Basin) is the Akinbo shale, while the youngest is the Benin Formation
and alluvial deposits. The Cenozoic Formation sequence exposed in the Nigerian parts of the
Dahomey basin is Akinbo Shale, Ewekoro Formation, Oshosun Formation, llaro Formation,
and alluvium CPS (Figure 2.7).
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Figure 2.7: Generalised geology map of the Dahomey Basin

2.8  Stratigraphic Setting of Dahomey Basin

Several detailed studies have been carried out on the stratigraphic setting of the Lagos

Metropolitan Area and environs by researchers such as Ako et al. (1981), Omatsola and
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Adegoke (1981), Okosun (1990) and Adekeye (2005). Five lithostratigraphic Formations,
ranging from the Cretaceous to Tertiary ages, were identified. The succession from the oldest
to the youngest includes the Abeokuta Group (Cretaceous), Ewekoro Formation (Paleocene),
Akinbo Formation (Late Paleocene—early Eocene), llaro Formation (Eocene), CPS, and
Recent sediments (Table 2.1). Despite the extensive research on the basin, researchers are yet
to agree on many issues, including the age of these Formations. They do, however, all

recognise their successions (Nton, 2001).

2.8.1 Abeokuta Group: Neocomian to Maastrichtian (Cretaceous Sequence)

The oldest sedimentary succession in the Dahomey Basin constitutes the Abeokuta Group
(Figure 2.8). This succession covers the whole of the basin with varying thicknesses. The
formation consists mainly of siltstone, poorly sorted ferruginous grit siltstone, and mudstone
with shale-clay layers that were deposited in a turbulent shallow sea during a humid tropical
climate. The origin of the formations is marine, partly brackish water and freshwater (Kogbe,
1974). The Abeokuta Group was divided into three recognisable sub-Formations: the Ise

Formation, Afowo Formation and Araromi Formation (Omatsola and Adegoke, 1981).

1 Ise Formation: Neocomian— Albian: This Formation consists of basal conglomerate
with grits overlying the basement complex and the conglomerate, in turn, is overlain by
coarse to medium-grained loose sands, sandstones, and grits with interbedded kaolinite.
The conglomerates are unimbricated with ironstones occurrence in places. The cross-
bedding azimuth of sandstone and the pebble alignments point to a north-eastern
paleocurrent system (Nton, 2001). This formation marked the end of the regressive phase
of Benue Trough during Albian, and conformably overlies the basement rocks of
southwest Nigeria. Ise Formation is highly prolific with respect to groundwater due to the

high amount of pore spaces characterising the conglomerate.

1 Afowo Formation— Turonian: The Afowo Formation overlies the Ise Formation and is
composed of coarse to medium-grained sandstones with a variable proportion of
siltstones, clays, and interbedded shales in its upper part. The shale component increases
from bottom to top, and the lower parts of the formation are transitional with mixed
brackish to marine horizons, alternating with well-sorted, sub-rounded, clean, loose
fluviatile sands (Billman, 1976). This indicates the littoral or estuarine nearshore

environment of deposition, where there is a rapid fluctuation of the water level. This

18



formation conformably overlies the Ise Formation, but sometimes overlies the basement

complex in some locality (Adekeye, 2005).

"1 Araromi Formation — Maestrichtian: This Formation is equivalent to the unit
informally called the Araromi shale by Reyment (1965). The Araromi Formation is the
youngest of the Abeokuta Group and comprises the basal fine- to medium-grained
sandstones that are owverlain by shale and siltstone beds with thin interbedded limestones
and marls (Ogbe, 1970; Omatsola and Adegoke, 1981). The light grey/black coloured

shale is mostly of marine origin (Billman, 1976).

2.8.2 Ewekoro Formation — Paleocene (Tertiary sequence)

The Ewekoro Formation is underlain by the Abeokuta Group conformably, and consists of
fossiliferous limestone (Adegoke, 1969). It is over 30 m thick in the Sagamu quarry
(Adegoke etal, 1980). The formation becomes marl, with increasing arenaceous content
towards the base and grades into the underlying predominantly sandy Abeokuta Group (Jones
and Hockey, 1964). According to Ogbe (1970), the Ewekoro Formation is an extensive
limestone body that is traceable over a distance of about 320 km from Ghana in an easterly
direction towards the eastern margin of the Dahomey Basin in Nigeria (Adekeye etal., 2005).
Evidence indicates a shallow marine environment of deposition (Adegoke etal, 1980). The
formation extends to the Benin Republic and Togo where it is referred to as calcareous
atogocyamus. The Ewekoro Formation is not only mined on a commercial scale in Nigeria

but also in the Benin Republic for cement production.

2.8.3 Akinbo Formation — Upper Paleocene to Lower Eocene

The Akinbo Formation unconformably overlies the Ewekoro Formation and its base was
recognised by the presence of a glauconitic rock-band above the Ewekoro Formation. The top
of the Akinbo Formation is identified by pure grey, gritty sand, lacking red mottling, and with
minor clay. Shears and cracks observed in the shale of this formation can be a preferential
pathway for groundwater movement and may also be responsible for the frequent collapsing

of boreholes in areas underlain by this formation (Oke etal., 2016).

2.8.4 Oshosun Formation — Lower Eocene to Middle Eocene

Overlying the Akinbo Formation is the Oshosun Formation. It comprises greenish-grey or

beige clays, light greyish, white to purple clay, and unconsolidated clayey shale with
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interbedded sandstone. The shale is well-laminated and glauconitic (Okosun, 1998). The
formation exhibits significant lateral and wvertical lithological variations and probably marine
throughout its thickness. This is contrary to the lagoon swampy environment postulated by
Russ (1924). The top is an unconsolidated and friable mixture of sandstone and clay which
serves as the unconfined aquifer bed, while the basal bed comprises facies of sandstone,
mudstone, claystone, and shales. This Formation is compositionally phosphorite (Nton,
2001).

2.8.5 llaro Formation — Upper Eocene

The llaro Formation consists essentially of coarse sandstone of the marine, deltaic and
continental environment with lateral facies variations. This Formation occurs above the
Oshosun beds and is referred to as the llaro Formation (Slansky, 1962). The texture of the
sands indicates a beach or shoreline and nearshore environment (Jones and Hockey, 1964).
The sedimentation of the Oshosun Formation and consequent marine regression resulted in
the deposition of sandstone units at the llaro Formation. This formation is well-known for its

aquiferous potential with an average thickness range of 30 m-60 m (Oke et al., 2016).

2.8.6 Coastal Plain Sands / Benin Formation

The CPS is the youngest stratigraphic succession in the Dahomey Basin. The formation exists
as both unconformable and conformable units upon the Ilaro Formation. It consists of poorly
sorted sands, clay lenses, and rare thin lignites, and frequently contains pyritic fragments.
They are cross-bedded and reflect more of the continental characteristics. The formation is
assigned age ranges from Oligocene to Recent (Reyment, 1965). With exception of the recent
alluvium sediment that was deposited along the shore, the Benin Formation underlies the
entire Lagos Metropolitan Area. The thickness increases from north to south and a thickness
of as much as 400 m was reported towards the coast (Agagu, 1985). The CPS is well-noted
for its groundwater resource; however, this resource is wulnerable, particularly the upper
aquifer.

2.8.7 Recentsediments / alluvial deposits

The recent sediments occur along the coastal belt and as alluvial deposits of the major rivers.
The sediments consist of unconsolidated sands, clays, and muds along with the coastal areas,

while the alluvial deposits consist of coarse, clayey, unsorted sands with clay lenses and
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occasional pebble beds. This deposit hosts the most wvulnerable phreatic aquifer along the

coastline. Figure 2.8 shows the generalised stratigraphy of the Dahomey Basin.
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Figure 2.8: Generalised stratigraphy of the Dahomey Basin
2.9  Geological Setting ofthe Lagos State

The geology of the Lagos State is a mainly sedimentary sequence of the Tertiary and
Quaternary deposits. The entire coastal city of Lagos is underlain by the Benin Formation and
consists of highly porous sandy gravels with thin interbedded shale/clay (Oteri and Atolagbe,
2003). The sediments are composed of silt, clay, and sand of various grain sizes and
mineralogy without any basement outcrop. The area is developed by barrier beaches
associated with sand deposits (Ogbe, 1970). The near-surface Quaternary geology includes
recent littoral sandy alluvium and lagoon/CPS (Jones and Hockey, 1964; Longe et al., 1987).
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The subsurface geology reveals two basic lithologies: clay and sand units. These deposits are
interbedded in places with clayey sand or sandy clay and occasionally with vegetable remains
and peat. The Lagos-Osse Basin, in the eastern sector of the Benin Basin, underlies the
western low-lying coastal zone, where rock exposures are poor due to the thick soil cover.
The coastal belt varies in thickness from about 8 km around the Republic of Benin’s border to
24 km towards the eastern end of the Lagos lagoon (Nton, 2001). Figure 2.9 shows the

geological map of Lagos State.
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Figure 2.9: Geological map of Lagos State

The entire geology of the coastal basin was formed in the recent geological time (post-
Cretaceous). The surface geology includes the Benin Formation (Miocene to Recent), recent
littoral alluvial, lagoon and CPS deposits (Longe etal., 1987). The sediments consist of an
admixture of coarse to medium grains, clean white loose sandy-soil that graded into one
another towards the lagoon and near the mouth of larger rivers (Oyeyemi et al., 2015). The

sub-surface is made up of semi-permeable to impermeable geological formations (Akoteyon
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et al., 2011). The CPS in a zone between Lekki and Akodo around Lakowe (south-east of this
study area), and estimated to be about 20 km wide, consists predominantly of clay with only
about 60 m of sand overlying about 240 m of clay, unlike the other areas of the basin where
sand represents between 70 % and 95 % of about 300 m thick horizon (Oteri and Atolagbe,
2003).

2.10 Hydrogeological Setting

The basic physical features of the Lagos coastal aquifer are controlled by the nature of the
geological strata, while its physical and chemical characteristics are influenced by both
natural (geological) and anthropogenic processes (Longe etal., 1987). Generally, the good
and major aquifers in the coastal zone of western Nigeria occur in Tertiary and Quaternary
sediment deposits, while shale and clays form the impermeable horizons (Longe etal., 1987).
An unconfined shallow aquifer also exists at less than 30 m in much of the near coastal area
(United Nations, 1988). The water-bearing strata of Lagos State consist of sand, gravel, or
admixtures from fine through medium to coarse sand gravel (Adeleye, 1975). Although
opinion may differ among various authors with respect to the thickness and depth of a
particular aquifer, it is unanimously agreed that the LCB consists of the multilayered aquifers

hosted within the Dahomey Basin.

The notable aquifers are distinctly divided into four types. The CPS is the most accessible
and most exploited aquifer through boreholes and hand-dug wells in the Lagos Metropolitan
Area. This forms a multilayered aquifer system consisting of three aquifer horizons separated
by silty or clayey layers (Kampsax-Kruger and Sshwed Associates, 1977; Longe et al., 1987).
The first aquifer comprises recent alluvial sediments, while the second and third are the upper
and lower CPS aquifers, respectively. The llaro and Ewekoro Formations are not key aquifers
in Lagos as they are predominantly composed of shale/clay. The only source of hydraulic
information on the llaro Formation was obtained at Lakowe where no freshwater horizon was
intercepted. It has not been possible to differentiate the Ewekoro as a target aquifer in any
boreholes or existing wells in the metropolis. The unit represents a minor groundwater
resource in Lagos. The fourth is the Abeokuta Formation (Longe, 2011), which is represented
by siltstone, poorly-sorted ferruginous grit siltstone, and mudstone with a shale clay layer.

Figure 2.10 shows the hydrogeological cross-section.
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Based on Jones and Hockey (1964), the first aquifer extends from the ground level to roughly
12 m below the ground layers of clay and sand. This upper aquifer is of minor importance for
large water supply purposes and it is prone to pollution because of its limited depth. The
second aquifer is intercepted between 20 m and 100 m below sea level and it can be found
around the Igando axis. The third aquifer is encountered in the central part of Lagos at a
depth ranging from 130 m to 160 m below sea level. The fourth aquifer is located at an
elevation of approximately 450 m below sea level and it is separated from the third aquifer by
a rather thick layer of shale of the Ewekoro Formation. Only a few boreholes tap water form
this aquifer (Jones and Hockey, 1964).
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Figure 2.10: Schematic hydrogeological cross-section of the study area

The Abeokuta Formation constitutes a deep aquifer only within the northern parts of Lagos
city (Ikeja area) where boreholes are about 750 m deep. Similarly, Longe etal. (1987)
described a succession of a 4 m thick lateritic cover (localised occurrence) that is underlain
by alternating thin sands and clays in the part of Oregun, Ikeja. The first aquifer of loose,
medium to coarse sands with an average thickness of about 10 m underlies this sequence.
This water table aquifer is tapped by shallow boreholes and dug-wells for domestic water
supplies and its thickness of 10 m separates the first aquifer horizon from the second sandy
aquiferous zone. The second aquifer zone is a very vital groundwater source for private,

commercial, and industrial supplies and exists between 20 m and 70 m (Longe etal., 1987).
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This aquifer is confined with average values of transmissivity and storage coefficient of
1120 m? per day and 3.77x10% respectively, have been reported (Longe, 2011). A third
major aquifer zone, ranging from 15 m to 30 m in thickness, occurs at a greater depth in the
Benin Formation. Encountered in central Lagos Metropolitan Area at depths ranging between
118 m and 166 m below sea level, this aquifer underlies much of Lagos State and dips

towards the coast (Longe et al., 1987).

The Abeokuta Group aquifer is thick, extensive, contains water with recorded temperatures of
up to 80 °C (Kampsax-Kruger and Sshwed Associates, 1977). This aquifer is relatively deep
and as such expensive to exploit; it is tapped only by very few industrial boreholes. The
general characteristics of Lagos aquifers were documented by Kampsax-Kruger and Sshwed
Associates (1977) (Table 2.3).

Table 2.3: Descriptive characteristics of Lagos aquifers

T-intervals* (m?/sx107®) ;ﬁig? r};//i eoll; Discharge (m*/hour) Drawdown (m)
T<1 Poor 20 9-12
1<T <5 Medium 30-50 5-8
5<T <10 Good 50-100 3-10
10 <T Very good 150 2-7

*T=transmissivity

It was equally noted across the coast that there is a progressive increase in aquifer thickness
from its outcrop area in the north of the city to the coast in the south, and the sand percentage
in the formation also varies from north to south (Longe etal., 1987). Generally, north to south
groundwater flow was exhibited with two small cones of depression in Ikeja and Apapa due
to intense groundwater abstraction (Coode Blizzard, 1997; Oteri and Atolagbe, 2003). The
salinity level in the aquifer changes from north to south. The northern and central parts of the
State are characterised by the freshwater-bearing aquifer, while the saltwater-bearing aquifer
occurs in the southern coastal part of the State (Coode Blizzard, 1997; Oteri and Atolagbe,
2003).
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Chapter 3
LITERATURE REVIEW

3.1 The State of Research on Groundwater Studies in the Lagos Coastal Basin

Over the years, several researchers have carried out various degrees of investigations
(published and unpublished) on both groundwater and surface water in industrial and
residential areas of almost entire parts of Lagos State. Among the prominent early research
on the basin characterisation are those carried out by Jones and Hockey (1964), Kampsax-
Kruger and Sshwed Associates (1977), Omatsola and Adegoke (1981), Oteri (1977, 1986),
and Omosuyi et al. (1999).

Some recent publications that used conventional hydrochemical methods to investigate the
groundwater of Lagos include lkem etal (2002), Adelana etal. (2003), Adelana and
Olasehinde (2004), Adelana etal. (2005), Adelana etal. (2008), Adewuyi et al. (2010),
Balogun and Akoteyon (2012), Akoteyon (2013) and Odukoya et al. (2013). These studies
presented detailed information about the hydrogeological and hydrochemical characterisation
of water in the northern parts relative to the study area. They all reported elevated
concentrations of at least an element in fresh groundwater above the recommended limit for
potable water by the World Health Organization and that contamination due to high total
dissolved solids (TDS), nitrate, sulphate, and chloride that occur essentially around dumpsites
and residential zones. Adelana et al. (2008) studied nitrate content in groundwater in different
parts of Nigeria from pre-1970 to 2004 where they synthesized hydrochemical data of about
2,120 boreholes across the country. They reported a gradual increase in the nitrate content of
groundwater from 1960 to date, and that about 33 % of the wells produced water above the
WHO qguide limit of 45 mg NO3 /L, while 52 % was observed to exceed the permissible limit
of WHO in the Lagos-Osse basin. This nitrate anomaly was suggested to be associated with
anthropogenic activities. Akoteyon (2013) and Soladoye and Ajibade (2014) both made an
overall state-wide analysis of selected hand-dug wells in order to access their water quality.
They assert that there is no sampling point that did not have at least one parameter exceeding
the WHO standards and thus none of the sampled wells can be considered ‘pure’, which

indicates deterioration of water quality.
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More recent investigations on hydrochemical assessment to the western side of the study area
were documented by Adebo and Adetoyinbo (2009), Babatunde et al. (2009), Odukoya and
Abimbola (2010) and Balogun and Akoteyon (2012). Oyeku and Eludoyin (2010) studied
groundwater for heavy metals, bacteriological, and virological contents in industrial areas and
near dumpsites in parts of Lagos. The anomalous occurrence of bacteriological content and at
least one metal in all the water analysed required urgent attention. Adebo and Adetoyinbo
(2009) recorded an elevated concentration of chloride in an unconsolidated aquifer in coastal
parts of Lagos and this is traced to saltwater intrusion, while the water type delineated include
(Fe-Ca-Mg-S04), (Fe-CI-HCOs3) and (Mg-CI). Similarly, lkem et al. (2002) evaluated
groundwater quality close to a waste site in Lagos and found a concentration of NO3, NHs,
COD, Al Cd, Cr, Fe, Pb, and total coliform to exceed WHO recommended value. Longe and
Enekwechi (2007); Babatunde et al. (2009); Odukoya and Abimbola (2010); and Odukoya
(2010) studied groundwater quality near dumpsites in various parts of Lagos such as lIsolo,
Ojota, Festac, llupeju and Agbara. Elevated concentration of NO3, Cl, SO4, POy4, Fe, Mg, and
Coliform was detected at Isolo, Ojota and Festac. This is attributable to the leachate impact.
While high cadmium, antimony, barium, tellurium, tungsten, copper, lead and nickel
recorded at Agbara was linked to industrial effluent. Oyeku and Eludoyin (2010) assessed
heavy metal pollution of groundwater resources in Ojota area with high level of metals such
Pb, Cu, and Fe recorded in the hand-dug well. They submitted that this may be due to
uncontrolled disposal of lead batteries, spent petroleum products and that, the spatial and
seasonal variation in the level suggests point source poliution. Meanwhile, Soladoye and
Ajibade (2014) carried out random groundwater quality study of Lagos state taken (30)
representative samples from a shallow well in all the 27-LGAs and affirmed from their study
that there was no sampling point that did not have at least one parameter exceeding WHO set
standards. Hence, none of the sampled wells could be considered “pure”, which indicates
deterioration. He then concluded that groundwater within the Lagos environment cannot be
said to be potable. A similar study in the southern coastline conducted by Balogun and
Akoteyon (2012) in an unconsolidated aquifer, indicated seawater intrusion and industrial

wastes as the major sources of pollution of the groundwater in the area.

Studies on the quality and hydrochemical characteristics of groundwater are widely reported
worldwide (For example, Coetsiers and Walravens, 2006; Banoeng-Yakubo et al., 2009;
Yidana et al, 2012; Abiye et al., 2018). These studies ascertained that the variation in the

geochemistry of the groundwater is largely dependent on the interactions between
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groundwater and geological materials through which water flows (rock-water interaction).
Although, rock weathering process is an important factor in the hydrochemistry of surface
and groundwater resources, evaluation of the dominant chemical process in groundwater of

the LCB is scarce, if at all available.

A study by Oyedele (2001) employed both geophysical and geochemical analyses to show
the presence of seawater intrusion in Victoria Island and Iwaya in Lagos State. It was
suggested that the freshwater—saltwater interface is relatively shallow and water withdrawals
are from depths close to the freshwater—saltwater interface. Also, excessive groundwater
withdrawals can increase the incidence of seawater intrusion. Similar studies to demarcate
saltwater intrusion zones in freshwater aquifers in coastal areas were undertaken by Oteri and
Atolagbe (2003), Adelana and Olasehinde (2004), Adelana etal. (2008), Adepelumi et al.
(2008), Ayolabi etal. (2009), and Adeoti et al. (2010) which further supported the presence
of saltwater intrusion in the coastal area. In a similar study, Ayolabi etal. (2013) examined
the saline water intrusion into wells at the University of Lagos using geophysical and
geochemical analyses. The result revealed that the coastal aquifer had been affected by
saltwater from the adjacent lagoon, as observed from the increasing electrical conductivity
(EC) values from mainland aquifers towards the lagoon. In the study by Oladapo et al.
(2013), the result showed the occurrence of saline water of varying depths and thicknesses
from the surface along the coastal strip. The depths and the zones of intrusions increased with
distance away from the west to the east. Also, Oyeyemi et al. (2015) investigated saline water
intrusion in Oworo, a coastal alluvial terrain in Lagos. The study revealed that the intrusion

occurred as lateral and upconing within the aquifer system.

In addition, the use of geophysical methods to delineate saltwater intrusion has attracted the
overwhelming attention of researchers all over the world. An example from South Korea is
giving in Lee and Song (2007); from southern Australia in Barret et al (2002) and Frohlich
and Urish (2002) from Rhodes Island, USA. Particularly, Nowroozi et al. (1999) delineated
the saltwater/freshwater interface in the geological setting of the eastern shore of Virginia.
Furthermore, Urish and Frohlich (1990) and Frohlich et al. (1994) observed that the discharge
of a large volume of groundwater may induce saltwater intrusion into the freshwater aquifers.
Several researchers have adopted a variety of approaches to study the interactions between
surface water and groundwater. These include experimental determination and estimation
through numerical modeling (Mondal et al., 2010); geophysical surveys (Lee and Song,

2007); Isotopic signatures (Ne'grel and Casanova, 2005); and multivariate statistical
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techniques (Liu et al., 2008). Although, the issue of interaction between freshwater and saline
water has received fairly considerable attention, to further improve and enhance
characterisation of the subsurface coastal aquifer, this research work employed the use of
conceptual models, isotope studies and multivariate statistical methods that have not been

adopted previously in the study area.

Furthermore, the use of isotopes have not received considerable attention in Nigeria
especially in the southern parts of the country. Only a few researchers (Kehinde, 1993; Goni
and Edmunds, 2001; Adelana etal., 2005) have used stable and environmental isotopes to
investigate the origin, age, flow path, and recharge estimate of groundwater in the northern
and central parts. Tijani et al. (1996) used hydrochemical and stable isotope compositions to
deduce halite dissolution as the source of salinity of groundwater in the Benue trough in

southeast Nigeria.

On a global perspective, environmental stable isotopes of hydrogen and oxygen are used to
determine groundwater origin, and have been used to understand the mechanism by which
groundwater is recharged and groundwater dynamics (Herczeg et al., 1991). Tredoux and
Talma (2008) used isotopes of nitrogen and oxygen (*°N, *20) to deduce various sources of
nitrate in groundwater in parts of South Africa. Vogel and Urk (1975) gave an additional
example of the application of environmental isotopes in recharge studies in South Africa. The
use of environmental isotopes (of 20, ?H, H) was adopted by Alemayehu et al. (2008) to
deduce recharge source of groundwater and also to study interactions of different water
bodies in Addis Ababa, Ethiopia.

In Summary, it is evident from the brief literature review that groundwater quality assessment
has received considerable attention with respect to conventional physico-chemical,
geophysical and pathogenic analyses. However, it is surprising that scanty studies have been
conducted with respect to the aquifer evaluation through models and isotope perspectives
(scientifically adjudged most qualitative indicator to study groundwater) of groundwater
particularly in the southwestern part of the country, the location of the present study. The
need for this research became imperative not only because of the increase in demand for
water supply as a result of sporadic growth in population but also because of the dynamic and
complex nature of the contaminants being generated (anthropogenic and natural) and which
necessitate periodic scientific monitoring before the situation becomes worsen, uncontrollable

and catastrophic.
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3.2 Geophysical Methods

Geophysics remains the most viable tool for groundwater exploration and aquifer delineation.
It is highly effective and records significant success rates in probing the subsurface for
groundwater. There are well-known geophysical techniques that are available for ground-
water exploration in both sedimentary and basement complex terrains. These include
electrical resistivity, electromagnetic and seismic refraction. Other occasionally deployed
methods are gravity, magnetic, and self (spontaneous) potential methods. The prominent
geophysical method that is being used for groundwater prospecting is the electrical resistivity
method. This is due to its adaptability for qualitative, semi-quantitative and quantitative usage

for groundwater evaluation.

3.2.1 Electrical resistivity

The ability of electrical current to flow through materials is known as resistivity, which is an
intrinsic property measured in units of ohm metres (2 m). The method involves the intro-
duction of a time-varying direct current or very low frequency (<1 Hz) electric current into
the ground through two current electrodes, while the potential gradient (voltage) is measured
across another pair of electrodes (potential electrodes), which may or may not be within the
current electrodes, depending on the configuration. The current flow lines are perpendicular
to the generated equipotential surfaces. As the distance between electrodes increases, the
percentage of the current flowing at depth increases. In a homogeneous and isotropic
formation, at a depth equal to the electrode spacing, 70% of the current flow is above a plane
(Burger, 1992), that is, the distance between C1 and C2 (Figure 3.1).

30



\ W\ /i 7], A
\ YN ik N,

NS Soe AN -

SS= NS

==

RS
Z NS

=77

Estimated Depth

5

\ 4

Source: Modified after Burger (1992)

Figure 3.1: Cross-section in a homogeneous and isotropic earth through an electric field which is
set up by a two-current electrode configuration indicated by C1 and C2

In a multilayer system, the proportion of current that penetrate a particular depth is dependent
largely on the electrode spacing, depth to the interface, and the material resistivities above
and below the interface (Van Nostrand and Cook, 1966). The apparent resistivity of the

subsurface is calculated from the measured resistance.

The apparent resistivity is the bulk average resistivity of all soils and rocks influencing the
current; it is calculated by multiplying the recorded resistance (that is, the measured potential
difference divided by the input current, automatically calculated by the measuring unit
adopted for this study) by a geometric factor specific to the electrode configuration that has
been adopted. Based on the geologic setting and the objective to suitably characterise the
subsurface aquifer of the study area, Vertical Electrical Sounding (VES), two-dimensional
electrical resistivity tomography (2D ERT), and borehole geophysical logs were the
techniques employed. The most common electrode configurations used to measure apparent

resistivity of the subsurface are Wenner, Schlumberger and dipole-dipole (Figure 3.2).

===
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---------------------------------------------------------------------------

---------------------------------------------------------------------------
---------------------------------------------------------------------------
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Figure 3.2: Common electrode configurations used to measure apparent
resistivity of the subsurface

3.2.2 Borehole geophysical logging

Borehole logging is a process that involves measuring of physical, chemical, and structural
properties of penetrated geological formations using logging tools, namely transducers
(probes and detectors) that are lowered into a borehole on a wireline cable. The equipment,
field application, and interpretation methods have been discussed by researchers such as
Hallenburg (1987, 1992), Keys (1990), Yearsley and Crowder (1990) as well as Samworth
(1992). Applications of geophysical well logging methods in shallow boreholes have been
carried out by a number of researchers over the years for different purposes: geological
investigations (Doveton and Prensky, 1992); determination of physical properties (Hearst
etal, 2000), hydrogeological studies (Repsold, 1989; Mares etal., 1994; Jorgensen and
Petricola, 1995; Kobr etal., 2005); delineation of coastal aquifers and freshwater—saltwater
boundaries (Buckley etal., 2001; Hwang etal, 2004); and environmental investigations
(Taylor et al., 1990; Keys, 1997; Krammer, 1997).

3.2.3 Dar Zarrouk parameters

The term ‘Dar Zarrouk’ (D-Z) was initiated on electrical prospecting by Maillet (1947) for
describing a relationship between the longitudinal unit conductance and the transverse unit
resistance. The D-Z was calculated from the VES values obtained in the field, from where
longitudinal conductance (S), transverse resistance (T), and coefficient of anisotropy are
derived wusing the following formula: Consider a multilayer resistivity interpreted model
consisting of a layer of apparent resistivities, thickness and depth. Other derivatives are

convolved to generate different geoelectric parameters. These identify electrical boundaries
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separating layers of different resistivities (Zohdy etal, 1990). Geoelectric layers may be
described based on two fundamental parameters, namely apparent resistivity (p) and
thickness (h). D-Z parameters are derived based on apparent resistivity and thickness. These
parameters are longitudinal conductance (S), mS = [layer thickness/resistivity], and
transverse resistance (T) Q m’ = [layer thickness x resistivity]. The parameters T and S were

termed the ‘Dar-Zarrouk parameters’ by Maillet (1947).

Consider a section consisting of ‘N’ layers with thickness hl, h2, h3...hn and a resistivity pl,
p2, p3...pn for the block unit area and thickness (H):

N
H= Z S UTRRRTRPR € % )
i=1

The longitudinal conductance (S) is given by:

_h

Do (3.2)

Total longitudinal unit conductance: It is the geoelectric parameter used to study variations in
thickness of low resistivity material. Variation in S from one place to the other has been used
in a qualitative sense to document changes in the total thickness of low resistivity materials
(Henriet, 1976; Zohdy, 1989):

5 _i(lxi)_?11+II2+IIE+ +Jm 23
L= i _pl 22 53 pn(]

i=1
While transverse resistance (T) is given by Equation 3.4.

T=hpa . e o e e vie e ( 3.4)

The total transverse resistance unit is used to study variations in the thickness of high

resistivity materials as well as their transverse resistance (Zohdy, 1989; Batayneh, 2013).

Increasing Tr-values are indicative of an increase in the thickness of the high resistivity

materials and has a direct relation with transmissivity (Equation 3.5).

T, = Z(hi.pi] =hl.pl+ h2.p2 +h3.p3 + - ... T hn.pn .. o (3.5)

i=1
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The average longitudinal resistivity is (Equation 3.6).

pL =

gz L (3.6)

hi
2 (1)
Where H= Y 'hi [hi is the thickness of each layer (i)].

The average transverse resistivity | (Equation 3.7) and the Anisotropy: Anisotropy (£) is
derived from two parameters, namely transverse resistivity (pT) and longitudinal resistivity
(pL), where a block of layers acts as one unit that behaves like an anisotropic medium
characterised by the longitudinal and transverse resistivities (Maillet, 1947).

T (hi. pi)

The coefficient of anisotropy is generally 1 and rarely exceeds 2 in most geological
conditions (Zhody, 1974). An area with A<1 and up to 1.5 is considered to be a potential zone

for groundwater (Equation 3.8).

A= Eimmm"m”m”mmmm“mumim
vPL
Henriet (1976) showed that the combination of layer resistivity and thickness in the D-Z
parameters, longitudinal unit conductance (S), and transverse resistance (T) may be of direct
use in aquifer protection studies to signify the percolation of contaminants into the aquifer,
and for the evaluation of its hydrologic properties. The protective capacity is considered to be
proportional to the longitudinal unit conductance (S). Thus, the overburden protective
capacity was estimated using the total longitudinal unit conductance (S) values. Furthermore,
in order to determine the aquifer yield and enhance the delineation of saltwater from
freshwater, other derivatives such as aquifer hydraulic conductivity, transmissivity, porosity,

and formation factor were also estimated.

In a porous aquifer, the aquifer hydraulic conductance is directly proportional to the layers’

resistivity and is mathematically represented, according to Johansen (1977) as:

K (m/day) =10° x97.5" x p1.159 ................ 3.9
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K (m/day) =60 x 60 x 24 x [k in (m/s)] .......... 3.10

Transmissivity is expressed as the product of the hydraulic conductivity and layer thickness

and can be written as:
Tr=Kxh (miday).......cccceeeeeei. 3.11

Where:

Tr = Transmissivity of the aquifer

K = hydraulic conductivity of the aquifer (nvday)
h = Layer thickness (m)

Porosity of an aquifer and could be related to the formation-factor by the formula below

deduced from Archie’s experiment.

F=ald™ .o 3.12
d=[aFPY™ 3.13

The formation factor is further related to the hydraulic conductivity as written below:
F=[KAM™ .l 3.14

Where:

F = Formation factor;

¢ = aquifer porosity;,

a =0.62 (Tortuosity factor for unconsolidated sands)

m = 2.15 (cementation exponent)

The interpreted longitudinal conductance and measured water level data were contoured in
order to observe the protective capacity and groundwater flow direction, while the aquifer
transverse resistance, aquifer longitudinal conductance, aquifer resistivity, aquifer thickness
and aquifer transmissivity were all contoured for groundwater characterisation. The

SURFER® 13 software was used in producing the maps and profiles.
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3.3  Environmental Isotope Analyses
3.3.1 Stable isotopes

Environmental stable isotopes of hydrogen and oxygen are used to determine groundwater
origin and have been used to understand the mechanisms by which groundwater is recharged

as well as groundwater dynamics (Herczeg et al., 1992).

An isotope refers to the atomic nuclei of an element containing different numbers of
neutrons. Isotopic differentiation is produced when physical processes, for example,
evaporation, condensation, and melting, separated isotopes into the light and heavy fractions
(Fetter, 2001). The chemical or physical processes in compounds or phases present in the
same system produced variations in the isotopic composition known as isotopic fractionation
(Geyh, 2000). The stable isotopes of ?H and *0 occur naturally in precipitation and provide a
seasonal meteoric signal in temperate, continental systems that are often attenuated in
shallow groundwater (Clark and Fritz, 1997; Abiye, 2013). Isotopes of hydrogen (*H) and
oxygen-16 (*°0) contained in water molecules are lighter than the water-containing

molecules of deuterium (2H) and oxygen-18 (*20).

Heavy storm precipitations are characterised by depleted heavy isotopes relative to the mean
ocean water. Conversely, during condensation, the heavy isotopes condense first, leading to
an early isotopically enriched rainfall and subsequently depleted cloud moisture
(International Atomic Energy Agency [IAEA], 2012). Moreover, precipitation originating
from a lower altitude is isotopically more enriched in ?H and ‘80O than precipitation at higher
altitudes. Environmental isotopes (stable and radiogenic) as a tool for hydrogeological studies
are gaining popularity in recent times and have been used to gain some insight into the
subsurface flow and recharge conditions (Abiye, 2011; Abiye et al., 2011). Naturally
occurring stable (°H, *®0) and radiogenic (°*H and '“C) isotopes of waters have been widely
employed over the past 40 years to solve problems related to groundwater recharge and its
residence time (Fontes, 1980; Gonfiantini, 1986; Clark and Fritz, 1997; Chen etal., 2006).
Among these isotopes, “H and 0 are the most widely used in solving hydrogeological
problems. The analyses of oxygen-18 and deuterium are the determination of the high
precision of stable isotopes ratio of oxygen 20/°0O and 2HAH in water molecules,

respectively. The stable isotopic composition of a water sample is denoted by & notation:
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Where R = 2HAH or 0/**0 and all values are reported in per million with reference to
Vienna Standard Mean Ocean Water (Gonfiantini, 1978). A negative and positive value
connotes depletion and enrichment in the heavy isotope, respectively, relative to standard.
Therefore, the ratios of these stable isotopes are useful in deducing the precipitation source

areas of recharge to an aquifer (Mazor, 1991).

These pairs of isotopes are also useful towards unravelling the processes which the water has
been subjected to in the course of the hydrological cycle. On a global average, the general
meteoric relationship between 20 and ?H was found to be linear for natural water and has
been defined by the global meteoric water line (GMWL) with the following equation for
freshwater worldwide (Craig, 1961):

§%H=8* 520 + 10 %o

The concept of the deuterium excess (d-excess) is defined as d = §2H-8*5'%0 (Dansgaard
1964). The d-excess characterises the isotope composition of the evaporated moisture. A
large d-excess indicates precipitation derived from an air mass with admixed re-evaporated
moisture (Dansgaard, 1964). The GMWL represents an average of several regional and local
meteoric water lines (LMWL) that differs from the GMWL in slope and/or intercept as a
result of wvariations in climatic and geographic factors (Clark and Fritz, 1997). The IAEA
(2000) established the Global Network of Isotopes in Precipitation (GNIP) in order to
document the variations of isotopes in precipitation.

The 880 values vary from one rainfall event to another as a result of seasonal changes in
ocean temperatures and air—sea interaction conditions and short-term events such as a storm.

The range of variation could be up to 10 %o in 50 values (Gat, 1996).
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Figure 3.3: Examples of the relationship between deuterium and Oxygen-18 in meteoric water,

evaporating water and interactions with rock

Fractionation, resulting from the difference between the physical characteristics and different

weighted water isotopes, influences the isotope values in the rain and consequently the

groundwater composition. Other important notable effects in isotope variations are the

following:

Temperature effect: High and rising temperature enriches deuterium and oxygen-18,
while vapour gets depleted by these stable isotopes. These isotopic differences are

represented by seasonal variations (Mazor, 1991).

Continental effect: It is otherwise known as the distance-from-coast-effect. There is a
progressive depletion in isotopic ratio with distance away from the ocean. This
exhibits considerable variations from area to area, season to season and even over a

low-relief profile. It depends both on topography and climate regime.

Altitude effect: The isotopic composition of precipitation gets more depleted in heavy
isotopes at higher elevations. The depletion of the heavy oxygen isotopes varies with
elevation ranges between 0.1 and 0.5 %o per 100 m and this has enabled the

identification of the elevation at which groundwater recharge has occurred.

Amount effect: Intense rainfall has a lower ?H and *¥0O content. Evaporation increases

these contents in little rainfall events more than big rainfall events (Mazor, 1991).
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3.3.2 Radio isotopes

Tritium is a radioactive isotope of hydrogen having a half-life of 12.32 years (Fetter, 2001)
and was created naturally by cosmic radiation. This enables it to be used as a reliable tool to
date relatively young groundwater with <50 years of recharge. The tritium levels denoted by
TU (tritium unit), are extremely low in rainwater and represent a *H/*H ratio of 108, One TU
represents a tritium concentration of *H/*H=10"® and has an activity concentration of 0.119
Ba/kg.

% tritium retained

Source: Kendall and McDonnell (1998)

Figure 3.4: Slope of the radioactive decay curve of tritium

Prior to nuclear weapon tests, rainfall tritium contents were in the order of 3 to 5 TU. Sequel
to the early 1960s, the thermonuclear test that injected 3H into the atmosphere, the tritium
content in precipitation increased to 1 000-fold, especially in the northern hemisphere. Since
1963, the peak tritium concentration has decreased to natural values in winter and about
double natural in summer. This event consequently affected the groundwater tritium content
as aquifers are being recharged and it is consequently used to differentiate groundwater
recharge during the pre-bomb time from younger water (Clark and Fritz, 1997). Its variation
provides an insight into local recharge and circulation mechanisms since the tritium level in
groundwater is preserved underground and can only be altered by mixing with older water
and radioactive decay (Weaver etal., 2007). Therefore, H content is often being used to
determine dates ante quem and post quem. For example, water with *H <5 TU must have a
residence time of more than 40 years, while water having *H > 20 TU must date after 1961
(Clark and Fritz, 1997).
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3.3.3 Carbon isotopes

The stable isotopes of carbon in dissolved inorganic carbon were determined to evaluate the
geochemical processes such as methanogenesis and sulphate reduction, while *C of
inorganic carbon was measured to deduce groundwater age (Clark and Fritz, 1997). The
carbon isotopes of *C and '2C play an important role in quantifying water—rock interactions
in the process of **C age determination of groundwater. Their ratios also allow us to identify
the proportion of biogenic and carbonate CO, in water and to determine initial geological
settings of groundwater recharge. Carbon-14 is derived from the atmosphere. The original *C
present in groundwater is essentially influenced, either by gradual decay over time, or
dissolution of carbonate rocks that contain no carbon-14. Both processes decreased the **C
content in groundwater with increasing residence time underground. The increment in the
natural concentrations of both carbon-14 and tritium in water resulted from thermonuclear
testing, particularly in the early 1960s. Therefore, elevated concentrations of *H and *C in
groundwater indicate the presence of recent recharge. The carbon-14 content, however,
decreases in old water through radioactive decay. Hence, '*C values can be used as a
residence time determination tool, while Carbon-13 values are useful in the identification of
the origin of carbon in groundwater (Loehnert, 1988). The longer half-life of carbon-14
(5 730 years) makes it suitable for dating old hydrological systems (Mann et al., 1982).
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Chapter 4
METHODS AND MATERIALS

4.1  Desktop Review / Data Acquisition

The existing geophysical, geochemical, hydrological, and hydrochemical data were analysed
as part of the desktop review for the study area. This included a collection of relevant
meteorological data from the previous work of Oke (2015). Electrical resistivity data and
borehole logs were gathered from various sources such as the Ministry of Energy and Mineral
Resources, LWC and Groundwater and Geophysical Services Limited to determine the
subsurface hydrogeological conditions. Published and unpublished literature related to the
study area were also reviewed. Due to the dearth and paucity of data, the research delved in
detail with areas situated along the coastline from Apapa in the west to Ibeju-Lekki in the

east.

4.2  Field Measurements, Sampling Procedures and Analyses

The methodology employed in this research is presented in the workflow chart shown in
Figure 4.1. The research involved essentially two broad techniques that are widely used in
probing variations in the subsurface and its fluid content, namely: geophysical and
hydrochemical methods. Having done an extensive literature review, the study proceeded to
the level of fieldwork during which onsite measurements were taken and recorded for further
data processing (geophysical method). Also, physicochemical parameters measurements were
also recorded onsite and water samples were collected for various laboratory analyses
including major ions, heavy metals, microbial counts and isotopes contents. A quantitative
and qualitative interpretation of the analysed data assisted tremendously to evaluate to what

extent the aim and objectives of the research have been accomplished.
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Figure 4.1: Work flow chart showing the summary of methods and analyses adopted in this research
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4.2.1 Hydrochemical on-site measurements

The sampling sites comprised shallow wells, mostly hand-dug and surface water located
around and across the study area. The choice and number of sampling sites were constrained
by accessibility to dug-wells. Sampling was strategically conducted in order to ascertain the
variations associated with different seasons. Samples were collected from surface water
(Ocean), shallow hand-dug wells, deep boreholes, and rainwater during the September and
October 2016, February 2017 and 2018 hydrological years. A total of 171 samples were
analysed for major ions, trace metals and microbial counts determination for both dry and wet
seasons as well as surface waters (Table 4.1). The samples were collected in different sizes of

pre-cleaned airtight plastic containers for various analyses.

Table 4.1: Major ions, metals and microbial count analyses and number of samples
analysed for groundwater and surface waters

. - Microbial t
Season Water media Major ions* Metals** ierobia _coun
(F. coli)
Wet season Shallow groundwater 40 40 40
Surface water (Ocean) 1 1 1
Surface water (lagoon) - 3 3
Dry season Shallow groundwater 42 - -

* Ca?*, M¢?*, Na*, K*, CI', HCO4, SO,%, CO5%", NOy
** 7n% Cu?*, Pb%*, Mn?* Fe?*, Ni?*, Cd*", Ag', Cr?*

The records of dug-well completion were not available for the study or were non-existent. In
most cases, groundwaters were sampled directly from the dug-wells, while we were
compelled to take samples via household taps in some places. The surface water samples,
however, were taken at least 250 m away from onshore areas and below the surface (>20 cm)
to avoid the collection of floating debris, ensure even mixing as well as relatively adequate
sample representation. The sampled waters were collected unfittered and stored in tightly
sealed plastic bottles. In other to ensure adequate representation of the groundwater samples
at every location, the wells were pumped as the case may be prior to sampling. The onsite
measured  physico-chemical parameters include water level depth, temperature, and
conductivity taken with the aid of a Solinst temperature, level, and conductivity meter, while
pH and TDS were also measured in situ using the Hanna HI 98130 multiparameter water
quality meter. The coordinates at every location were determined using the GARMIN GPS

Map 60CSx Global Positioning System. In addition, it is important to state that water samples
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from deep borehole of Lagos State Water Corporation were collected in the year 2018 and

analysed strictly for both stable and radiogenic isotopes.

Unfittered water samples were taken to the laboratory for cation and anion analyses. The
cation samples were acidified to below a pH of 2, using nitric acid (30 % HNOs3). Also, a
total of 130 water samples were analysed for environmental isotopes for rainwater, both
seasons’ shallow groundwater and surface water and the deep groundwater (Table 4.2).
Samples for 80 and 2H were collected in 10 ml glass bottles with airtight caps. The samples
for tritium analysis were collected in sealed one-litre plastic bottles. The samples for the
carbon isotope determination were collected by precipitating BaCO3 by adding BaCl, to 50 L
of water that was previously brought to pH>12 by the addition of NaOH. The stable Isotope
contents in precipitation of the Benin Republic was taken from the GNIP database
(IAEA/WMO, 2000) (Appendices A-C show how the samples were collected and the

preparation of the samples to be analysed.)

Table 4.2: Environmental is otope analyses and number of samples analysed for groundwater,
surface waters and rainwater

Season Water media O-H Tritium (TU) “c B¢
Wet season Shallow groundwater 30 21 9 7
Surface water 3 - - -
Rainwater 1 - - -
Dry season Shallow groundwater 34 - - -=—
surface water 5 - - -
Deep groundwater 5

4.2.2 Laboratory analysis

The major ions and trace metal analyses of water samples for the years 2016 were conducted
at the Lagos State Environmental Protection Agency, using an atomic absorption spectro-
photometer, while analyses for magnesium, carbonates, and bicarbonates were conducted at
the Central Laboratory at the University of Lagos, using the volumetric analysis method. The
major constituents’ analysis of water samples for the year 2017 was carried out at the
Geology Department of the University of Ibadan, using flame photometry for the cations
(PFP7 Flame Photometer). Nitrate (NOgz’), carbonate (CO3®) and sulphate (SO4*) were
determined using a spectrophotometer (model Genesys 20), while Bicarbonate (HCOj3") and

chloride (CI') were determined by titration in chemistry at the Chemistry Department at the
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University of Ibadan. In other to check for the quality of analytical data, error and
inconsistency were determined by calculating the Charge Balance Error. The threshold
Charge Balance error value of £10% is the proposed acceptable error (Appelo and Postma,
2005). Only samples that satisfy the proposed acceptable error limit were adopted for data
processing and interpretation. In addition, a comparison of measured total dissolved solids
(TDS) with the calculated total sum of major constituents showed an agreement and thus

increases confidence in the use of the data.

The stable isotopes of 80 and ®H were analysed at the Hydrogeology laboratory at the
School of Geosciences, using the Liquid Water Isotope Analyser-model 45-EP at the
University of the Witwatersrand, South Africa, while **C, *C and *H analyses were carried
out at the i-Themba Environmental Isotope Laboratory in Gauteng, South Africa. All samples

were replicated.

The results are represented in the conventional Vienna Standard Mean Ocean Water
normalisation (Gonfiatini, 1986). The precision obtained was 0.05 % and 1 % for 80 and 2H,
respectively. The results for tritium (*H) were reported in TU with a typical error of +1 TU
(Echinger etal, 1981), while **C of dissolved inorganic carbon was radiometrically
determined by liquid scintillation counting after conversion to benzene (Fontes, 1971). The
generated CO, by acidification of the field precipitate with phosphoric acid (HsPO4) was
graphitised and analysed by Accelerator Mass Spectrometry (AMS). The *C was between
0.7 pMC and 1.0 pMC. The 8*3C was spectrometrically determined and expressed as §-values

related to the Vienna Pee Dee Belemnite. The standard precision for 5°C is +0.5.

4.3 Geophysical Field Data Acquisitionand Processing

4.3.1 Data acquisition

4.3.1.1 Vertical electrical sounding

The PASI 16GL Earth Resistivity Meter, Serial Number 07073185, complete with
peripherals (see www.pasigeophysics.com) was used for resistivity measurement being
rugged and reliable measuring equipment. The resistivity meter was applied in the field
measurement of apparent resistivity by direct current injection. VES was the survey
technique adopted for this study, using the Schlumberger Array, where C1 and C2 are current
electrode positions, while P1 and P2 are potential electrode positions. Twelve VES were
undertaken (Appendix D II). The choice of electrode configuration adopted was informed by
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the availability of space, while current electrode separation (AB) ranges from a minimum of
2m to a maximum of 30 m. Other pieces of equipment deployed for various purposes were
GARMIN GPS Map 60 CSx Global Positioning System, PASI P 100.2 Energiser, cables,

steel electrodes, measuring tapes, calculator, and hammers.
4.3.1.2 Electrical resistivity tomography

In order to complement the acquired data made available to us by the Ministry of Energy and
Mineral Resources and LWC, a 2D ERT was conducted using an AGI SuperSting R8/IP8
earth resistivity meter, an eight-channel Memory Resistivity and IP Meter with an in-built
processor for a 64- and 84 multi-electrodes system (Appendix D 1). Three types of electrode
arrays were deployed for the investigation for better horizontal and vertical resolution,
namely Schlumberger, Dipole-Dipole, and Pole-Dipole. There were variations in the
minimum electrode spacing ‘a’ used (from 1.6 m to 8.0 m) owing to constraints in space
since the entire study area was built-up. Notwithstanding, a fairly deeper depth was probed in
the traverses, having used expansion factor n=30. The choice of arrays for the survey was
based on the desire to have good sensitivity to vertical and horizontal changes in the
subsurface resistivity at both shallow and deeper depths, at the same time probing into the
deeper depth and to have good vertical and horizontal data coverage under each ERT line.
Schlumberger was chosen for a two-dimensional survey array with overlapping data levels
because of its good horizontal and vertical resolution. Dipole-dipole was employed because it
is good in mapping Vvertical structures, as well as better horizontal data coverage than Wenner
(Loke, 2004). Pole-Dipole is known for deeper depth penetration. In all, nine 2D ERT
profiles were measured, covering parts of the study region (Appendix D shows how the
geophysical profiling was done). The Earth Imager software was used to invert the apparent
resistivity profiles to obtain a 2-D image of the subsurface resistivity distributions. The ERT
profiles were inverted using an iterative smoothness constrained least-squares inversion
algorithm otherwise known as “OCCAM inversion” after deGroot-Hedlin and Constable
(1990) and Loke and Barker (1996). These inversion routines involve a cell based inversion
technique otherwise known as finite element method. It subdivides the subsurface into a
number of rectangular cells in which resistivities are varied to obtain the best fit with the
observed data (Loke, 2004; Ayolabi et al, 2013). In order to achieve an acceptable
agreement, the differences between the observed and calculated data were minimized (Loke
and Barker, 1996). This difference is given by the root-mean-square error (RMS %).
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However, large and unrealistic variations in the output models are disallowed by smoothness

constrained models.

The VES was carried out using the Schlumberger array with half current electrode spacing
(AB/2) varying from 1 to 200 m. The vertical electrical resistivity field data were interpreted
with software known as IPI2ZWIN. Schlumberger array for 1-D VES was chosen because of
its good sensitivity to vertical variations in the subsurface resistivity. At the initial opening of
the data file, it displayed a graph without resistivity cross-section. The best fitting two-
layered model was chosen based on the recommendation of IPI2WIN software. A best fitting
model for the initial interpretation for the input data will be automatically suggested by the
software. Editing of the model includes altering the layers quantity by means of joining and
splitting (to remove or add layer respectively) and changing the properties of the layers. The
degree of uncertainty of the computed model parameters and the accuracy of fit in the curve
fitting algorithm are expressed in terms of fitting error (Error=3.62 % to 5.61 %). The
resistivity of various layers and the corresponding thickness are generated by a number of
inversions until the model parameters of all the VES curves were totally resolved with the

fitting error.
4.3.1.3 Borehole geophysical logs

An RG PCL Il Logger with PCL IITM software mounted on a vehicle was used. A known
voltage was passed through a probe consisting of R8, R16, R32 and R64 units in a water-
filled hole, and the resistivity was recorded. The natural gamma radiation of the lithology
encountered in the hole was also measured simultaneously with a different probe. The logs
obtained included natural gamma rays, short (SH N) and long (LO N). A total of 45 borehole
logs, gathered from both government and private drillers, were analysed (Appendix D III).
The logs were acquired over the years (as far back as 1995 and as recent as 2015) mainly
with the DEI 600 L Logger, and in a few cases, the normal (LO N) resistivity. The natural
gamma rays were plotted against depth using Microsoft Office Excel. The type of lithology
and the lithological sequence was inferred from the qualitative interpretation of natural
gamma ray logs, while the resistivity logs were interpreted both quantitatively and
gualitatively to delineate the freshwater aquifer, freshwater—saltwater interface, and saline

water horizon thickness.
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4.3.2 Data processing
4.3.2.1 Tools used for processing and interpretation

The vertical electrical resistivity field data was curve-matched with the use of a conventional
curve-matching technique, and the layer parameters obtained were used as an input model for
a computer iteration software known as IPI2win. The true resistivity estimated from the
inverse procedure gives the apparent resistivity. The inversion essentially reduces the
difference between the modelled and measured apparent resistivity. The commonly-known
basic curve types are A, H, K and Q and form the basis of one-dimensional curve
interpretation (Figure 4.1). The curve type(s) revealed resistivity variation as the lithology

varies with depth.

Type curve A: pl< p2< p3

Type curve H: pl=p2<p3

Type curve K: pl< p2= p3

Apparent resistivity pa (ohm-m)

Type curve Q: pl >p2>p3

Electrode spacing AB/2 (m)

Figure 4.2: Diagram of resistivity curve types in layered structures

The geoelectrical resistivity of sediments being the most variable physical properties,
especially in a complex sedimentological environment, may give rise to ambiguity in
interpretation; thus, the VES data were calibrated with the available borehole data near the
study area. In addition, resistivity ranges for various formations are close and sometimes
intermixed. For example, ranges of clay with fresh water and a clayey layer with sand are
interfering, while close values exist between ranges for sandstone with freshwater and
sandstones with clay, and clay with freshwater and clay with saltwater. These ranges intermix
and produce an ambiguity in the interpretation of the VES results. This ambiguity makes it
difficult to distinguish depth limits between two types of subsurface lithologies due to the
effect of equivalence and suppression. Therefore, the addition of D-Z parameters was

necessary to improve the analysis of resistivity data in resolving some ambiguities
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encountered in stratigraphic layers. The protective capacities of the upper and near-surface
layers were rated based on Oladapo and Akintorinwa’s (2007) ratings (Table 4.3).

Table 4.3: Longitudinal conductance/protective capacity rating

Longitudinal conductance (Q %) Protective capacity rating
>10 Excellent
5-10 Very good
0.7-4.9 Good
0.2-0.69 M oderate
0.1-0.19 Weak
<0.1 Poor

Source: Oladapoand Akintorinwa (2007)

The computer software SURFER® 13 contouring toolkit was used in producing the aquifer
protective capacity model maps. The Radial Basis Function was adopted for interpolation

because it gives the best cross-validation results and root mean square errors.

The Earth Imager software was used to invert the apparent resistivity profiles to obtain a 2D
image of the subsurface resistivity distributions. The ERT profiles were inverted using an
iterative smoothness constrained least-squares inversion algorithm, otherwise known as
‘OCCAM inversion’, after DeGroot-Hedlin and Constable (1990) as well as Loke and Barker
(1996). A measure of this difference is given by the root-mean-square error (%).

In the borehole log studies, the different sand aquifers were identified and classified based on
the correlation of natural gamma ray log obtained from different boreholes in Lagos by
Coode etal. (2006). The resistivity data presented on the logs resulted from the qualitative
interpretation of resistivity values of formation at various zones, while the logs’ interpretation
was based on the classifications of Zohdy and Martin (1993) and modified by lbrahim (2008)
(Table 4.4).
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Table 4.4: Resistivity values for water and sediment rock

Resistivity (Q m) Sediment rock Interpretation
0.5-2.0 Very porous sand, or saturated clay Seawater, very saline water TDS =20 000 mg/L
2.0-45 Porous sand, or saturated clay Saline water, TDS= 10 000 mg/L
4.5-10.0 Sandy, saturated, or sandy clay Salty brackish water, TDS =10 000-5 000 mg/L
10.0-15.0 Sandy clay, sandy gravel Brackish water, TDS = 5 000-1 500
15.0-30.0 Sand, gravel, some clay Poor quality freshwater, TDS= 1 500-700 mg/L
30.0-70.0 Sand, gravel, minor clay Intermediate quality freshwater, TDS~100 mg/L
70.0-100.0 Sand, gravel, no clay Good quality freshwater, TDSsmall
>100.0 Coarse sand, gravel, no clay Very good quality freshwater, TDS very small

Source: Zohdy and Martin (1993), modified by Ibrahim (2008)

The hydrogeochemical processes controlling the chemistry of the groundwater were
identified with the aid of PHREEQC iverse geochemical modeling software. RockWare’s
AQQA software was used for hydrochemical characterisation of the water samples and their
visual appreciation through Piper and Schoeller diagrams. Microsoft Excel was used to plot
the Gibb’s diagram to deduce the mechanisms controlling the water chemistry. Multivariate
statistical analysis was performed with the use of the Statistical Package for Social Sciences
(SPSS) software, version 21.0, while the principal component analysis was undertaken using

Kaiser’s Varimax Rotation.

4.4 Field Limitations/Constraints

I. The availability of adequate space for the current electrode spacing was a major
challenge in a typical built-up area. Also, the distortion within the topsoil and shallow
subsurface, perhaps due to sand-filling, reclamation, and buried cables/utilities, often
characterised the acquired data with noise. Furthermore, the host communities in places

denied us access to areas that would have been ideal for data acquisition.

ii. Payments had to be made at some places before samples could be taken or research

conducted.

iii. Many private hand-dug wells and borehole owners reluctantly granted access, while a

few uninformed ones denied us access to their boreholes.
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iv. Limited or non-availability of database where information could be pooled for the

necessary scientific research is a constraint.
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Chapter 5
HYDROGEOLOGICAL UNITS AND HYDRAULIC
CHARACTERISATION OF THE COASTAL BASIN

5.1 Introduction

Freshwater occurs on the Earth both as surface water and subsurface water (groundwater).
Based on the modes of occurrence, groundwater is more protected and less susceptible to
pollution than surface water (Yusuf and Abiye, 2019). Hence, groundwater is a reliable
(quality and quantity) natural resource that is accessible to many people as the only source of
water supply for their day-to-day activities. However, groundwater resources are unevenly
distributed in the world due to differences in the source and amount of recharge, geological
setting, especially in the shallow parts of the subsurface — the first few hundred metres — from
where often the main groundwater resources are usually being tapped by the inhabitants.

The inevitable saltwater intrusion into the coastal aquifer has long been recognised as a major
concern around the world (Ayolabi et al., 2103; Yusuf and Abiye, 2019). Several authors who
have worked in a similar terrain concluded that the invasion of a freshwater aquifer by
seawater is mostly due to an induced flow of seawater towards a borehole where excessive
groundwater is being pumped from aquifers that are in hydraulic connection with the sea
(Abdalla et al., 2014; Yusuf and Abiye, 2019).

Therefore, a good understanding of the hydrogeological setting of the study area is a
prerequisite to a thorough assessment and characterisation of the subsurface rocks and
formation fluid. The field studies, coupled with available geological and hydrogeological
information, were synthesised to deduce variations in lithological and fluid content at
different depths. In lieu of the above, characterising the aquifer systems of the study area will
be discussed under the following subheadings:

5.2  Hydrogeological Units and Hydraulic Properties ofthe Aquifers

The water table aquifer (first aquifer) is frequently being harnessed by the low-income
inhabitants; however, it is of minor importance. The second and third aquifers (upper and

lower CPS) are the most exploited, while the lower, most productive aquifer unit is the
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Cretaceous Abeokuta Formation, which constitutes a deep aquifer only within the northern
parts of Lagos city (Ikeja area) where boreholes are about 750 m deep. A detailed

hydrogeological setting of the LCB was discussed in section 2.9 of this thesis.

Regarding the aquifer’s hydraulic properties, pumping tests undertaken by Longe etal
(1987) revealed that the second aquifer has an average transmissivity of 3.53x107° n? s,
storage coefficient of 2.9x10* and leakage coefficient of 3.2x10° s?. The leakage factor

indicates the drainage potential from this aquifer horizon to the one below it.

The third aquifer, referred to as lower CPS, underlies the upper CPS and is essentially
confined. It is the most productive and most exploited through boreholes. The aquifer showed
considerable heterogeneity as indicated by the wide range of hydraulic properties. The
transmissivity values varied from 10x10° nm? s? to 25.5x10° m? s with an average of
17.4x10° m? s, while the storage coefficient varied from 1.3x10 to 5.3x10™* with an
average of 3.29x10™“. An appreciable leakage was deduced from the leakage coefficient
which varied from 0.9x10%s™ t0 10.2x10% s (Longe et al., 1987).

The fourth aquifer unit can only be exploited by industrial boreholes; thus, little
hydrogeological information exists regarding this formation. However, it is the most
protected of all the hydrogeological units in the study area due to its deeper depth of
occurrence and associated multilayered confining units from the surface. In summary,
considering the hydraulic properties of each hydrogeologic unit, the lower and upper-CPS are
highly prolific, relatively protected from surface contaminants and as such are a reliable
source of groundwater supply to the inhabitants. However, it is to be noted that the leakage
potential which describes the ease of contaminants being transported between these aquifer
horizons (lower and upper-CPS) is of great concern, as the pollution occurrence in one
threatens the other. The hydraulic characteristics of the main aquifers underlying the study

area are summarised in Table 5.1.
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Table 5.1: Hydraulic characteristics ofthe different aquifer units present in the study area
(compiled from various sources)

. Thickness Depth of Yield Speu_flc 'I_'ra_n§- Sto_ra_ge Leal_<a_\ge

Aquifer name (m) occurrence (m*h) capacity missivity coefficient | coefficient
(m) (mhrm’) (msx107%) (x10™% (sx10®)

Recent aIIuv!aI/ 5 99 *From B B Tr <1 3 B
phreatic aquifer surface
Upper coastal 1-14
plain sand 10-25 <30 100.4 (mean 7.96) 3.53 2-5 3.2
Lower coastal 6.5-35 1.3-53
plain sand 10-35 200-250 54.4-99.3 2.96-17 (mean 17.4) | (mean 3.29) 0.9-10.2
Abeokuta - 450-750 - 8 8 - -
formation
*Present study Source: Longe et al. (1987)

5.3  Geophysical Characterisation of the South Lagos Coastal Basin

Geophysical techniques are known to be useful tools in probing and deducing the subsurface
geological and hydrogeological characteristics. Prominent among several geophysical
techniques used in the hydrogeological investigation, is the electrical method, particularly the
electrical resistivity and electromagnetic methods which rely essentially on resistivity
contrasts, and have been successfully applied to investigate seawater intrusion into freshwater
aquifers (Goldman etal., 1991; Fitterman and Deszcz-Pan, 2001; Oladapo etal., 2013; Yusuf
and Abiye, 2019). Its ability to differentiate between freshwater and saline water, sandy and
clayey units with the aid of contrasts in electrical properties, has made it an indispensable
method. For example, between freshwater and saline water, and between sand and clay, a
contrasting resistivity value exists that is higher in the former than the latter. Hence, the
subsurface boundaries between sand and clay layers, freshwater and saline water zones could
be delineated. In view of the above submission, electrical resistivity methods, namely VES,
was used only to probe the shallow aquifer due to its limited depth of penetration (<50 m),
while ERT and borehole logs analyses were complementarily employed to probe deeper
depth and also to enhance interpretation. These methods were used to identify aquifer and
aquiclude units, determine the freshwater and saltwater horizons and interface, and to project
or correlate between the trace patterns of logs from different wells towards establishing the
continuity extent of various lithologic layers and its fluid content. In addition, specifically
due to the near-surface probe of the VES acquired data, secondary geophysical indices are
known as D-Z parameters were equally undertaken to evaluate the protective capacity of the
aquifer to pollution and the groundwater potential of the shallow aquifer in the study area.

The aforementioned are considered critical in monitoring the inevitable feasible risk of
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seawater intrusion, well sites and designs, and determination of geological model of the study

area.

5.3.1 Vertical electrical sounding

This method involves the introduction of a time-varying direct current or very low frequency
(<1 Hz) electric current into the ground through two current electrodes, while the voltage is
measured across another pair of potential electrodes, which may or may not be within the
current electrodes, depending on the configuration. The detailed principle, the processes of
data acquisition and data processing were presented in Chapter 3 and Chapter 4 (see 3.1.1,
4.3.1.1, and 4.3.2.1). The VES acquired data (primary data) within the investigated depth
were processed and interpreted to delineate the subsurface lithologic units and their

thicknesses, and to identify aquifers and aquicludes as follows:

Figure 5.1 shows both VES and 2D-ERT points, the base maps showing the projected ERT
lines are presented in Figure 5.2a-c, while Table 5.2 summarises the quantitative
interpretation of all VES in the study area from the geoelectrical, and computer iteration
software (IPI2win). The qualitative interpretation of resistivity sounding data from the
computer modelled curves is characterised by typical HKH, QH, H, HK, KH, KHK, and K-
hybrid model curves (Appendix D II). Figure 5.3 shows typical curve types, resistivity values
and layer thicknesses obtained from VES1 to VES4. The inversion results show the
interpretation of 50 % soundings curves as a four-layer mode, while the other 50 % are five-

layer modes (Figure 5.3 and Table 5.2).
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Figure 5.1: Map of the study area showing VES and ERT points
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Figure 5.2a: Base map of the study area showing the projected ERT lines at Elegushi
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Table 5.2: Summary of vertical electrical sounding results

VES No. of Curve |Apparent resistivity . Depth probed .
Station Layers Type (pa) (@ m) Thickness (h) (m) m) Lithology
7.74 4.55 51.7 Sandy Clay
3.52 6.7 Clay
VESL 5 HKH 16.9 12.6 Clayey Sand
2.72 27.8 Clay
284 Sand
1915 1.23 19.7 Sand
41.2 7.66 Sandy Clay
VES2 4 QH
83.8 10.8 Clayey Sand
222 Sand
76.7 0.5 27.3 Sand
4 2.96 Clay
VES3 5 H 100 5.97 Sand
38.9 17.9 Clayey Sand
412 Sand
155 1.61 41.2 Sand
46.4 5.83 Clayey Sand
VES4 4 QH
3.56 3338 Clay
265 Sand
265 2.29 43.8 Sand
9.64 2.22 Clay
VES5 5 QH 156 6.1 Sand
8.13 331 Clay
605 Sand
70.4 4.32 27.6 Sand
20 7.32 Clay
VES6 4 HK
167 15.9 Sand
16.2 Clay
36.7 1.84 Sand
18.6 2.52 Clay
VES7 5 HKH 137 14.8 Sand
9.42 38.3 Clay
2421 57.4 Sand
16.2 0.86 Clay
VESS 4 KH 61.7 104 Sand
15.1 38.4 Clay
134 49.7 Sand
125 0.7 Clay
6.38 1.85 Clay
VES9 5 HKH 78.4 7.08 Sand
104 18.8 Clay
325 28.5 Sand
VES10 4 KH 84.5 0.5 Clayey Sand
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VES No. of Curve |Apparent resistivity . Depth probed .
Station Layers Type (pa) (@ m) Thickness (h) (m) m) Lithology
7.74 455 51.7 Sandy Clay
3.52 6.7 Clay
VES1 5 HKH 16.9 12.6 Clayey Sand
2.72 27.8 Clay
284 Sand
1915 1.23 19.7 Sand
41.2 7.66 Sandy Clay
VES2 4 QH
83.8 10.8 Clayey Sand
222 Sand
76.7 0.5 27.3 Sand
4 2.96 Clay
VES3 5 H 100 5.97 Sand
38.9 17.9 Clayey Sand
412 Sand
155 1.61 41.2 Sand
46.4 5.83 Clayey Sand
VES4 4 QH
3.56 3338 Clay
265 Sand
265 2.29 43.8 Sand
9.64 2.22 Clay
VES5 5 QH 156 6.1 Sand
8.13 33.1 Clay
605 Sand
70.4 4.32 27.6 Sand
20 7.32 Clay
VES6 4 HK
167 15.9 Sand
16.2 Clay
132 s22.1 Sand
1.61 43.1 Clay
246 65.6 Sand
8.42 0.67 Clay
96.4 2.24 Sand
VES11 5 KHK 5.61 4.48 Clay
65.8 45.3 Sand
3.61 52.7 Clay
2.29 0.46 Clay
VES12 4 K 56 14.9 Sand
35.7 32.8 Clayey Sand

The first layer has resistivity and thickness values ranging from 2.29 Qm to 1915 Q m and
0.46 Q m to 4.55 Q m, respectively. This is diagnostic of the top admixture of sandy soil. The

resistivity values of the second layer varied from 3.52 Q m to 132 Q m with thickness ranged
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between 1.85m and 22.1m. This layer is relatively dominated by clayey soil of
approximately 60 % and is identified by low resistivity values and, thus, expected to form the
confining and protective layer for the underlying sandy aquifer. The other 40 % entails VES 4
as clayey sand, and VES 8, and VES 10 to VES 12 are sandy units recognised with high
values of resistivity, constituting a series of confined and unconfined aquifers.

The third layer is delineated as mostly sandy soil with intercalated clayey sand (75 %). This
constitutes the main parts of the first aquifer with clayey sand/sandy clay in some localities.
The aquifer is confined where the overlying second lithologic unit is clay, and unconfined
where it is sand. The apparent resistivity of this layer varied from 1.61 Qm to 165 Q m.
Also, the thickness of this layer varied from 4.48 m to 43.1 m. The fourth layer has resistivity
values varying from 2.72 Qm to 265 Q m, with thickness values ranging from 17.9 m to
45.3 m. This layer is also known to form a confining unit to the underlying aquifer due to the
lateral dominance of clay occurrence. The basal fifth layer (which marks the peak penetration
of electric current) is mostly sandy for all the sounding surveys, and occurs as confined
aquifers with resistivity values ranging from 3.61 Q m to 2421 Q m; however, the thickness
of the layer could not be ascertained as the depth of investigation terminated within this unit.
The estimation from the geoelectric model for this study revealed that the depth to aquifers
varied between 0.46 m and 11.64 m and from 19.7 m to 65.6 m for the first and second

aquifers, respectively.
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Figure 5.5: Representative resistivity curve from the study area
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5.3.2 Estimation of the protective capacity of the shallow aquifers in the study area

This section estimates the owverall protective capacity offered by the overlying beds to the
underlying aquifer and it was convolved from the acquired VES measurements and thus takes
care of aquifer occurrence from the surface to a depth of <50 m. The secondary indices
considered for this estimation were longitudinal conductance, transverse resistance,
longitudinal resistivity, transverse resistivity, and anisotropy. The principles and inter-
pretation of these indices by Maillet (1947) have been detailed in Chapter 3 of this thesis (see
section 3.2.3), while the protective capacity rating of Oladapo and Akintorinwa (2007)
adopted for this study was presented in Table 4.3.

5.3.2.1 Longitudinal conductance

The D-Z parameters have been calculated for each of the geoelectric units and are presented
in Table 5.3 and Table 5.4. The protective capacity of the aquifer has been constructed with
the use of SURFER® 13 contouring toolkits, using longitudinal conductance (S) values for
both aquifers as shown in Figure 5.4 and Figure 5.5. The Radial Basis Function Method of
interpolation using the multiquadric basis Kernel type was chosen for interpolating
longitudinal conductance values. Compared to the rest of the interpolation methods, the
Radial Basis Function gave the best cross-validation results and root-mean-square errors. The
radial basis function is commonly used for interpolating small surfaces and has been found to
be appropriate for interpolating EC values (Robinson and Metternich, 2006). For each point,
a radial basis function is defined, which depends on the Euclean distance between the
prediction location and each sample location. The ‘roughness’ of the surface is reduced by
the action of forming a polynomial function through the data points. Due to the small amount
of data, the produced maps have significant errors of 0.804 and 1.8 for the first and second
aquifer, respectively. More data could lead to better refinement of the mapped parameters.
The maps show a clear picture of the regions in terms of protective capacity evaluation. The
dominant blue region of approximately 95 % observed with respect to the first aquifer
protective map of <0.7 value, represents a high pollution prone area and vice versa with the

second aquifer.
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Table 5.3: Estimation of D-Z parameters and its protective capacity: First aquifer

Sample| . Depth _to Longitudinal Tra_nsverse Long_itL_ld_inaI TrarwS\_/e_rse Anisotropy | Protective
D first aquifer | conductance reS|sta2nce resistivity | resistivity pt/(pt ©) capacity
(m) (mS) (Om°) (pt) (pt)
VES1 11.25 2.49 58.8 452 5.23 1.16 1.08 Good
VES2 8.89 0.19 2671.04 47.67 300.45 6.30 251 weak
VES3 3.46 0.75 50.19 4.63 1451 3.13 1.77 Good
VES4 1.61 0.01 249.55 154.81 155.00 1.00 1.00 Poor
VES5 451 0.24 628.25 18.88 139.30 7.38 2.72 M oderate
VES6 11.64 0.43 450.53 27.11 38.71 1.43 1.19 M oderate
VES7 4.36 0.19 114.4 23.49 26.24 1.12 1.06 Weak
VESS8 0.86 0.05 13.93 16.20 16.20 1.00 1.00 Poor
VES9 2.55 0.35 20.55 7.37 8.06 1.09 1.05 M oderate
VES10 0.5 0.01 42.25 84.75 84.50 1.00 1.00 Poor
VES11 0.67 0.08 5.64 8.42 8.42 1.00 1.00 Poor
VES12 0.46 0.20 1.05 2.29 2.28 1.00 1.00 M oderate

Table 5.4: Estimation of D-Z parameters and its protective capacity: Second aquifer

Total Total -

Sample . longitudinal transverse Long_ltL_'d_' nal Tra_nS\_/e_rse Anisotropy Protective
ID Location conductance resistance resistiity resistivity K) capacity

ms) Qm? (L) (pt)
VES1 Island 13.46 347.36 3.84 6.72 1.32 Excellent
VES2 Island 1.26 3576.08 15.63 181.53 3.41 Good
VES3 Island 1.27 1343.53 215 49.21 1.51 Good
VES4 Island 9.63 640 4.28 15.54 191 Very good
VES5 Island 4.35 1848.95 10.07 4221 2.04 Good
VES6 Island 0.52 3105.83 53.07 112.53 1.45 M oderate
VES7 Apapa 4.36 2502.79 13.17 43.6 1.81 Good
VES8 Apapa 2.77 1235.45 17.94 24.86 1.17 Good
VES9 Apapa 2.24 771.14 12.72 27.06 1.46 Good
VES10 | Apapa 26.77 3029.35 2.45 46.18 4.34 Excellent
VES11 Apapa 1.59 3227.45 33.14 61.24 1.36 Good
VES12 | Apapa 1.39 2006.41 34.68 41.63 11 Good

The longitudinal conductance values for the first delineated aquifer varied between 0.01 mS
to 2.49mS, while the second underlying aquifer has values ranging from 0.52 mS to
26.77 mS. The first aquifer’s longitudinal conductance values were generally <1, the
exception being VES 1 with 2.49 mS. The values for the second aquifer were generally >1,
with the exception of VES 6 with 0.52 mS. This generally indicated that aquifer protective
capacity increases with increasing depth because high longitudinal conductance connotes
high protective capacity, while low longitudinal conductance values depict low protective
capacity and thus high wulnerability. The longitudinal values obtained from twelve

resistivities' sounding interpretation, extending from Apapa to Lagos Island, were used to
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estimate the protective capacity and thickness of the owverburden shielding the underlying
shallow aquifers in the study area. This is because the earth’s subsurface acts as a natural
fitter to infiltrating fluid (Okonkwo and Ugwu, 2015); hence, its tendency to retard and filter
percolating contaminated fluid from the ground surface is a measure of its protective capacity
(Olorunfemi et al, 1999). In addition, the highly impervious clayed overburden, which is
identified by relatively high longitudinal conductance, offers better protection to the
underlying layer compared to the low longitudinal conductance lithological units (Abiola et
al., 2009).

Similarly, evaluation of the owverburden thickness on a regional scale considered the first
aquifer to be prone to contamination relative to the underlying aquifer. According to Oteri
(1981), the increase in longitudinal conductance (S) may correspond to an average increase in
the clay content and a consequent decrease in the transmissivity, and vice versa. It is also
common knowledge that a decrease in resistivity or an increase in conductivity values are
considered an indication of either high clay content or salinity or both (both factors lead to
poor water quality) (Oteri, 1981). The longitudinal conductance values enable the protective
capacity rating to be zoned according to Oladapo and Akintorinwa (2007) into excellent,
good, moderate, weak, and poor. Based on this classification, Table 5.3 and Figure 5.4 of the
first aquifer suggest that about 50 % of the area falls within “poor/weak™ protective capacity,
while about 36 % constitutes a “moderate” protective capacity rating. About 8 % exhibit
“good” protective capacity and the remaining 8 % is having a “very good” protective capacity
rating. This implies that the entire study area with respect to the first aquifer, which is
characterised by relatively poor to moderate longitudinal conductance, indicates poor to
moderate protective capacity. The low value of protective capacity observed connotes the
absence of significant clay content as an overburden impermeable material in the first aquifer
and thus leading to the rapid percolation of contaminants, whereas in the second aquifer
(Table 5.4 and Figure 5.5), 16 % of the area falls under “excellent” protective capacity rating,
and 8 % has a “very good” protective rating capacity. About 68 %  constitutes a “good”
protective capacity zone, while the remaining 8 % falls in the category of “moderate”
protective capacity. The relatively high longitudinal conductance of overburden estimation
with respect to the second aquifer in the study area envisaged excellent to good aquifer
protective capacity rating and therefore, minimising or inhibiting the infiltration of pollutants

from the surface.
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Figure 5.6: First aquifer protective capacity map
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Figure 5.7: Second aquifer protective capacity map
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5.3.2.2 Transverse resistance

The T-values vary from a minimum of 1.05 to 2 671.04 Q m’ and 347.36 to 3 576.08 Q n?
for the first and second aquifer, respectively. An increase in T-values were associated with
regions of high transmissivity; hence, highly permeable to fluid movement. The first aquifer
is characterised by low T-values relative to the second aquifer, thus the second aquifer should

be accorded priority in terms of a target for groundwater potential.
5.3.2.3 Coefficient of anisotropy

The anisotropy of the resistivity in rocks is caused by a number of factors, including
orientation of elongated grains, or layering with different resistivity values. It may also be
due to rock fracturing, metamorphism, and disseminated ore grains in the rocks (Habbeijam,
1972; Watson and Barker, 1999). The coefficient of anisotropy is usually 1.0 but seldom
exceeds 2.0. The first and second aquifer essentially have values within the recommended
range, the exception being VES 1 (2.52) and VES 5 (2.72) for the first aquifer, and VES 2
(3.41) and VES 4 (4.34) for the second aquifer. The observed elevated coefficient of
anisotropy values above 2.0 for the shallow aquifer (first and second aquifers) indicate an
increase in hardness due to compaction of rocks (Keller and Frieschknecht, 1966) and/or may
suggest the presence of an extraneous or intrusive body with resistivity higher than the host

rocks, resulting in an anomaly coefficient of anisotropy value (Isife and Obasi 2012).

5.3.3 Estimation of the shallow aquifer potential in the study area

This aspect assessed the aquifer potential of the second aquifer using the secondary
hydrogeophysical indices derived from VES12 data which includes: aquifer resistivity (pa),
aquifer thickness (h), aquifer conductivity (o), longitudinal conductance (S), transverse
resistance (T), hydraulic conductivity (K), and transmissivity (Tr). The results and figures for
all the parameters are presented in Table 5.5 and from Figure 5.6 to Figure 5.12. The VES
stations comprised Apapa in the west (VES 7 to VES 12) and Lagos Island and Lekki in the
east (VES 1 to VES 6). The major aquifer units within the investigated depths are the third
and fourth geoelectric layers that fall within the second aquifer.
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Table 5.5: Dar Zarrouk estimated hydraulic parameters for shallow aquifers

_ _ _A(:_]u_ifer Aquifer Aquif_er_ Longitudinal Tra_nsverse Tr (m¥/day)
LOC ID Longitude Latitude resistivity (pa) thickness (h) (m) conductivity conductanf:le _re5|stance , K (m/day) KxS
(@ m) 6 =1/pa S=h/pa(Q™) T = h/pa ( m?)
VES1 709833 547384 16.9 12.6 0.0592 0.7456 212.94 0.2599 3.2749
VES2 709977 553128 83.8 10.8 0.0119 0.1289 905.04 1.7611 19.02
VES3 709977 533128 38.9 17.9 0.0257 0.4602 696.31 0.7039 12.5995
VES4 710554 553349 46.4 5.83 0.0216 0.1256 270.512 0.869 5.066
VESH 710142 549922 156 6.1 0.0064 0.0391 951.6 3.7008 22.5747
VES6 711064 545486 167 15.9 0.006 0.0952 2655.3 4.0147 63.8341
VES7 715880 540262 137 14.8 0.0073 0.108 2027.6 3.1688 46.8977
VESS8 712249 539552 61.2 104 0.0163 0.1699 636.48 1.2097 12.5809
VES9 710142 549922 78.4 7.08 0.0128 0.0903 555.072 1.6264 11.5146
VES10 712636 539395 132 22.1 0.0076 0.1674 2917.2 3.0311 66.9865
VES11 711660 538095 65.8 453 0.0152 0.6884 2980.74 1.3191 59.7568
VES12 711996 537920 91.7 47.7 0.0109 0.5202 4374.09 1.9613 93.5532
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Aquifer transverse resistance, aquifer transmissivity, aquifer resistivity, aquifer thickness

and aquifer hydraulic conductivity

The transverse resistance value varied between 212.94 (Q ) at VES 1 and 4 374.09 (Q )
at VES 12, while aquifer transmissivity ranged from 3.2749 nf/day to 93.5532 mi/day at
VES 1 and VES 12, respectively, within the area of study. The entire area is characterised by
a high transmissivity potential for groundwater, the exception being VES 1 and VES 4 (Table
5.5, Figure 5.6 and Figure 5.7).

The aquifer resistivity, aquifer thickness and hydraulic conductivity presented in Table 5.5
and Figure 5.8, Figure 5.9 and Figure 5.10 revealed the variability in aquifer resistivity,
aquifer thickness and hydraulic conductivity across the length of the study, ranging from
6.1m to 47.7m for thickness; 16.9 Qm to 167 Q m for resistivity; and 0.2599 m/day to
4.0147 m/day for hydraulic conductivity. Generally, it can be deduced that areas underlain by
relatively thick aquifer material have higher Tr values than thin substratum aquifer material.
The predominant occurrence of high transverse resistance in a geological formation implies
high resistivity or higher thickness with favourable aquifer conditions (Teikeu etal., 2012).
Therefore, based on the progressive increase from west to east and north to south in
transverse resistance, aquifer resistivity, aquifer thickness and transmissivity, the aquifer
prolific zones is comparatively higher in the eastern and southern parts than the western and
northern parts of the study. This assertion is evidently clear from the perfect agreement in
profiles drawn for transverse resistance (Figure 5.6b), transmissivity (Figure 5.7b and c),
aquifer resistivity (Figure 5.8b), aquifer thickness (Figure 5.9b and c¢) and hydraulic
conductivity (Figure 5.10b). The variations in the aquifer potential across the study area may
be attributed to variation in lithology, water quality and/or degree of saturation. However, on
the basis of high transverse resistance, VES1 and VES4 had the worst aquifer yield potential
in the study area. The most appropriate locations for well drilling across the area for high
yield are suggested in the soundings of VES 2, VES 6, VES 7, VES 11, and VES 12 due to
high values of aquifer thickness, transverse resistance, transmissivity, and porosity (Table
5.5).
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Figure 5.8: (a) Aquifer transverse resistance — T=h.pa (Q2 m) contour map; (b) Aquifer transverse
resistance profile; (c) Three-dimensional surface view of aquifer transverse resistance
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Figure 5.9: (a) Aquifer transmissivity — Tr=KxS (m?/day) contour map; (b) Aquifer transmissivity
profile; (c) Three-dimensional surface view of aquifer transmissivity
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Figure 5.10: (a) Aquifer resistivity—pa (€2 m) contour map; (b) Aquifer resistivity profile
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Figure 5.11: (a) Aquifer thickness (h=m) contour map; (b and c) Aquifer thickness
in profiles in north—south and west—east directions
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Figure 5.12: (a) Aquifer hydraulic conductivity—K (m/day) contour map;
(b) Aquifer hydraulic profile
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Figure 5.13: (a) Aquifer longitudinal conductance — S=i/jpa (2) contour map;
(b) Aquifer longitudinal conductance profile; (c) Three-dimensional surface view
of aquifer longitudinal profile
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Figure 5.14: (a) Aquifer conductivity — e=1/pa; (b) Aquifer conductivity profile

5.3.4 Aaquifer longitudinal conductance and aquifer conductivity

The longitudinal conductance value varied between 0.0391 (Q) at VES5 and 0.6884 (Q) at
VES 1, while the conductivity value ranged from 0.006 at VES 6 to 0.0592 at VES 1 (Table
5.5). The aquifer longitudinal conductance and aquifer conductivity contour maps as well as
their profiles are presented in Figure 5.11 and Figure 5.12. Profiles A-B from both para-
meters showed a striking similarity with a gradual decrease in conductivities from the west
with distance away from the saline sources to the east. Similarly, the three-dimensional
surface view also revealed a north-south increase in longitudinal conductance values. The
longitudinal conductance (S) may be related to the variation in the resistivity of substrata with
depth. However, it may be noted that the layer’s resistivity depends more on the saturation
content of the aquifer and not necessarily aquifer thickness (Shilaja etal., 2016); hence, a
thicker aquifer may not necessarily correlate with higher resistivity as in the case of VES 1
and VES 3 in the present study. The high S-values corroborated by high conductivity values
obtained at VES 1, VES 3, VES 11, and VES 12 and may likely be due to high salinity of the
groundwater or high clay, or both (Ugada et al., 2013).
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This may be substantiated by the geophysical analysis of electrical resistivity and borehole
logs, which showed the presence of both saltwater intrusion and the intercalated clay layers in
the subsurface of the study area (Yusuf and Abiye, 2019). Furthermore, an appreciable
ncrease in ‘S’ value may correspond to an average increase in the clay content and
consequent decrease in transmissivity of the aquifer (Oteri, 1981). In the present case, despite
a high porosity value and high longitudinal conductance value at VES 1 and VES 4, the
corresponding low transmissivity value suggests appreciable clay content. It can thus be
concluded that high longitudinal conductance values were due to the presence of both clay

and brackish/saline intrusion into the fresh aquifer in the study area.

5.3.5 Electrical resistivity tomography

The ERT surveys involve the measurement of potential gradient developed between two pairs
of electrodes arising from the introduction of direct current into the subsurface using a
separate electrode pair. Mostly, in the subsurface porous media, the transport of electrical
current occurs predominantly through the movement of ions in the pore fluid, so that a
medium’s electrical resistivity depends predominantly on fluid saturation, porosity, and fluid
electrical conductivity. Therefore, ERT surveys are capable of detecting and delineating
spatial and temporal variation in lithological and hydrological properties of the coastal
sediments (Kulessa, 2007). The application and theories of the ERT to hydrological problems
of the subsurface are well established (Rubin and Hubbard, 2005; Vereecken etal., 2006;
Ayolabi etal., 2013). In this study, the process of data acquisition was detailed in Chapter 4
(see 4.3.1.2).

The obtained data along the three grouped 2D ERT profiles covers only the central parts of
the study area, namely Elegushi beach, Oniru beach, and Adeniji Adele (llubinrin) (Figure
5.2a-c). The data was processed using RES 2D and the results are presented in Figure 5.13,
Figure 5.14, and Figure 5.15. The arrays employed are dipole-dipole and pole-dipole for
better horizontal and higher depth probing. The 2D ERT sections revealed variations in the
subsurface resistivity, the geoelectric property that delineates different lithologies as well as
its fluid content. The interpretation from the ERT revealed that the subsurface lithologic units
comprised different layers with varying resistivity values, ranging from topsoil, clay, sandy
clay/clayey sand, and sand. Deductions from the available borehole logs showed that the
aquifer is constituted by the sandy clay/clayey sand and sand layers with various degrees of

aquifer yields due to the differences in porosity and permeability of the aquifer materials. In
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this study, parts of the aquifer units, especially the second aquifer, have been impacted by
saline water due to an incursion by saline water from the nearby Ocean or lagoon, and where
it occurs, it is characterised by a low resistivity value. Other sources of contamination
observed from the study included the infiltration of saltwater from the creeks, accumulation,
and percolation of wastewater through unlined drainage from the canal, wastewater from the

adjoining canal and infiltration from polluted streams.

The intrusion experienced in the coastal domain was suspected to be as a result of an increase
in groundwater abstraction or withdrawal for both domestic and industrial use leading to a
drop in the freshwater table, and consequently inducing incursion of denser saltwater to flow
further inland (Oteri and Atolagbe, 2003; Adepelumi etal, 2008; Adeoti etal, 2010;
Harikrishna etal., 2012). In a similar study, Ayolabi etal. (2013) also deduced that excessive
groundwater extraction is responsible for saline water intrusion into the coastline aquifer.
This problem is particularly imminent within the study area that many prolific boreholes that
were initially producing freshwater after drilling suddenly became salty a few months later
and were, therefore, abandoned. The observed patterns of the saline water incursion from the
geoelectrical resistivity results in most cases were lateral and generally identified with
resistivity value (<10 Qm) (Figure 5.13 and Figure 5.14). It further revealed that the
groundwater was affected by both brackish and ocean water situated north and south of the

study area, respectively.

At Elegushi, Figure 5.2a on the base map, three traverses were undertaken (a—c) in this
domain, and Figure 5.13 presents the processed ERT map. Traverse-a was carried out
parallel, probing a higher vertical depth using pole-dipole while b and ¢ separated 500 m
apart, were surveyed perpendicular to the ocean and the lagoon, to reveal the progressive
seawater incursion (marked in blue) into the neighbouring coastal aquifers employing dipole-
dipole array. The vertical depths of penetration were 219 m, 174 m, and 122 m for traverses
a, b and c, respectively. The parallel a-traverse was 200 m from the ocean and the subsurface
IS essentially characterised by low resistivity, reflective of saline incursion into the aquifer as
revealed from the 2D ERT model. It is obvious that between the lateral distances (117—
152 m; 200-250 m) the aquifer has been impacted by the seawater intrusion to a depth of 30—
90 m beneath the surface, with a resistivity value of <10 Q m. This indicates that the second
aquifer has been impacted by saline water. Similarly, traverses b and ¢ were both probed
from a 300 m distance to over a kilometre away from the Ocean to ascertain the progressive

saltwater incursion inland. Traverse b revealed incursion of saline water into the subsurface
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aquifer to a depth of between 15m and 45m. This is an indication of saline incursion
deducible from its exhibited low resistivity value. This definitely, reflects an influence from
the brackish water due to the contaminant flow in a south-eastern and eastern direction. The
observed low resistivity at traverse ¢ at a depth range of between 30 m and 90 m is a clear
indication of a change in lithology and fluid content. This portion has been highly impacted
by saltwater and has greatly affected the second aquifer. The contaminant spread becomes

imminent at a lateral distance of 320 m, indicating the presence of saline intrusion.
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Figure 5.15: Earth Imager Inverted Resistivity — Depth models for the ERT lines for Elegushi
traverses a, band c

At Oniru, Figure 5.2b on the base map, a resistivity survey was conducted along three
traverses (a—c) and presented in Figure 5.14. Traverses a and b were taken parallel to the
lagoon, while traverse ¢ was carried out perpendicular at distances of 650 m, 400 m, and

800 m away from the lagoon. The area coverage of investigation for traverses a, b and ¢ were
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118 m and 480m, 122m and 567 m, and 141 m and 405 m for both depths and lateral
distances, respectively. At traverse a, resistivity distributions of extremely low value are
restricted to the near-surface aquifer within the depth ranging from 0-10 m, as revealed by
the 2D ERT inverted.
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Figure 5.16: Earth Imager Inverted Resistivity Depth models for the ERT lines for
Oniru traverses a, b and ¢

This is connected with the combination of clay, on the one hand, and the infiltration of
wastewater or leachate generated from both (domestic and industrial) into the subsurface via
unlined drainage and the wastewater channel. At traverse b the low resistivity value
diagnostic of contaminant plume was observed between a depth of 30 m and 60 m and at
lateral distances of 224 m and 286 m; this apparently indicates a saltwater intrusion.
However, traverse ¢ was conducted to monitor the gradual encroachment into inland by the
saline water. This shows dominantly low resistivity values within a depth of 20 m to 50 m
and also exhibits lateral occurrence. This may be a lateral invasion of the freshwater aquifer

by seawater. There is also a gradual decrease in the degree of intrusion with distances further
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inland that is evident from wider contaminant plume spread at a lateral distance between 0 m
and 240 m. This may be as a result of high pressure near the source of the intrusion, which
decreases with distance and thus leads to volume reduction of saltwater being transgressed
and/or the presence of a competent underlying bed serving as seal retarding its percolation. It

can thus be deduced that the second aquifer was greatly impacted.

Adeniji Adele, otherwise known as llubunrin, Figure 5.2c on the base map, is a land-fill
reclaimed portion on the lagoon and the processed map was presented in Figure 5.15. Two
traverses were taken parallel to the Lagoon at 100 m and 200 m away from the lagoon for
both a and b, respectively. The 2D model revealed the status of the probed subsurface within
the wvertical depth of 138 m and 139 m for traverse a and b. The traverses characterised
predominantly by low resistivity at the surface up to a depth of 10 m, maybe suggesting the
presence of clay or wastewater infiltration from the adjacent canals and streams. However,
traverse b was suspected to have been impacted by brackish water at depths between 30 m to
70 m below the surface. The southern spread pattern exhibited by the plume could be
confirming the general north-south groundwater flow direction. Generally, deducible from
the depth of intrusion occurrence, ERT has revealed that the second aquifer was greatly

impacted and mostly affected by the saline intrusion in the study area.
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Figure 5.17: Earth Imager Inverted Resistivity Depth models for the ERT lines for Adeniji Adele
(Hubinrin) traverses a and b

5.3.6 Geophysical borehole logs

Geophysical logging methods provide an additional toolbox to identify rock formations that
are permeable and thus productive, and the clayey formation so that it may be eliminated
from the search for potential aquifers. It is a tool comprising several measurement devices
(e.g. resistivity and gamma rays) that were lowered into the subsurface, and continuous
readings of physical values were taken and sent via the cable to the surface unit. The method
allows better identification of the subsurface layers and their fluid contents and also removes
the ambiguity of suppressed thin layers by surface geophysical methods. The natural gamma

logs are used primarily for lithologic identification and stratigraphic correlation.

The geophysical borehole data acquisition process for this study was described in Chapter 4
(see 4.3.1.3). The log interpretation involved superimposing the resistivity log of the
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boreholes in the study area on the natural gamma ray log which discriminated between sand
and clay or shale. This superimposition enabled the tracing of the relatively low resistivity
zones within sand units across the boreholes. The occurrence of relatively low resistivity
zones within the sand, compared to clay or shale, indicated the presence of more dissolved

solute in the saturating fluid characteristics of saltwater intrusion.

Representative logs for each area were chosen from the available geophysical logs and
grouped into two axes (A and B) (Figure 5.16 and Figure 5.17) for ease of examination and
correlation. The correlation of some selected well logs into axes A and B from west to east
was guided by the availability of borehole logs, its location and the desire to develop a cross-
section model to enhance understanding of the subsurface hydrogeological processes.
Specifically, representative borehole logs with the highest level of penetration close to the
ocean in the south, and boreholes close to the lagoon in the north were chosen and correlated
to gain an insight into the extent of saline intrusion for every locality across the stretch of the
study. The saltwater—freshwater interface and horizons deduced from geophysical borehole
logs are presented in Table 5.6, while Figure 5.16 and Figure 5.17 show the diagrammatic

representation.

Seventeen out of the 45 borehole logs interpreted were not affected by saline intrusions,
which implies 62 % of the examined holes were intruded by seawater (Table 5.6). The A-axis
constitutes logs at the southern parts of the coastal belt relative to the B-axis, while the B-axis
comprises the northern parts of the coastline next to the lagoon. The A-axis comprises
Apapa—Victoria Island—Lekki-Ajah-Sangotedo and Awoyaya, while the B-axis is made up of
Ikoyi-Lakowe—Akodo both from west to east, respectively. Information from available
borehole logs, combined with a qualitative interpretation of the natural gamma ray, shows
that the study area is underlain by the alternation of sand and clay with the admixture of
varying proportions indicated by changes in the values of gamma rays as related to different
layers. The logs revealed three to four aquiferous zones of varying thicknesses and extents,
the majority of which are regional and traceable along with distances, while others exhibit
local occurrences. These aquifers are separated by confining units made up of clay or sandy
clay. The shallowest depth of 14 m for the freshwater-saline water interface was recorded at
the western and central parts of the study area at Apapa (BH16) and Ikoyi (BH42), while the
deepest freshwater-saltwater interface depth of 157 m was intercepted at Ajah (BH20) (Table
5.6).
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A-AXIS: Victoria Island-Lekki—Ajah—-Sangotedo—Awoyaya

Five representative borehole logs stretching from Victoria Island (BH26) to Lekki (BH25) to
Ajah (BH20) to Sangotedo (BH2) to Awoyaya (BH35), were selected to generate the geo-
section for the A-axis (Figure 5.16). The A-axis traversed within the land tract from the
central parts eastwards. A detailed interpretation is presented in Table 5.6 and Figure 5.16
reveals the regional occurrence of a clay column along the traverse, which increases in
thickness in an easterly direction, varying from 80 m at Sangotedo (BH2) and extends to
>150 m at Awoyaya (BH35) within the depth of investigation. The extensive occurrence of
the clay unit truncates the CPS aquifer at the south-eastern parts of the study area and
probably accounted for the difficulty experienced in the availability and exploitation of fresh
groundwater.

B-AXIS: Apapa-lkoyi—Badore-Lakowe

The geo-section for the B-axis (Figure 5.17) encompassing Apapa (BH44) to lkoyi (BH4) to
Badore (BH5) and Lakowe (BH38) was generated utilising only four well logs. A summary
of the interpretation is also presented in Table 5.6. The B-axis revealed a clay column
occurrence that thickens towards the east. The clay serves as a seal, preventing the upconing
of saline intrusion. Furthermore, the resistivity logs were equally interpreted to delineate the
saline intrusion horizons and freshwater—saline water interfaces. The resistivity values along
A-axis (west to east) ranged from44 Qmto 51 Qm, 26 Qmto 40Qm, 64 Qmto 68 Q m,
64 Qm to 30 Qm with the corresponding freshwater-saltwater interface thicknesses ranging
between 66 m and 126 m, 49 m and 134 m, and 25 m and 157 m for Victoria Island, LekKi
and Ajah, while Sangotedo and Awoyaya were unaffected. Concerning the B-axis, the
resistivity values ranging between 18 Qm and 20Qm, and 9Qm and 15Qm, with
freshwater-saline water interface occurrence at depth ranges from 38 mto 105 m, and 51 m to
112 m for Apapa and lkoyi, respectively, while Badore and Lakowe devoid of saline
intrusion are exception within the depth of investigation (Figure 5.16 and Figure 5.17). The
observed increase in resistivity values as shown in the resistivity logs can be explained with
an increase in sand content and the occurrence of more freshwater or water with a lower TDS
value than the layers above and below (Zohdy etal, 1990). It is, however, expected that
resistivity gradually grades through intermediate water to good quality water as it increases
with depth.
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Figure 5.19: Typical fresh/saline water interfaces along the B-axis using natural gamma ray logs
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Table 5.6: Ranges of fres hwater—saltwater interface thicknesses and corresponding resistivities and freshwater zones

Resistivity at

Freshwater—
BH* _ saltwater interface saII\:\i:tZ:\;iE[zrr;ace
S/N Address Coordinates (m) Qm) Freshwater zones (m) Remarks
Top Bottom Top Bottom

BH1 1st Avenue Ikoyi N 06 26. 781" E003 27.106 75 108 18 21 0-27, 37-45, 47-55, >130 Affected
BH2 | Ajayi Apa/Sangotedo N 06 26.010 E003 44.216' - - - - 14-53 Unaffected
BH3 | Ajegunle water works N0625°4434'[ E00319°10.61" 30 70 4 18 0-21, 76-130 Affected
BH4 Oshorne Estate Ikoyi N0624.781 E003 28.205 51 112 9 15 10-13,>113 Affected
BH5 Badore N0629.781 E003 42.205' - - - - 5-10, 53-76, 80-130 Unaffected
BH6 MRS Apapa N 06 25.499' E003 20.138" - - - - 10-18, 30-36, 37-50, 52-70 Unaffected
BH7 Etim nyang CRT. VI N 06 24'00.20" E003 26'02.60" - - - - 16-34, 66-93,106-127, 148-277 Unaffected
BH8 APMT YARD, APAPA N 06 26'31.53" E003 22'47.98" - - - - 13-25, 30-37,51-116, 124-190 Unaffected
BH9 Azare cr.Apapa N 06 26 .109' E003 21.964" - - - - 5-35,47-54, 58-120,135-228 Unaffected
BH10 | OniruEstate N 06 25'48.90" E003 29'55.00" 71 128 20 28 16-27, 167-202 Affected
BH11 | CappaVi N 06 26'27.50" E003 26'01.20" 77 117 28 31 15-30, 137-180, 183-198, 206-220 Affected
BH12 | ljoraOlopa N 06 27'58.20" E003 22'43.00" 17 66 46 50 12-15, 106-145, 157-158,169-217, 225-229 |Affected
BH13 | ljoraCFAO N 06 27'13.50" E003 22'08.30" - - - - 28-35, 38-42, 46-91, 104-123, 128-132 Unaffected
BH14 | Clover,Lekki N 06 25'30.34" E003 30'47.44" 39 114 42 33 14-18, 170-189,199-207 Affected
BH15 | ApapaWharf N 06 25'32.80" E003 22'34.29" 39 115 21 31 33-38, 124-170 Affected
BH16 | ApapaDSTV N 06 26.386' E003 19.614" 14 58 57 56 11-13, 78-116, 131-160, 168-174, 177-179 |Affected
BH17 | Ajah/Eastline prject N 0626.572 E003 35.156' - - - - 24-43,52-58, 64-70, 74-147 Unaffected
BH18 | Victorialsland N 06 25'38.90" [ E00325'59.40" 63 129 39 35 155-208, 217-222, 234-272 Affected
BH19 | LagosIsland/FIRS. N 06 26.922' E003 23.775' - - - - 14-19, 33-56, 70-112, 132-178 Unaffected
BH20 | Ajah/ITB Construction N 06 26.819 E003 32.985' 25 157 64 68 18-24, 158-165, >200 Affected
BH21 | Lekki/JP EST.PHSIII N 06 27'48.10" E003 34'40.10" 78 130 68 68 28-36,47-74,131-143,158-165, 174-183,190-230| Affected
BH22 | W/ Joseph N. Close. N 06 25'33.00" | E00325'32.40" 66 135 35 37 155-190, 196-212, 217-236 Affected
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Resistivity at

BH* . Freshwater— freshwater—
S/N Address Coordinates saltwate(:r:;terface saltwater interface Freshwater zones (m) Remarks
(Qm)

BH23 | MTN Call Centre Lekki N 06 27.966' E 003 34.120° - - - - 5-13, 25-31, 38-43, 60-116 Unaffected
BH24 | NNS Beecroft Naval Base, Apapa N0627'32.8" E 003 22'16.7" - - - - 12-21, 26-35, 42-48, 53-162, 192-214 Unaffected
BH25 | OMORIRE JOHNSON Street, Lekki| N0626'11.90"| E00331'32.40" 49 128 48 54 6-26, 173-187, >209 Affected
BH26 | OZUMBA NBADIWE, VI N0624'22.10"( EO00325'04.06" 66 126 44 51 12-30, 139-194, > 202 Affected
BH27 | Tin-Can,APAPA N0626'07.72"| E00320'09.88" - - - - 6-23, 31-36, 87-199, >208 Unaffected
BH28 | PRODECO Guest House VI N 06 24'20.796"| E 003 24'49.620" 45 134 26 40 15-21,148-153,160-170,173-215 Affected
BH29 | IKATEELEGUSHI, Lekki N 06 26'36 .60"( E00329'35.20" - - - - 20-30, 98-118, 128-194, >208 Unaffected
BH30 | FemiOkunnu, Lekki N0626'33.30"| E00330'26.90" 82 115 46 49 12-14, 182-220 Affected
BH31 | WILLOW GREENSEstate, Lekki N0626'55.70"( E00330'38.60" 88 115 47 49 12-13,166-189,200-236,243-247 Affected
BH32 | Zenith BankHead Office, VI N0625'48.20"| E00326'04.60" 66 129 40 38 153-205,217-240 Affected
BH33 | Civil Centre Nigeria N 06 25.781' E003 27.106' - - - - 20-106 Unaffected
BH34 | OniruRoyal Estate N 06 25.781 E003 27.106" 22 90 10 24 - Affected
BH35 | Eko Akete, Awoyaya N0628.213 E 003 46.970° - - - - 26-47, 230-270 Unaffected
BH36 | Federal Palace Hotel N0625.796 E00324.431 21 130 17 30 - Affected
BH37 | Victorialsland N 06 25.451 E 003 25.705 38 97 20 20 18-31,107-238 Affected
BH38 | HFP Cemetery, Lakowe N 060 28.241 E 0030 47.900 - - - - 13-36, 70-95 Unaffected
BH39 [ NIGERDOCK,SNAKE ISLD NO06 25.528 E003 19.422 28 58 12 17 109-129 Affected
BH40 | LSWC, Ikoyi N 06 25.781' E003 25.754' 18 66 3 5 110-130 Affected
BH41 | Niger Biscuit, Apapa N 06 25. 781" E003 19 106" 53 117 22 28 123-130 Affected
BH42 | Osborne Est, Ikoyi N 06 25.781' E003 26106 14 136 12 52 137-142, 150-220 Affected
BH43 | Police Headquarters, Obalende N0626.913 E 0324.448 26 47 36 18 51-112 Affected
BH44 | Takwa Bay Island, Apapa N 06 25.789 E 0030 23.304 38 105 18 20 10-21, 26- 35, 106-143, >188 Affected
BH45 | L/I, Apongbonwwks. N0627.634 E00322.899 - - - - 50-57,74-104,110-217,221-246 Unaffected

*BH=Borehole
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Chapter 6
ISOTOPE CHARACTERISATION OF THE BASIN

6.1 Introduction

In order to identify the source(s), movement, or interaction between surface water and
groundwater and to estimate the residence time within the aquifer, water samples were
analysed for environmental isotopes (8'%0, &2H, Tritum, Carbon-13 and Carbon-14)

signatures. Table 6.1 and Table 6.2 represent the stable isotopic data sets, while the carbon

and tritium data are presented in Table 6.3. The sample location map and the resulting stable

isotope plots of 5°H vs §'®0 along the LMWL for the Benin Republic are presented in Figure

6.1, Figure 6.2a and Figure 6.2b. It is important to note that the field campaigns were

undertaken three times due to logistic and accessibility constraints.
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Figure 6.1: Location of sampled wells, boreholes, and surface water
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Table 6.1:

Isotope results and calculated temperature for rainy season water samples in the

Lagos Coastal Basin

- - - - S
Sappe [ g e TR T g [ a0 | P T TEO
Shallow groundwater (GW)

Gw1 06°26.520" 003°19.876' 45 -0.9+0.4 -0.08 £0.08 -0.32 17.4

GW2 06°26.631' 003°19.775' 7.0 -18.2 0.1 -2.58 +0.04 0.12 12.4

Gw4 06°28.163" 003°21.560' 7.2 -8.5+0.1 -0.88 +£0.04 -2.29 15.8

GW5 06°27.899' 003°21.561" 3.87 -24.8 £0.6 -4.26 £0.08 5.49 9.1

GWe6 06°26.555" 003°22.017' 6,0 -5.6 £0.3 -1.19 +£0.09 2.85 15.2

GW7 06°26.899' 003°19.837' 11.2 -8.310.2 -3.11 £0.09 13.80 11.4

GW8 06°27.196' 003°23.052' 6.5 -6.5+0.2 -2.39 £0.04 10.51 12.8

GwW9 06°26.908' 003°24.627' 7.12 -7.9+0.4 -2.41 +0.04 9.26 12.8
GWI10 06°27.483" 003°23.925' 4.25 -6.7 £0.1 -2.34 +£0.05 9.89 12.9
GW12 06°27.815' 003°23.259' 9.1 -3.0+0.1 -0.63 £0.05 151 16.3
GWw13 06°27.464' 003°22.938' 12.0 -8.1+0.2 -2.77 £0.05 11.62 12.1
GW14 06°25.891" 003°24.590' 3.75 -14.4 £0.2 -3.89 £0.10 13.18 9.8
GW15 06°26.629' 003°25.243' 5.6 -11.4£0.3 -3.13 +£0.05 10.86 11.3
GW16 06°26.6438' 003°24.640' 5.0 -149+0.9 -3.30 £0.11 8.50 11
GW17 06°26.213" 003°24.317' 4.8 -20.2+0.4 -4.81 +0.09 13.94 8.8
GWw18 06°26.341" 003°28.077' 4.2 -11.6 0.2 -3.49 +0.04 13.13 10.6
GW20 06°26.268' 003°31.209' 3.45 -16.8 +2.8 -2.10 £0.27 -2.13 135
GWw21 06°25.884' 003°32.618' 9.5 -7.9+04 -0.83 £0.08 -2.00 15.9
GWwW23 06°29.328' 003°34.864' 9.0 -8.2 0.4 -1.99 +0.05 5.99 13.6
GW25 06°30.124' 003°36.007' 7.2 -7.9+0.4 -3.10 £0.07 13.79 115
GW27 06°27.820' 003°40.300' 6.3 -13.5+0.2 -2.13 +0.06 1.65 13.3
GWwW28 06°28.139' 003°42.195' 6.12 -13.4 0.2 -2.83 +0.08 6.66 11.9
GW29 06°28.427' 003°48.325' 7.4 -19.8 £0.2 -2.64 £0.11 -1.10 12.3
GW30 06°29.103' 003°53.303' 5.85 -17.4 £0.1 -2.52 £0.05 0.50 12.6
GW32 06°28.415' 003°38.133" 7.6 -8.6 0.3 -2.81 £0.07 11.32 12
GW33 06°28.466' 003°34.616' 13.2 -10.3+0.1 -1.71 £0.07 1.83 14.2
GW36 06°28.121" 003°33.873' 7.45 -18.1+0.4 -3.97 £0.02 10.11 9.7
GW37 06°26.380" 003°31.305' 8.2 -9.4 +0.1 -1.79 £0.14 3.25 14
GW40 06°26.959' 003°32.928' 4.35 -142+0.4 -3.70 £0.06 12.13 10.2

Deep groundwater (DWG)
DGW1 6 26.576 321.872 190 -21.3+1.2 -4.06 £0.13 11.19 9.5
DGW2 627.133 325.741 235 -19.7 £1.1 -3.89 £0.17 11.44 9.8
DGW3 6 25.646 325.646 230 -16.5 0.7 -3.43 £0.10 11.01 10.7
DGW4 626.411 325.500 355 -18.7 +0.3 -3.78 £0.05 1151 10
DGW5 6 30.511 336.684 185 -24.7 £1.7 -4.65 +0.17 1251 8.3
Rainwater (RW)

Rw1 3.3+0.1 -1.65 £0.02 15.05 14.3

LMWL -12.2 -2.9
Surface water (SW)

SW1 06°29.673' 003°25.666' -11.4£0.2 -3.17 £0.08 11.05 11.3

SW3 06°31.541" 003°34.756' -13.7 0.1 -3.47 £0.07 10.93 10.7

SW2 06°23.349' 003°26.525' 2710 0.11 £0.02 1.89 17.8
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Table 6.2: Isotopesresults for dry season water samples in the Lagos Coastal Basin

Sample Location Latitude Well-depth

No. name Longitude (E) (N) (m) 8%H (%0) 880 (%0) |d= excess (%o)
Shallow groundwater (GW)
GW1 |Coconut 1 06°26.520' 003°19.876' 4.5 -9.8+1.1 -2.90 0.2 10.76
GW2 [Coconut 2 06°26.631"' 003°19.775' 7.0 -12.9+2.0 -3.33+0.5 10.75
GW4 ([ljora 06°28.163' 003°21.560' 7.2 -125+0.4 -3.330.2 10.89
GWS5 |Badia 06°27.899' 003°21.561" 3.87 -10.3+0.9 -2.89+0.3 10.22
GW6  [Wharf 06°26.555' 003°22.017' 6.0 -7.6 0.5 -2.29 0.3 8.72
GW7 [Kirikiri Rd 06°26.899' 003°19.837' 11.2 -3.7+0.7 -0.73 0.3 1.54
GW8 [Marina park 06°27.196' 003°23.052' 6.5 -11.6 3.1 -2.72 0.3 7.73
GW9 [Obalende 06°26.908' 003°24.627' 7.12 -11.8 0.4 -3.29 0.1 11.59
GW10 |Adeniji 06°27.483' 003°23.925' 4.25 -10.8 +0.4 -2.79 0.1 9.03
GW12 |lsale Eko 06°27.815' 003°23.259' 9.1 -9.9+0.5 -2.70 £0.1 9.18
GW13 |Island 06°27.464' 003°22.938' 12.0 -9.4+0.2 -3.20 0.2 13.29
GW14 VI 06°25.891" 003°24.590' 3.75 -8.9+4.1 -3.13+0.4 13.38
GW15 |lkoyi 06°26.629' 003°25.243" 5.6 -11.2 +0.3 -3.36 0.2 12.62
GW17 VI 06°26.213' 003°24.317' 48 -13.6 0.5 -3.38 0.2 10.35
GW18 |LekkiPhasel 06°26.341" 003°28.077' 42 -11.6 0.6 -3.22 0.1 11.28
GW20 (Ighoefon 06°26.268' 003°31.209' 3.45 -15.3+0.3 -3.71 0.3 11.08
GW21 |Lafiaji 06°25.884' 003°32.618' 9.5 -13.0+0.4 -3.13+0.3 9.17
GW22 |Ajiwe 06°28.161" 003°34.789' - -15.5+0.4 -3.35+0.1 8.31
GW23 |Oke iranla 06°29.328' 003°34.864' 9.0 -12.9+0.4 -3.06 0.2 8.88
GW24 |Ado 06°29.861" 003°35.154' 7.2 -15.4 0.5 -3.37 0.2 8.52
GW25 |Badore 06°30.124' 003°36.007' 6.3 -12.0 0.2 -2.93 0.2 8.74
GW27 |Abijo 06°27.820' 003°40.300"' 6.12 -16.8 £1.0 -3.77 0.1 9.94
GW28 |Awoyaya 06°28.139' 003°42.195' 7.4 -19.7 +0.4 -3.98 +0.3 8.59
GW29 |lgando 06°28.427' 003°48.325' 5.85 -8.6 0.6 -1.71 0.1 351
GW32 |Sangotedo 06°28.415' 003°38.133" 7.6 -13.1 +0.6 -2.74 +0.3 6.29
GW33 |Ajah 06°28.466' 003°34.616' 13.2 -13.0+0.4 -2.52 0.1 4.86
GW36 |Ajah 06°28.121" 003°33.873" 7.45 -16.4 2.1 -3.26 +0.4 6.70
GW37 (ldado 06°26.380' 003°31.305' 8.2 -11.1 +0.6 -2.60 0.3 7.34
GW40 |lkota 06°26.959' 003°32.928' 4.35 -15.7 0.3 -3.45 0.2 8.87
GWw41 |Ogombo 06'26.977" | 003" 36.753' 241 -12.5+0.3 -2.48 0.2 5.04
GW42 |lbeju Lekki 06°29.352" | 003'53.770' 5.2 -11.5+0.4 -2.54 0.1 6.54
GW43  |Eleko 06’ 26.433' 003°51.360’ 6.38 -16.9 +2.9 -3.04 0.4 4.70
GW44 |Lakowe 0628.455' 003°43.820’ 3.48 -11.2 +0.8 -2.39+0.2 5.71
GW45 |Awoyaya 06'28.678' | 003"42.682' 42 -13.2+0.3 -2.78 0.2 6.50
Surface water (SW)
SW1 |[Lagos Lagoon 06°29.673' 003°25.666' - 25+0.6 0.36 £0.1 -0.02
SW2  |Oniru beach 06°23.349' 003°26.525' - 23105 0.79 £0.1 -3.26
SW3  [Ajah Lagoon 06°31.541" 003°34.756' - -1.9+4.6 -0.26 +0.4 -0.06
SW4  [Okun Ajah 06'24.137 003'35.343’ - 1.9+0.2 0.82 £0.0 -3.97
SW5  |ApapaCreek 06°24.902' 003'21.935' - 2.1+0.2 0.55 0.0 -1.85

6.2  Deuterium (*H) and Oxygen-18

The 2H and 80 values of precipitation and infiltrating water are controlled by factors such as

temperature, latitude and altitude effects, evaporation, intensity and duration of rainfall, and
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condensation in recharge and drainage areas (Clark and Fritz, 1997; Dansgaard, 1964). The
general meteoric relationship between H and 0 defined by GMWL and the concepts of the
d-excess are detailed in Chapter 3 (see 3.3.1).

The location of the data on the GMWL, however, indicates the source of air moisture. The
LMWL established by Loehnert (1988) for Ore Agbabu, southwest Nigeria, was defined by
equation 6.1:

SPH=72%880+94%0.......c0veeeiii 6.1

Whereas, the LMWL for the Cotonou GNIP—IAEA station, an extension of the LCB and her
immediate neighbouring country, between the years 2005 to 2015 is defined by:

SPH=71%880+9.1%0.......ceeeeeeeeaeen. 6.2

This study, however, adopted the Cotonou LMWL for this research due to the common
features shared by both basins and the closeness of the local GNIP—-IAEA station. The
LMWL showed low vapour humidity relative to the GMWL resulting from its lower slope

value.

A slope is a function of humidity and temperature (Gat, 1981; Rozanski etal, 1997) of a
particular groundwater territory. The plots in Figure 6.2 show that the groundwater samples
were plotted around and along the LMWL, indicating that the groundwater in the coastal
aquifer is generally of meteoric origin. Furthermore, while samples that plot above the
LMWL indicate rapid infiltration, samples that plot below and away from the LMWL,
connote evaporation prior to recharge (Gat, 1981; Yusuf et al., 2018). Therefore, the plot of
shallow groundwater samples above and below the LMWL indicated rapid infiltration to the

shallow aquifer in one part and the effect of evaporation on the other.

The observed slight seasonal variations may be attributed to the intensity and amount effect
of rainfall as noted by Dansgaard (1964), that at any given location, the heavier rainfall is
more isotopically depleted than the light intensity rainfall during the dry season as the air
moisture is subjected to a lesser Rayleigh condensation process. These results remain in
perfect agreement with several observations for low latitude marine sites of the IAEA
monitoring stations (IAEA, 1992). The variations resulting from recharge events and
evaporation from unsaturated zones indicated that seasonal fluctuations were preserved in the

shallow groundwater aquifer. In the groundwater samples, the median 5°H and 880 of -10.3
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and -2.58 %o; and -12.3 and -3.05 %o were observed for the wet and dry seasons, respectively,
reflecting the peculiar feature of shallow groundwater. This observation corresponds with
many well-known phenomena documented in most stable isotopes of O and H. The diagrams
of 8°H and 880 (Figure 6.2) also reveal that most of the samples fall on the evaporation line
or mixing line represented by a regression line defined by Equations 6.2 and 6.4 for both wet

and dry seasons.

2 18 2_
0°H=348*3"0-2.8%0......... R“=0.49 (Wet season)............... 6.3
2 18 2 _
52H = 3.89% 5180 — 0.87 %o .......R>= 0.59 (Dry season)................ 6.4
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Figure 6.2: Plot of 6°H vs 6'® O (%) for shallow groundwater in wet and dry seasons, deep wells,
surface water and rainwater in the Lagos Coastal Basin

The low slopes of 3.48 and 3.89 exhibited by both wet and dry seasons are also suggestive of
the evaporation process. According to Gat and Gonfiantini (1981) and Sheppard (1986),
evaporation from a freshwater surface commonly results in an evaporation line with a lower
slope of 3.5-6.0 in a normal range of relative atmospheric humidity of 75 % to 10 %. The
position of rainwater above the LMWL could be related to the condensation effect which is
controlled by regional air circulation from the South Atlantic Ocean; however, its enrichment
in 2H implies domination by a local moisture source. According to Clark and Fritz (1997) and
Abiye (2013), this occurrence could be due to low humidity in the vapour. In addition,
groundwater samples collected at the central parts of the study area between the lagoon and
the ocean (GW 13, GW 14, GW 15, GW 16, GW 17 and GW 18) (Table 6.1) exhibited a
mixture between lagoon water and groundwater. The observed mixed isotopic signatures may

suggest either or both of the following:

i.  Movement of the lagoon water through and below the coastal aquifer to the sea,
supported by the striking similarity in isotopic signatures between the groundwater
sample GW15 and that of the Lagos lagoon sample (SW1) maybe confirming the fact

that the lagoon is recharging the aquifer to the south.
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ii. The depletion in stable isotopes for the lagoon and groundwater in the wet season may be
related to the interaction with rainfall, while enrichment of the duo in the dry season may
be due to an evaporation effect. Specifically, the lagoon water exhibits a prominent
dilution in the wet season and more saline in the dry season, evident from their relative
locations in Figure 6.2.

Concerning the deep groundwater, the environmental isotope plot in Figure 6.2 portrays that
the samples fell slightly below and along the GMW.L, indicating that the groundwater
samples were of meteoric origin with little evaporation significance deducible from its slope.

The mixing line is represented by a regression line defined by Equation 6.5:
8*H=6.8*3%0+6.9 %o ......... R?=0.99 (Deep wels)............... 6.5

From Table 6.3, the observed relative depletion in 880 and 8°H suggests the presence of
deep circulating groundwater in the basin. Although the deep aquifer recorded a relatively
more depleted stable isotope value, the isotopic values fell in the same range with about 15 %
of the shallow groundwater (Tables 6.1 and Figure 6.2). These intermixing isotopic
signatures could suggest a probable mixture of preserved old water in the less permeable

layers (clay layer or matrix) recently recharged water for the shallow aquifer.

Generally, surface waters are highly enriched with respect to 20 and 2H, with higher values
recorded in the seawater relative to the Lagoon water (Figure 6.2, Table 6.1 and Table 6.2).
Specifically, the seawater samples collected in both seasons (wet and dry) close to the
seashore south of the study area have an isotopic composition value that is higher than 0 %o
for both isotopes as reported for modern oceanic seawater. In the dry season, however,
surface water samples collected close to the sea, at the Apapa creek (SW 5) and the Lagos
lagoon (SW 1) exhibit both marine and evaporation influence on the isotopic composition
with positive stable isotopes values. Contrarily, the Ajah lagoon (SW 3) at a greater distance
from the sea has isotopic compositions that are only reflective of strong evaporation due to
spatial isolation (Table 6.2 and Figure 6.2). Whereas, in the wet season, both the Lagos and
Ajah lagoons (SW 1 and SW 3) have similar depleted values as groundwaters with respect to
’H and 80 and were plotted above the LMWL, but in the same region with parts of the
groundwater on LMWL (Figure 6.1, Table 6.1). According to Clark and Fritz (1997), it was
rare to find surface water and groundwater plotted above the GMWL but in low humidity
regions, re-evaporation of precipitation from local surface waters created vapour masses with
isotopic content that plot above the LMWL. The shift above the LMWL indicates the impact
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of rainwater on the surface water bodies and may also suggest that the vapour evaporated

from the hydrologically closed basin.

Furthermore, interpretation of d-excess was undertaken in order to ascertain the possible
source of precipitation in the area which gives rise to recharge to the aquifers. The §80
values were plotted against d-excess (Figure 6.3) and the distribution has a range of
variations from -2.29 %o to 13.94 %o for the wet season, 1.45 %o to 13.38 %o for the dry
season and 11.01 %o to 12.51 %o for the deep groundwater samples. The high d-excess with
depleted 0 could be due to the mixing of regional air mass (depleted 20) and local
moisture (enriched 2H). These ranges of values reflect the influence of both local and regional
moisture circulation, indicating highly enriched humidity in the area. Therefore, the similarity
in the distribution pattern of d-excess and 80 for both shallow and deep aquifers could
indicate a recharge from mixed moisture sources. On a global scale, the average d-excess
value is known to be about 10 %. (Craig, 1961) but it differs with variations in humidity,
wind speed, and sea surface temperature during evaporation; accordingly, the low d-excess
values reflect high humidity during the formation of vapour mass (Clark and Fritz, 1997,
Abiye, 2013).
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Figure 6.3:  Plot for d-excess vs "°0 values in groundwater samples

The groundwater isotope contents of the LCB in the south are isotopically enriched relative to
the isotope compositions of groundwater studied in the northern parts of Nigeria (Kehinde,
1993; Goni and Edmunds, 2001; Adelana etal, 2003), but are similar in isotopic

compositions to groundwater from the basement and sedimentary basin of South West
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Nigeria (Loehnert, 1988) and those reported from other countries in West Africa, for
example, Ghana (Acheampong and Hess, 2000; Jorgensen and Banoeng-Yakubo, 2001). The
observed depletion of stable isotope compositions from south to north in groundwater may be
attributed to both the altitude and continental effect of incident rains. Generally, the stable
isotope of oxygen (*0) and hydrogen (°H) are valued as natural tracers because they neither
decay with time nor get removed from water during the exchange process of water and rock.
The LCB groundwater has not been defined through any form of long-term isotope
monitoring. Consistent, regular, and long-term sampling is, however, required in order to
quantify the seasonal recharge in the basin without which no detailed interpretation of these
fluctuations can be undertaken. However, the groundwater samples in the study area clustered
around and along the LMWL on the §°H-5'%0 plot (Figure 6.2) revealed that the observed
relatively enriched mean values of §°H >-11.6 %o, 8*80 >-2.53 %o; °H >-12.3 %o, 180 >-2.90
%o; 82H > -20.2 %o, 80 > -3.96 %o, exhibited by the groundwater’s wet season, dry season
and deep boreholes indicate a low altitude nature of the basin. In addition, due to the less
variability in the stable isotopic composition typifying the basin, it is considered that
monsoonal rainfall derived from the south (Atlantic Ocean) was most likely the source of
precipitation recharging the LCB. The groundwater samples are subjected to various degree
of evaporation and as such exhibited some variation in stable isotopic composition and
distribution along the LMWL. Considering the size and altitude of the study area, the major
process that may yield any significant note in the isotopic composition of the rainfall depends

on its amount and intensity.

Therefore, the mean annual rainfall of about 1 800 mm in the study area could have produced
the relatively depleted isotopic signature preserved in the shallow groundwater. From Figure
6.2, it can be deduced that the groundwater originated essentially from local rainfall, and
variation in its isotopic composition may be related to the prevailing climatic conditions.
Furthermore, in the wet season, the spatial distribution of isotopes in some of the
groundwater (Figure 6.2 and Table 6.1) reflects isotopic signatures similar to those found in
the lagoon water samples. This similarity, besides the similar d-excess values, suggests a
common recharge source (precipitation) for both the lagoon and groundwater and may also
indicate that the lagoon acts as a notable source of recharge to the groundwater in parts of the
basin. In comparison, the expected relative depletion in 8°H and §%0 values characterising
the deep confined aquifers and its plot along the LMWL indicates precipitation from a mixed

moisture source as the main source of recharge but under conditions different from the
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modern climatic conditions. Moreover, the intermixing in values of 8°H and 880 between the

deep aquifer and a few samples from the shallow aquifer (Figure 6.2) may suggest either that

the concerned shallow groundwater (relatively isotopically depleted) is a mixture of young

and old water (low tritium) preserved in relatively impermeable sediments; or upconing due

to over-exploitation, which allows older water to move upgradient; or aquifer recharged by

younger but poorly tritiated rainwater.

Table 6.3: Analytical results for tritium and carbon in water samples of the study area

sample ID* Tritium (TU) :g dﬁ?g;i?g Mean Lecs'gg;i;’ time 1BC (%)
Shallow groundwater (GW)
GW2 1.7+0.3 78.8+24 1950 +10 -17.86
GW5 2.8+0.3 - - -
GW6 1.7+0.3 - - -
GW7 1.1+0.3 78924 1950 +10 -12.79
Gws 1.3+0.3 66.9 £2.2 3350 £10 -22.95
GW9 1.8+0.3 - - -
GW10 2.2+0.3 - - -
GW13 0.2+0.2 59.1+2.2 4 350 £10 -15.32
GW17 1.7+0.3 72.7+3.1 2650 £10 -12.99
GWw18 1.5+0.3 745+2.3 2450 £10 -12.56
GW25 0.9+0.3 81.6+2.4 1700 +10 -20.51
GW27 1.4+03 - - -
GW28 1.2+0.3 - - -
GW30 1.8+0.3 83.4+2.4 1500 +10 -
GW32 1.2+0.3 - - -
GW33 1.1+0.3 88.0+2.4 1050 +10 -
GW37 0.1+0.2 - - -
GW40 1.7+0.3 - - -
Deep groundwater (DGW)
DGW1 0.3%0.2 26.3+0.23 10 720 £70 -19.34
DGW2 0 22.7 +0.23 11 900 +81 -19.55
DGW3 0.0+1.2 28.2+0.21 10 180 +£60 -18.19
DGW4 0.210.2 22.4+0.19 12 030 +69 -21.26
DGW5 0.310.2 39.8£0.25 74 00 £50 -21.38
Rainwater (RW)
RwW1 2.2+0.3 - - -
Surface water (SW)
SW1 1.7+0.3 - - -
SW3 2+0.3 - - -
SW2 1+0.3 - - -
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6.3  Tritium content

Tritium (*H) has been reliably employed to distinguish groundwater recharge during the pre-
bomb time from younger water (Clark and Fritz, 1997). Its variation provides an insight into
local recharge and circulation mechanisms. Sequel to the thermonuclear test of the early
sixties that injects *H into the atmosphere, the tritium content in precipitation increased a
thousand-fold, especially in the northern hemisphere. Since 1963, the peak tritium
concentration has decreased to natural values in winter and about double the natural value in
summer. This event consequently affected the groundwater tritium content as aquifers are
being recharged. Therefore, ®H content can often be used to determine dates ante quem and
post quem. However, this research study adopted the tritium values documented at the
Cotonou GNIP-IAEA stations (O1-NATITINGOU/6539100, O1-COTONU/6534403 and
O1-KANDI/6530600) over a period of 13 years (2005-2018) as the basis for its
interpretation. In these years, tritium values were partially captured in 2012, 2014 and 2016
hydrological years. For all the stations, the minimum value of 1.08 TU was recorded in 2012,
while 3.5 TU was the maximum value documented in 2016. The general mean tritium values
for the years ranged from 1.8 to 3.15 TU. Similarly, Loehnert (1988) reported a tritium value
of 2 TU for rainwater during the August break in parts of Southwestern Nigeria, which was in
good agreement with the GNIP-IAEA Cotonou stations. Based on the abowve, it may be
proposed for the area under study, and the entire Dahomey Basin at large, that waters having
a H>1TU, are considered a mixture of recent waters with a low **C, while water with
SH<1 TU are relatively older waters or a mixture of old and recent recharged water. The
analytical result of tritium and carbon content in the shallow unconfined aquifer, deep
aquifer, surface water as well as rainwater is presented in Table 6.3, while Figure 6.4 reveals

possible interaction in the hydrological system of the basin.

The tritium values ranged from 0.1 TU to 2.8 TU for the unconfined shallow groundwater;
0.0 TU to 0.3 TU for the confined deep groundwater; 1.7 TU to 2.0 TU for surface water and
2.2 TU for a single rainwater sample (Table 6.3). Therefore, rainwater and surface water with
a tritium composition value of >1 TU recorded for this study, may be considered as modern
water. The shallow groundwater data, however, apparently reveals clustering into two distinct
groups, consisting of a group of relatively young immature shallow groundwater having a
tritium value of >1 TU, and an older group of more mature or admixture of old and recent
recharge groundwater with a value of <1 TU (Figure 6.4). The young shallow groundwater

includes all the samples, the exception being GW13 and GW37, with extremely low tritium
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values. The anomalous occurrence of low tritium shallow groundwater, GW 13 and GW 37
(Table 6.3), represents mixture of more mature old recharge shallow groundwater. This
scenario may be explained by either a probable mixture of recent water with low tritium
content water or due to the presence of relatively impermeable sediments, which increases the
residence time and enables the decay of the tritium. An additional possibility to the above is
that the aquifer was recharged by younger low tritium containing rainwater (Kehinde, 1993;
Yusuf et al., 2018).
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Figure 6.4: Plot of *H vs 6"°0 (%9, differentiating groundwater into old water and young water

In addition, shallow groundwater and surface water appear to be a proper mixture of
infiltrated rainwater with tritium contents close to the mean precipitation. This is evidenced
by the occurrence of rainwater, surface water and the shallow groundwater in Zone 1 as
observed in Figure 6.4, which suggested possible interactions between the water bodies.
However, the deep groundwater occurrence at Zone 2 revealed a total disconnection from the
surface water and rainwater. The few shallow groundwater occurrences in Zone 2 suggested
possible but limited interaction between old water and young recharge water (Figure 6.4).
The varying tritium concentrations may either depict variable residence times or infiltration
with variable tritium content into the aquifer (Kehinde, 1993; Yusuf etal., 2018).
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Figure 6.5: Plot of 1*C vs *H for groundwater in the study area

Generally, the concentration of *H in the aquifer systems decreases with depth and eventually
becomes non-detectable in parts of the deeper aquifers (>180 m) (Table 6.4; Figure 6.5). This
may be indicating an increase in the residence time in the deeper aquifer. According to Abiye
(2013), groundwater samples with a near-zero tritium value have been in circulation for a
long time (>50 years) and are not derived from present-day rainfall in Southern Africa. This
assertion is similar and agrees well with the observed scenario in the deep aquifer of the study
area and, thus, recharge could be derived from rainfall different from the present-day climatic

conditions.

6.4 Carbon-14 and C

Dating of groundwater with radiocarbon cannot be carried out directly on the water
molecules but is dependent on the dissolved inorganic carbon and dissolved organic carbon in
water. These dissolved carbon constituents get into the groundwater from atmospheric CO,
through the soil zone. The carbon isotopes of **C and '*C are essential and vital tools to
quantify the interactions between water and rock in the case of *C age determination of
groundwater. The carbon isotopes were carried out in the study area to establish an input
function for dating groundwater and unravelling the source of carbon in the basin (Table 6.3).
The increment in the natural concentrations of both carbon-14 and tritium in waters resulted
from the thermonuclear testing in the early 1960s and, therefore, elevated concentrations of
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H and *C in groundwater indicate recent recharge. The carbon-14 content, however,
decreases in old water through radioactive decay and, hence, making it a useful residence
time determination tool, while Carbon-13 determination is useful in the identification of the
origin of carbon in groundwater (Loehnert 1988). The measured **C values vary between -
22.99 %o and -12.56 %o for the shallow aquifer. The observed depletion in *3C concentration
in both the shallow unconfined groundwater and the deep confined groundwater may
probably be due to secondary CO, producing reactions (Vogel and Ehhalt, 1963; Mook, 1976;
Kehinde, 1993) such as carbonate weathering and cation exchange processes as the major
factors of carbonate geochemistry within the coastal aquifer. The carbonate weathering is
suggested as a result of calcite dissolution from the Cretaceous Ewekoro limestone. Carbon-
13 values, however, become less variable with depth and vary from -21.38 %o to -18.19 %o,
suggesting that the effects of interactions between carbonates and organic matter on 8*3C
have become stable or balanced at a deeper depth (Table 6.3). In addition, the depletion of
13C values connotes little or no marine carbonate rock, with enriched *3C values available for
dissolution in the subsurface (Mazor, 1991).

Concerning carbon-14 activity, it was found to vary from 59.1 to 88.0 pMC for groundwater
from the shallow interstitial aquifer. In the recently recharged water, the *C content is
expected to be close to or above 100 % because **C is derived from the soil CO, and is likely
to contain bomb *C. The moderately ranged activity of **C observed in the basin’s shallow
groundwater is indicative of young and locally recharged sources of water that is not very
high in **C content. According to Dorr etal. (1987), the **C content of shallow groundwater
ranges from 90 pMC to about 50 pMC, depending on the local condition of carbonate
dissolution. Murray etal. (2015) identified two groups of water for the study area: The first
group is shallow and recently recharged groundwater with **C values between 74 pMC and
94 pMC, comprising GW 2, GW 7, GW 17, GW 18, GW 25, GW 30, and GW 33. The
second is a mixed group identified with intermediate *C values varying from 50 pMC to
70 pMC, entailing GW 8 and GW 13 samples. However, in the confined deep groundwater,
the *C values ranged between 22.4 pMC and 39.8 pMC (Table 6.3). The highest 4C
concentration value of 39.8 pMC corresponds with the shallowest borehole depth of 185 m at
DGW 5, while the DGW 4 with a depth of 355 m recorded the least value of 22.36 pMC for
14C activity, indicating a decrease in **C content with an increasing groundwater depth. In
summary, a decrease in *C activities connotes an increase in mean groundwater ages with
depth.
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Figure 6.6: °H—14C relation of selected deep and shallow groundwater samples
in the Lagos Coastal Basin

Also, based on carbon-14 and carbon-13 contents, most of the samples lacked evidence of
mixing; indicating that variation in the activity of carbon-14 is essentially due to radioactive
decay and represents the true residence time of groundwater. Furthermore, diffusion of CO,
gas from the unsaturated zone to the groundwater could also affect the measured carbon
activity in water (Fontes and Edmunds, 1989; Le Gal La Salle etal., 2001). When diffusion
occurs, modern CO; increases carbon-14 activity of groundwater and consequently reduces
the estimated groundwater residence time (Le Gal La Salle etal., 2001). Diffusion is known
to occur in modern groundwater with high pH, where the dissolution of CO, gas is enhanced
(Stumm and Morgan, 1981; Fontes and Edmunds, 1989). Thus, the low pH characterising the
study area suggests that the diffusion process does not affect the estimated carbon-14 activity.
Similarly, the relative correlations agreement between tritium and carbon-14, namely high *H
occurrence, led to high **C occurrence and vice versa (Figure 6.6). This further suggests that
a carbon-14 signature remains unmodified and still reflects the groundwater renewal rate. In
comparison, the **C values are relatively higher in shallow groundwater samples within a
range of 59.1+2.2 pMC to 88+ 2.4 pMC, compared to the deep aquifer within a range of
22.4+0.19 pMC to 39.8+0.25 pMC, resulting in a MRT ranging from 4350+£10 to 1050+10
years for shallow groundwater and 12030+10 to 7400+10 years for deep groundwater.

Furthermore, in an attempt to gain an insight into the climatic conditions under which the
deep aquifer recharge occurred, this research study proposed the use of temperature

correlation method as stated below:
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i.  Retrieval of the available air temperature and stable isotope of 80 data between 2005
and 2012 from the Cotonou GNIP-IAEA station (GNIP/M/BJ/O1-
COTONU/6534403).

ii. Oxygen-18 values plotted against the corresponding air temperature of the present-day

climatic conditions (Figure 6.7).

iii. From the graph, the relationship between temperature and the stable isotope of 20 was
established by the equation Y = Xt-C; where Y represents *20°, where X means

relationship gradient, t means unknown temperature and C means the intercept.

From the above relationship, the recharge temperature of the deep aquifer could be deduced

by substituting the relevant deep groundwater data as defined by Equation 6.6:

Y 6.6

= T
Based on the above temperature correlation for precipitation in Cotonou, the recharge

temperature of the deep confined aquifer was calculated using Equation 6.7.
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Figure 6.7: The '®0 relationship with air temperature

The calculated ambient temperature during rainfall that generated recharge, reveals a
variation in the shallow aquifer (Table 6.1), where high temperatures ranging between 11 °C
and 17.4 °C (average 13.41 °C) were recorded, with the exception of a few samples: GW 5
(9.1°C); GW 14 (9.8°C); GW 17 (8.8°C); GW 36 (9.7 °C); and GW 40 (10.2 °C). The
exceptional low-temperature occurrence in parts of the shallow aquifer may be related to
mixing of the deep-seated old water with young water through excessive abstraction, whereas
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lower recharge temperatures that vary from 8.3 °C to 10.7 °C (average 9.7 °C) documented
for the deep aquifers could be indicating recharge occurrence under more humid climatic
conditions. The above assumption is further substantiated by Figure 6.8 and Figure 6.9
differentiating the recharge period based on ‘80 and **C content; annual temperature (T °C)

and the *C age of deep aquifers and selected samples from the shallow aquifer.

Based on the globally adopted geological time scale, the boundary between the Holocene and
Pleistocene is set at 12500 years from the present, which is equivalent to the **C values of
22+1.7 pMC. Based on the *C data, groundwater recharge into the shallow groundwater took
place in the Holocene, with relatively warm climatic conditions. In contrast, the deep aquifer
recharge occurred partly between Late Pleistocene and early Holocene. The depletion of 820
in the deep groundwater samples may be explained by a significant contribution of Late
Pleistocene recharge from cold climatic conditions (Figure 6.9). On the other hand, warm
temperature was linked to isotope enrichment in recharging water in the Holocene (Figure
6.8). This signifies loss of rainwater through evaporation and less availability of water for
recharge due to an increase in ambient temperature. In general, the shallow groundwater
experienced recharge under present climatic conditions and thus remains renewable. In
contrast, the deep aquifers were recharged under the last humid period and, by implication,
recharge nowadays rarely reaches the deep aquifers. Therefore, the deep aquifer is subjected

to gradual depletion with continued groundwater abstraction without replenishment.
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Chapter 7
HYDROCHEMISTRY OF THE SHALLOW GROUNDWATER
AQUIFER IN LAGOS COASTAL BASIN

7.1 Introduction

The hydrochemical signatures of groundwater resources, both in time and space, are
essentially influenced by the characteristics of their catchment area, hydrochemical processes
and aquifer composition (Oke, 2015). The key factors that drive variations in
hydrogeochemistry involve both geogenic and anthropogenic factors. The natural (geogenic)
process includes but is not limited to, redox transformation, complexation, ion exchange,
dissolution and precipitation, rock—water interaction, intermixing of water bodies (saline
water and freshwater) and many others which are site-specific (Drever, 1997; Schwartz and
Zhang, 2003). On the other hand, the artificially induced (anthropogenic) factors are mainly
related to industrial activities, urbanisation, landfills, and aquifer over-exploitation (Appelo
and Postma, 2005). Physicochemical and hydrochemical analyses are excellent tools to
decipher the source of mixing in groundwater and surface water systems (Clark and Fritz,
1997; Appelo and Postma, 2005). Coastal aquifer salinisation is mostly due to seawater
intrusion; however, other factors could influence the quality of groundwater that are related to
geochemical processes and anthropogenic impacts, and hence, the importance to differentiate
the sources of salinisation and behaviour of the aquifer to minimise the wulnerability of an
aquifer to pollution (Han et al. 2014).

Owing to the fact that the LCB is characterised by high population density, coupled with
increasing industrial development and the peculiar hydrogeochemical nature, necessitated
detailed hydrochemical investigation, and establish its state of pollution besides its protection
potential. More importantly, the vast majority of the low-class populace in and around the
basin obtain water from the coastal aquifer. Thus, the physicochemical parameters of shallow
groundwater along the coastal strip of the LCB were measured to understand the pollution
status and possible interactions between these resources. It is worthy to mention that
additional data for brackish surface water (P-SW 1, P-SW 2 and P-SW 3) was obtained from
a study by Yusuf etal. (2014), only for its physical parameters and major ions content

towards deducing the relationship between groundwater and the surrounding surface water.
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In this research, the study area was divided into three segments for ease of identification and

clarification (Figure 7.1).

Starting from the western segment — jointly known as Apapa and denoted by ‘App’ — the
study area included samples GW 1 to GW 7 (the Apapa, Ajegunle, Ajeromi, Wharf, ljora,
and Badia areas) and terminated by the Lagos lagoon to the east and bordered by the creek to
the south. The central parts — collectively referred to as Island and denoted by ‘IsI’ —
constituted samples GW 8 to GW 19, GW 21, GW 37, GW 38, GW 39 and GW 40 (the
Island, lkoyi, Obalende, Lekki and Ajah areas). The eastern parts — generally described as
Etiosa and represented by ‘Eti’ — made up the remaining samples from GW 20 to GW 45,
except for the occurrence of GW 21, GW 37 to GW 40 in the series (the Igbo efon, Awoyaya,
Badore, Awoyaya, and Sangotedo up to Ibeju Lekki areas). It is to be noted that the central
and eastern parts of the study area are a land tract located between the ocean and the Lagos
lagoon; it is encompassed by the lagoon in the north and west and the ocean in the south. It is
also worthy to mention that the water samples under investigation are essentially water from
the surficial aquifer collected mostly through large-diameter hand-dug wells, essentially
<10 m deep, with the exception of a few borehole samples such as GW 7 (BH 1), GW 13
(BH 2), GW 23 (BH 3), GW 28 (BH 4), and GW 33 (BH 5), with an estimated depth range of
<15 m. The shallow dug wells were more focused on this research being the most vulnerable
to contamination and their relative function (most exploited) to the dominant low-income
inhabitants. A summary of the physicochemical, major ions and bacteriological data from the
groundwater and surface water is presented in Table 7.1 and Table 7.2, while the detailed
analytical results for the wet and dry seasons are presented in Appendices E and F. The
summary tables (Table 7.1 and Table 7.2) contain statistical results for the minimum,

maximum and mean concentrations.
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Figure 7.1: Location map of the study area showing the sampling points for hydrochemical analysis
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Table 7.1: Summary of physicochemical, major ions, microbial population in groundwater
obtained for the wet and dry seasons in the study area

Parameters Wet season Dry season WHO(2018),
Minimum | Maximum [  Mean | Minimum | Maximum | Mean |SON™*(2007)

pH 5.40 8.60 7.26 5.10 8.70 7.40 7.5-8.5
TDS (mg/L) 69.00 1642.00 458.85 114.00 1916.00 361.43 500*
EC (uS/cm) 111.00 3284.00 885.35 142.00 3832.00 |638.93.62 1 000*
Total Hardness as CaCO; 48.00 668.00 199.45 - - - 100
Temperature (°C) 26.00 29.50 27.8 27.60 30.70 28.8
Turbidity (NTU) 0.10 99.80 11.06 - - - 5NTU
Ca“* (mg/L ) 0.05 97.13 11.11 8.20 12.80 11.1452 75*
Mg (mg/L) 1.29 16.77 591 2.44 6.23 3.6995 30
Na" (mg/L) 0.15 14.77 2.42 4.10 9.10 5.4756 200
K* (mg/L) 0.14 23.77 3.04 3.89 9.01 5.7005 50
Cl-(mglL) 1.00 720.00 110.65 2.50 9.73 4.755 250
HCO; (mg/L) 6.10 335.51 101.68 17.00 97.00 67.39 -
CO5“ (mg/L) 3.00 210.00 51.54 0.80 6.00 3.70 -
NO3 (mg/L) <0.001 108.70 22.353 <0.001 0.06 0.025 10
S0, % (mg/lL) <0.001 88.00 36.234 0.01 0.21 0.089 200
Faecal coliform/100 ml 2.00 201.00 170.00 - - - Nil

* SON = Standards Organization of Nigeria.

Table 7.2: Summary of physical, bacteriological and macro-element contents of surface water
(lagoon and ~“ocean) obtained in the study area

Parameters Minimum Maximum Mean VgHOC,)\I ((22801%)
pH 7.83 8.25 7.98 7.5-85
TDS (mg/L) 2000 35040 10 260 500*
EC (uS/cm) 3999 48 000 24.100.25 1 000*
Temperature (°C) 29.8 32 31.3
Ca** (mg/L) 321.28 1750 1031.57 75*
Mg (mg/L) 1313 5036 3868.56 30
Na" (mg/L) 1750 8675 5981.13 200
K* (mg/L) 44 294.67 169.17 50
CI" (mglL) 2327 15582 8965 250
HCO; (mg/L) 40 365.94 133.49
CO3* (mg/L) 30 180 76.5
NOz (mg/L) 9.6 245 175.65 10
S0,% (mg/L) 102 1862 1039.25 200
Faecal coliforms/100 ml** 34 1733 646 Nil

**Erom present study, *SON (2007)
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7.2 Physicochemical Parameter Evaluation
7.2.1 pH and temperature

The pH values recorded in the analysed groundwater samples ranged from 5.40 to 8.60, with
a mean of 7.26; and 5.1 to 8.7, with a mean of 7.22, for wet and dry seasons, respectively.
This suggests that the groundwater in the area ranged between a slightly acidic—neutral pH
and slightly alkaline. In the surface water, the pH ranged between 7.83 and 8.25, with an
average value of 7.98, reflecting near alkaline characteristics of the surface water. A
comparison of the pH values for both surface water and groundwater revealed a striking
similarity, particularly in the wet season, though the surface water average demonstrated to
be slightly alkaline (Table 7.1, Table 7.2 and Figure 7.2a-c). This may be an indication of
mixing between the groundwater and surface water (brackish water) or the dissolution of
carbonate rocks. The temperatures of the water at the time of the sample collection ranged
from 26 °C to 29.5 °C with an average of 27.8 °C and 27.6-30.7 °C, with a mean value of
28.8°C, in the wet and dry seasons, respectively (Table 7.1; Figure 7.2a and b). This
temperature range is low in comparison with the temperature of 70 °C recorded by Onwuka
and Amadi (1989) for a borehole at a depth of 750 m in parts of Lagos. Therefore, it may be
deduced that the temperature of the present study indicated a shallow aquifer and that the
groundwater temperature increases with increasing depth, with an estimated temperature
gradient of 0.06 °C/m.

7.2.2 Electrical conductivity

In the groundwater samples, the EC values varied between 111 pS/cm and 3284 pS/cm
(average 885.35 pS/cm) for the wet season, and between 114 pS/cm and 3832uS/cm (average
638.93 pS/cm) for the dry season (Table 7.1). The highest values of EC were recorded in the
west (App) and central parts of the study area (Isl) in proximity to the lagoon and creek in the
north, while the lowest value was documented in the eastern segment (Eti) and towards the
south (Figure 7.3 and Figure 7.4). This may be indicating the influence of surface water with
the fresh groundwater through bank infiltration, flash floods or surface run-off as it flows
towards the Ocean. In surface waters, the expected highest occurrence value of 48000 pS/cm
was recorded for the seawater, while a steady value of 3999 pS/cm was documented in the
lagoon at P-SW 1, P-SW 2 and P-SW 3 which might be due to the upper specification limit of
the equipment used during the field campaign (Table 7.2).
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7.2.3 Total dissolved solids

In the study area, the TDS value varied from a minimum of 69 mg/L to a maximum of
1642 mg/L (average 458.85 mg/L) in the wet season, while during the dry season it varied
from 114 mg/L to 1324 mg/L (average 361.45 mg/L) (Table 7.1). The high concentration of
TDS in the groundwater samples reflects that the water was not entirely fresh and may be
related to water—rock interaction, rainwater chemistry, ion exchange (clays and sandy clay
lenses) and probably anthropogenic sources that will be discussed in detail at a later stage.
The TDS exhibited a similar pattern of higher occurrence in the west and central parts of the

study area (Figure 7.5).
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Figure 7.5: Total dissolved solid distribution (west to east) in groundwater across the study area

7.2.4 Microbial counts

Table 7.1 and Table 7.2 also contain the total viable plate counts obtained for both
groundwater and surface water samples in the wet season. The microbial content is higher in
the shallow large diameter wells than in the protected boreholes. According to Ocheri et al.
(2014) high faecal coliform is often associated with the sanitary condition of the environment
of the wells. Thus, the sources of pollution could be traced to pit latrines, indiscriminate
waste disposal, poor urban planning, and groundwater interaction with contaminated surface
waters. Although both surface water and groundwater were considered polluted based on the
microbial counts, the surface water is more polluted than the groundwater as demonstrated by
the higher average microbial count occurrence. The ratio of the microbial count in surface
water relative to the groundwater was four times higher. This implies that the surface waters

are more prone to pollution and deterioration than the groundwater.

7.3  Major lon Chemistry

Calcium is the predominant cation found in the groundwater of the study area. The Ca?*
values varied between 0.05 mg/L and 97.13 mg/L (average 11.11 mg/L) for the rainy season
and from 8.2 mg/L to 12.8 mg/L (average 11.15mg/L) in the dry season (Table 7.1; Figure
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7.5). Though the average values are almost equal for both seasons, higher individual values
were noted for the dry season. Furthermore, the variation in the Ca®* concentration recorded
for both seasons could be indicating the differential dissolution of carbonate rocks and ion
exchange processes. The Mg?* concentration varied from 1.29 mg/L to 16.77 mg/L (average
5.91 mg/L) for the wet season, and from 2.44 mg/L to 6.23 mg/L (average 3.7 mg/L) for the
dry season. The observed higher magnesium value (Mg?* >Ca?*) exhibited in the wet season
with a Ca?*/Mg?" ratio of <1 in 75 % of the groundwater samples, with the exception of
GW1-5, 14, 16-18, 30 and 38) may be due to marine influence (Appendix H). The Na*
concentration in the wet season varied between 0.15mg/L and 14.77 mg/L (average
2.42 mg/L), and in the dry season from 4.10 mg/L to 9.10 mg/L (average 5.47 mg/L). The
higher values recorded in the dry season may be attributed to the evaporation effect, leaching
of salt or ion exchange between the aquifer material (clayey sand) and the solution. The K*
values varied from 0.14 mg/L to 23.77 mg/L (average 3.04 mg/L) in the wet season, and from
3.89 mg/L to 9.01 mg/L (average 5.7 mg/L) in the dry seasons. The potassium concentrations
demonstrated a similar pattern with sodium exhibiting a higher average value in the dry
season relative to the wet season (Table 7.1; Figure 7.5). The order of cationic abundance for
both seasons is as follows: Ca** > K* > Na* > Mg** and Ca’"> Mg** > K* > Na* for the
respective dry and wet seasons. The unusual high average concentration of K* than Na® in
groundwater may be related to leaching of the clay minerals, since the aquifers are hosted in
the sand and clayey sand deposits essentially characterised by clay matrixes (Yusuf and
Abiye, 2019), or it may also be related to parts of different transported materials brought
from the upstream to sand-fill the study area during land reclamation (an ongoing process in

parts of the study area) and subsequently washed into the aquifer.

The dominance of anions in the study area for the seasons was as follows: CI' > HCOj3 >
S0, for the wet season and HCO3; > CI > SO4* for the dry season. Bicarbonate was the
dominant anion with concentrations varying from 6.1 mg/L to 335.51 mg/L (average
101.68 mg/L) for the wet season, and 17 mg/L to 97 mg/L (average 67.39 mg/L) for the dry
season. Similarly, the COs;* dissolution varied from 3mg/lL to 210 mg/L (average
51.54 mg/L) for the wet season, and from 0.8 mg/L to 6.0 mg/L (average 3.7 mg/L) the dry
season (Table 7.1; Figure 7.6). While bicarbonate was the abundant anion in all sampled
groundwater, it was, however, in some locations equalled by chloride in the wet season, a
good pointer to the mixture of water from various sources. The dominance of HCO3 is an

indicator of carbonate dissolution and decomposition of organic matter (Avtar etal., 2013). It
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was suggested that the groundwater is in contact with rapidly dissolving carbonate rock
which increases the relative concentration of these ions in solution during recharge processes.
The hardness of the groundwater, which is a function of calcium carbonate, is reflected in its
value ranging between 48 mg/L and 668 mg/L (average 199.45 mg/L) as CaCOs3 for the wet

season samples.

Chloride was the principal anion and varied between 1 mg/L and 720 mg/L (average
110.65 mg/L) and between 2.5mg/L and 9.73 mg/L (average 4.76 mg/L) for wet and dry
seasons, respectively. The higher chloride concentrations observed in the wet season could
indicate marine impact, besides the influence of rainwater, leaching and evaporation
processes. Nitrate was also dominant in the wet season relative to the dry season with
respective mean concentrations of 22.35mg/L and 0.0251 mg/L, indicating a higher
anthropogenic contribution to the aquifer in the wet season than in the dry season. This is also
a reflection of the interaction between the groundwater and highly contaminated surface
water which serves as a conveyor belt for all the generated industrial and domestic wastes
from the upstream to the Ocean in the downstream direction. A comprehensive study of
groundwater quality of the southeastern parts of Lagos between 1999 and 2000 on the impact
of urbanization, it was found that in all the sampled wells sulphate, nitrate and chloride were
noted at objectionable proportion (Adelana et al., 2003; 2004; 2005). Therefore, the presence
of high nitrate concentration particularly during the wet season may be linked to
anthropogenic activities. ~ Similarly, the concentration of sulphate was also higher in the rainy
season than in the dry season (Table 7.1; Figure 7.6a and b), probably related to marine
impact due to high-intensity rainfall that enhances flash floods and surface water movement
to hand-dug wells or breakdown of organic matter. In addition, an increase in sulphate from
fossil fuel combustion has been observed in precipitation over the LCB (Aderogba, 2012).
Therefore, atmospheric deposition of sulphate through rainfall in such an urbanised and

industrial area of study may have caused the aquifer signatures in the wet season.

In surface water, it is important to state that SW 1, SW 2 and SW 3 are lagoon waters with a
significant salinity difference, while SW 4 is the sample from the Ocean and represented only
the rainy season samples. Magnesium is the dominant cation in the brackish water, while
sodium remains the dominant cation in the ocean. Chloride, as expected, was the predominant

anion in both media (Table 7.2; Figure 7.6c).
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Figure 7.6: Statistical summary of groundwater major ions in (a) the wet season,
(b) dry season and (c) surface water

7.4 Metals

Not until recently, attention on the quality of groundwater was focused essentially on

dissolved mineral salts. Among the pollutants, organics, and metals have been the subject of
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concern because of their long-standing toxicity when exceeding specific thresholds. Trace
elements generally exist in small amounts in a natural water system. The source of metals to
groundwater may be from different natural and anthropogenic sources. Once liberated into
the groundwater, the element distribution repeatedly undergoes modification by complex
geochemical and biological processes (Klovan, 1975). The study of metal concentration in
groundwater may be used to deduce their possible sources. The trace elements of interest in
this study were Fe?** Pb2*, Cu?*, Cr¥*, Cd?*, Ag', Mn?*, N#* and Zn** due to their
constituted harmful effects, not only on human health but also on environmental degradation
at large. Table 7.3 presents the statistical summary of metal occurrence in both groundwater
and surface water in the wet season. For visual appreciation, the elemental variation in

groundwater is presented as a graph in Figure 7.6.

Table 7.3: Summary of metal concentrations

Heawy Groundwater Standard Surface water Standard
metals range Mean deviation range Mean deviation
Zn*(ugl) <0.1-240 8.4 37.9 <0.1-19.9 6.7 11.4
cu*(ug/l) <0.1-1,330 49.3 214 <0.1 <0.1 <0.1
Mn?*(pgl) <0.1- 14900 3824 2,354.4 4-10 244.9 347.7
Fe?*** (ug) <0.1-1,580 118 266.9 104.5-240 1735 68.2
Ni#* (ugl) 179-567 50.1 142.1 <0.1-10 8 1.4
Cd (gl <0.1-10 0.2 0.6 21.6-190 70.1 10.3
Ad (pgl) <0.1-40 2.7 7 24,974.8-24,980 16,651.5 14,420.6
Pb?* ( ug/l) <0.1-30 2.1 43 <0.1-450 151.2 261.8
cr?*(pgl) 3.9-5 14.3 14.3 <0.1-120 65.2 63.3

The metal occurrence in groundwater and surface water showed the following trends: Mn** >
Fe23* s NR* > CL2* > Cr2* > 72" > Pb2t > Ag > Cd?* and Ag' > Pp2t > Fe2™3* > Cd2t >
Cr’* > zn®* > Mn?" > N#* > Cu?*. Pollution of the surface water was not surprising; it is the
main recipient of various forms of anthropogenic wastes generated within the state from
inland to the coast. The most striking of this result is that, except for iron that occurred across
the whole area, all other metals that had elevated concentrations in groundwater such as
Mn?*, Ni#* and Cu** occurred between GW 1 (App) and GW 6 (App), an industrial zone
situated at the western domain of the study area (Figure 7.7). Thus, the anomalous
occurrences of these metals in the western part strongly indicated local anthropogenic input

arising from industrial activities such as untreated effluents and wastes from numerous tank
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farms, pharmaceutical companies, and metallurgical plants, coupled with municipal and

domestic wastes.
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Figure 7.7: High concentration of metals in groundwater at the western axis of the study
between GWI and GW?7 (Industrial zone)

7.4.1 The heavy metal pollution index

The degree of contamination resulting from metals in water was evaluated using the Heavy
Metal Pollution Index (HPI) method (Kim etal., 1998; National Institute of Environmental
Research, 2007; Odukoya and Abimbola 2010, Ayolabi etal., 2013). The tolerable level is
the elemental concentration in the water considered safe for human consumption (Lee etal,
1998; Ayolabi etal.,, 2013). The WHO (2018) and SON (2007) standards were adopted as
tolerable levels for water. The HPI was calculated by the following equation by Mohan et al.
(1996):

Where:
M. represents the heavy metal concentration in water;
TL = atolerable level; and

Nm = number of heavy metals under consideration.
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When the HPI is >1, the water is regarded as being contaminated. More than 50 % of
groundwater in the area is polluted, having an HPI between 1.0 and 2.86. Mn** contributed
the highest percentage (62 %) to the HPI, followed by Fe?*** (19 %), and closely followed by
Ni#* (8 %), Cu** (8 %), Cr** (2 %) and Zn?* (1 %) (Figure 7.8).

1%

HZn
HCu
M Mn
i Fe
M Ni

MCr

Figure 7.8: Percentage contributed by significant metals to HPI in groundwater

Furthermore, in addition to the metals plot (Figure 7.8), the spatial distribution of EC and
NO3; were plotted to further demonstrate the impact of urbanization, land use pattern and
anthropogenic activities across the entire study area (Figure 7.9 and Figure 7.10). The EC
values were found to be highest in the western and central parts of the study while the eastern
part has the least values, thus connoting the influence of the surface brackish waters on the
nearby shallow groundwater (Figure 7.8). However, with respect to NOg3 the occurrence of
elevated concentration of nitrate across the study area is a reflection of an urbanisation impact

due to anthropogenic input that emanated from human wastes.

118



2700

2600

2500

2400
-2300
—2200
2100
2000
~1900
1800
-1700
~1600
~1500
- 1400
—1300
1200
1100
1000
900
-800

-200

Figure 7.9: 3D view of spatial distribution of EC across the study area.
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7.5 Hydrogeochemical Evaluation
7.5.1 Hydrogeochemical facies

The Piper Trilinear diagram is a very useful tool in bringing out the groundwater chemical
relationship in more concise terms (Walton, 1970). In the present study, hydrochemical data
were plotted on the Piper Trilinear diagram (Piper, 1944), and Schoeller diagram (Schoeller,
1967) to evaluate the groundwater composition in wet and dry seasons. Furthermore,
according to Hem (1985), the water in which no cations or anion constitute as much as 50 %
of the total, should be recognised as a ‘mixed type’ and identified by dominant cations and
anions. In this study, a 50 % minimum benchmark for individual cation or anionic

concentrations (meg/L) in their respective totals has been considered in formulating the water
type.

The hydrochemical facies of the individual wells sampled is presented in Appendices H
and I, while Appendix J shows the summary of facies’ distribution for both seasons across the
study area. The piper plot for the wet season groundwater revealed essentially four distinct
hydrochemical types: Ca-Mg-HCOs3;, Ca-Mg-CIl-SO4, mixed Ca-Mg-Cl, and Ca-Cl, and the
predominant types were the Ca-Mg-HCO3, Ca-Mg-CI-SQOg4, constituting about 37.5 % and
32.5 %, respectively, while the dry season was composed of Ca-HCO3, Ca-Mg-HCO3;, Ca-
Na-HCO3; and Ca-Na-Mg-HCO (Figure 7.9). The Ca-HCO3 and Ca-Mg-HCO3; water types
with 39.5 % and 37.5 % were the dominant water types. The dominant occurrence of these
water types gives credence to the recent recharge of the unconfined surficial aquifer. The
hydrochemical facies for surface water was Mg-Cl for the lagoon samples (P-SW 1, P-SW 2,
and P-SW 3) and Na-Cl for the ocean water (SW 4). Detailed discussion regarding facies

changes in groundwater with seasons is discussed in the next sub-section.
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Figure 7.11: Piper plot showing the types of water of the Lagos Coastal Basin in the
wet and dry seasons

The chloride type water, especially Mg-Cl observed in about 25 % of groundwater in the wet
season, are compositionally similar to the brackish water facies (Mg-Cl) of the lagoon water
P-SW 1, P-SW 2 and P-SW 3 (Appendix H; Figure 7.11). This also indicates possible
interaction between the surface water and groundwater, and brackish water may be suspected
as the major source of Mg®* in the groundwater and thus the marine influence on the surficial

aquifer is further at play in parts of the phreatic aquifer.

7.5.2 Hydrochemical evolution

The rock-water interaction and various hydrogeochemical processes such as precipitation,
dissolution, and cation exchange in an aquifer with increasing residence time, are responsible
for variation in groundwater composition as it evolves into different water facies from the
recharge area through transition to the discharge zone.
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7.5.2.1 Dry season water types

The dry season water samples are essentially characterised by calcium bicarbonate (Ca-
HCO3) type of water (Figure 7.12). The high concentration of HCO3 is an indicator of
carbonate dissolution or decomposition of organic matter. The Ca-HCOsz water type is
generally derived from the carbonate dissolution such as calcite, which contributes Ca* and
HCO3 to the groundwater. During the process of water—rock interaction, an increase in the
concentration of Ca** and HCO3;™ with a consequent reduction in the concentration of Mg?*
and CI, might have resulted in a Ca-HCO3; water type. Calcium carbonate is the major
component of the Tertiary Ewekoro limestone, which occurred in the northern parts of the
regional Dahomey basin, the southern end at which the current study area is situated. It may
also occur as cementing material in sedimentary rocks. As depicted in Figure 7.10, the Ca-
HCO3; and Ca-Mg-HCO3 types are normally dominated by the earth’s alkaline water and
weak acids (Karanth, 1987). The excess of Na'+K™/CI ratio in the dry season may suggest
leaching of soil salts or cation exchange and also reflects the higher concentration of alkalis
from sources other than precipitation (Appendix | and Figure 7.10). Furthermore, the high K*
concentration could be washed-in from the hinterland materials used to sand-fill the study
area, especially considering the very shallow depth occurrence of the surficial aquifer. In
summary, it may be inferred that as Ca** and Mg?* are removed from the water, Na* and K*

from rock are added to the groundwater, indicating the process of cation exchange.
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7.5.2.2 Wet season water types

In the wet season, groundwater occurs in different facies (Appendix H). The percentage
composition of the mean for the major ions in the wet season is also presented in Figure 7.10.
The series of water types recorded in the wet season is a true reflection of the discharge area
and it ranged from Ca?*, Mg?*, HCO3", CI and SO4* dominated water types. The different
facies types could be explained by:

. Leaching and dissolution of salts: The high concentration of chloride ion as observed in
the wet season is associated with decreasing bicarbonate concentration and enriching of
sulphate concentrations (Figure 7.12). This process clearly defines leaching and
dissolution of soluble salts through precipitation and surface run-off during
groundwater movement to the ocean and, consequently resulted in various forms of
HCO3-CI-SO4 water types, depending on the dominant cation.

ii.  Simple mixing between brackish water and fresh groundwater through flash floods
indicated by the relative enrichment of magnesium and impoverishment of calcium
with increasing chloride (Figure 7.12): When carbonate sediments first emerge from the
marine environment, they undergo flushing of seawater by freshwater during which
time the salinity decreases and the hydrochemical facies becomes dominated by Ca-
HCOs, and thus the coastal freshwater is dominated by Ca®* and HCOs;™ from the
dissolution of calcite, such that cation exchanger has essentially Ca®* adsorbed to their
surfaces. When seawater charged with Na* and CI as the dominant ions, intrudes in to
or mixes with the fresh coastal water, then the following cation exchange reaction

according to Martinez and Bocanegra (2002) may occur:
Na* + % Ca-X — Na-X + % Ca?*......... 7.1

As the exchanger site picks up Na*, then Ca®* or Mg?" are released and the hydrochemical
water types evolve from Na-Cl water to Ca-Cl or Mg-Cl. The general Mg?*/ CI' ratio of <1
(Appendix H), characterising the wet season, may also be a good pointer to the mild impact
of marine on the water table aquifer. Simply put, an increase in the concentrations of Mg?",
CI and SO,* and the consequent reduction in the concentration of Ca** and HCO; as
observed in the wet season. This process might have resulted the groundwater to evolve to
various water types depending on the dominant cation or anion (Appendix H; Figure 7.12).

Another possible explanation for the decrease in calcium concentration could be when

123



calcium from carbonate rocks is removed and replaced with magnesium from groundwater

throughout an ion exchange reaction (dolomitisation process).

In addition,

classification based on Schoeller

groundwater as follows:

rHCO3>rSOy4

With longer residence time the relationship stated above changes to:

rCl > rHCO3

With further increase in the residence time, the below ionic phase evolves:

rCl> S04 >rHCOs3

At the final and advanced stage of ionic transformation, the concentration reaches:

rCl>rSO4 > rHCOj3; coupled with rNa>rMg >rCa......

(1967) pointed out ions enrichment in
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Figure 7.13: Schoeller plot showing water types of the Lagos Coastal Basin in wet and dry seasons

The evolution in ionic type from Type | to Type IV depends on the residence time of water in
the subsurface and the degree of water—rock interaction. The samples collected from the
present groundwater investigation ranged from Type | to Type Il in the wet season,
indicating water with different residence times resulting from heterogeneous sources.
However, the dry season can be classified as Type | water and it is essentially homogenous
freshwater (Figure 7.13). The distinct dissimilarities exhibited by both seasons further
buttress the fact that there is little or no interaction between surface water and the shallow
surficial groundwater during the dry season in the study area, as clearly established by the
stable isotope study (Yusuf etal., 2018), a situation which may be conceived to be resulting
from a drastic drop in the volume of the surface water during the dry season. In general, it
may be deduced that the strata sediment characterisation and interactions are responsible for

the present ionic concentration in the groundwater.

7.5.3 Hydrogeochemical processes

In the study area, the analysed groundwater samples revealed calcium and bicarbonate as the
dominant ions in groundwater, especially during the dry season (Appendices E and G),

suggesting carbonate dissolution. The dissolved CO3® within the soil and unsaturated zone
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produce weak carbonic acid (H,COg3) which dissociates and enhances the dissolution of

calcium carbonate.

The reactions between carbonic acid (atmospheric CO, and water) and calcium carbonate in
the soil give bicarbonate and calcium ions and this can be denoted as written below in
Equation 7.2 and 7.3 (Garrels, 1976).

CO2+HO - HoCO3 e 7.2

(Carbonic acid formation)

CaCO3 + HyCO3— Ca®* +2HCO3 ... 7.3

(Calcite/Limestone dissolution)— Calcium + Bicarbonate

Considering the location of the study area, which is in contact with the ocean and brackish
water, the marine influence through flash floods and surface run-off acts as a contributory
factor to the high magnesium occurrence in the groundwater during the wet season, giving
credence to Mg-calcite [Ca Mg (CO3)] (Appello and Postma, 2005). The Mg-calcite may be
divided into low and high Mg-calcites; the low Mg-calcites have <5 mol % Mg, while the 5—
30 mol % Mg is regarded as the high Mg-calcites (Morse and Mackenzie, 1990). Based on
the above submission, all the groundwater samples in the dry season and 14 samples (35 %)
from the wet season, may be classified as low Mg-calcites with <5 mol % Mg. The remaining
65% from the wet season is under high Mg-calcites with magnesium values between 5 mol
% Mg and 12 mol % Mg. The magnesium abundance in the rainy season may be from the
marine source through flash floods triggered by high intensity rainfall which led to an
increase in the volume of the connecting surface water of the lagoon and creeks, and
subsequent occurrence of riverbank overflow. It is also worthy to mention that 50 mol % Mg

is not the same thing as dolomite (Appello and Postma, 2005).

7.5.3.1 Chemical weathering

The rapid dissolution of soluble rocks (carbonates, gypsum, halite) and gradual dissociation
of relatively soluble rock (silicates) resulting from rock—water interaction, are part of the
chemical weathering that plays a role in mineral enrichment and depletion. The measurement
in groundwater of these rock components informed the dominant weathering process that
characterises a particular aquifer. To gain an insight into the chemical processes that govern
water quality, the present study proposed a new formula or methods for identification and

differentiation between carbonate and silicate weathering in groundwater.
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The proposed methods are cationic contribution evaluation [Ca**+Mg?* vs total cation (TZ")],
and ionic ratio plots of HCO3;/Ca®*vs Ca’*/Mg?* and HCOs/Ca** vs Ca®*/Na’. All
measurements are in meg/L. Cationic contribution in groundwater derived from carbonate or

silicate weathering can be established from the analysed water samples as follows:

1. Cationic evaluation:
i.  Calculate the total cations [Ca®"+Mg?*+Na™+K* (TZ")] in solution in megy/L.
ii.  Calculate the sum of calcium and magnesium in solution (Ca*+Mg?*) in meg/L.

iii. The estimated Ca**+Mg*" is related to the total cations (TZ") in meg/L.
The assumptions below were proposed for interpretation purposes:

! If the sum of Ca**+Mg?* >0.5 TZ" is 50 % and above (TZ"), then carbonate weathering

is the dominant process.

ii. If the sum of Ca**+Mg?* <0.5 TZ' is less than 50 % (TZ"), then silicate weathering
dominates.

In the present study, the concentration of Ca**+Mg?*, relative to the total cations, was 85 %
in the wet season and 70 % in the dry season, both of which are far and above the <50 % TZ*
for silicate weathering (Figures 7.14a and 7.14b). Therefore, carbonate weathering is the
dominant process that controls the groundwater quality in the study area. The R? values of
approximately 0.98 and 0.88 for both seasons further supported the validity of carbonate

dissolution as the dominant process.

Ca + Mg vs Total cations (Wet season) Ca + Mg vs Total cation (Dry season)
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Figure 7.14: Ca**+Mg°" vs total cations showing carbonate dissolution

2. lonic ratio plots proposition (HCOs/Ca?* vs Ca?*/Mg?" and HCO;/Ca®* vs Ca?*/Na”
(Appendices H and 1):
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The ratios of the related elements to the objective were calculated.

The ionic ratios were plottted on the logarithmic graph.

From the graph, boundaries were created for various weathering types based on the

relative natural abundance of respective ions in

groundwater. The considered

weathering or dissolution processes are evaporates, silicates and carbonates.

The assumptions below (boundary range) were made for interpretation purposes:

0.01-0.1 marks the zone of occurrence for evaporates.
0.1-1.0 is the silicate zone.

>1 is the carbonate zone.

Based on the bivariate plots of ionic ratios presented in Figure 7.15, it may be

concluded that carbonate dissolution is the

predominant

weathering  process

characterising the shallow groundwater system in the study area. However, the few

samples that fell within the silicate zone may be attributed to contribution as the

groundwater crosses heterogeneous aquifers.
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Figure 7.15: Bivariate plot Ca®*/Na* vs HCO;/Ca*" and Ca’*/Na* vs HCO;/Ca*" to identify the
dominant chemical weathering in the groundwater of study area

7.5.3.2 Ion exchange processes

Although there are many proposed methods by different authors to assess ion exchange that
controls the groundwater chemistry, this study adopts the Ca?*+Mg?*/ HCO3 + SO, ratio by
(Cerling etal., 1989) reported in meg/L for this purpose. The reverse ion exchange is
identified by an excess of (Ca’*+Mg**) over (HCO3s + SO4%), while ion exchange is marked
by a higher occurrence of (HCO3™ + SO, over (Ca®*+Mg?*) (Cerling et al., 1989; Fisher and
Mulican, 1997; Edet etal., 2011). This may be represented by Equation 7.4. Here, the aquifer
matrix picks up the Na* in solution in exchange for its adsorbed/attached Ca?*. The
hydrochemical composition thus evolves from Na-Cl to Ca-Cl or Mg-Cl. In the case of an

opposite reaction, the following equation 7.4 occurs (Martinez and Bocanegra, 2002):
1/2Ca** + Na-X— 1/2Ca-X + Na* (reverse reaction) ..... 7.4

The Ca* ion in solution is taken up by the exchange site in return for Na* on its surface. The
former sodium-rich water turns into calcium-rich water and thus the Na-HCOj3; water type

evolves to that of a Ca-HCO3 water type, indicating the freshening process.

In the study area, the calculated ionic ratio of Ca®*+Mg** / HCO3™ + SO4% <1 in 90 % of the
samples was in the wet season. Similarly, 85 % of the samples had a ratio of Ca?*+Mg** /
HCOs + SO4# <1 in the dry season. This suggests the dominance of ion exchange or
secondary leaching as the source for dissolved salts in the basin. However, a few groundwater
samples, 10% and 15% for both wet and dry seasons exhibited Ca?*+Mg?** / HCO3 + SO4*
>1 as the groundwater tends to flush out brackish water to restore its freshness. It is important
to point out here that the Ca?*+Mg?* / HCO3™ + SO4> >1, as observed in the wet season, may
be attributed to reverse ion exchange or a mixture of various waters. However, in the dry
season, it does not necessarily imply reverse ion exchange; the higher ionic ratio than unity
may be due to leaching as a source of dissolved salts or evaporation effects which tend to

enrich the solil salinity.

Complementarily, the Durov diagram (1948) (Figure 7.16) was employed to substantiate the
assertion observed about the ionic process governing the groundwater in the basin. The fact
that the mixed water type prevails in the wet season was supported by data plotted in Figure

7.14; where 67.5 % of the samples plotted in Field 5 of the plot along the dissolution or
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mixing line. Based on the classification of Lloyd and Heathcoat (1985), this trend can be
attributed to fresh recently recharged water exhibiting simple dissolution or mixing with no
dominant major anion or cation. In addition, a few samples (15 %) in Field 4, showing CI as
a dominant anion, indicating that the groundwater is related to a mixture through flash floods
resulting from bank overflow by brackish water. The remaining 17.5 % in Field 3 and Field 6
exhibited ion exchange processes, whereas in the dry season, samples plotted in Field 6 of the
plot along the ion exchange line, showed that the groundwater is related to ion exchange with
Ca-HCO3; water. The remaining 15 % belongs to Field 5 of the plot along the simple
dissolution of the rock or mixing line with no dominant anion or cation. In general, it is clear
from the above that ion exchange and dissolution of rocks or mixing with other water types
essentially contribute to the groundwater chemistry, while rock dissolution and ion exchange
were the dominant exchange processes characterising the wet and dry seasons, respectively.
This may be reflecting the complexity of the basin as the main recipient of all water types

from the upstream side of the area.
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Figure 7.16: Durov plot depicting hydrochemical processes involved

7.5.3.3 Evaporation effect

The evaporation effect was further elucidated with the use of the correlation between
Oxygen-18 and CI and between Na’/CI' and EC to examine the degree and trend of
evaporation in the study area. In general, both methods demonstrated that chloride
enrichment of the wet and dry season in the basin was slightly different. The slight variation
may be due to the humid nature of the coastal basin throughout the year with mean
atmospheric temperature difference of +3 °C between the wet and dry season. In the wet
season, the relative concentration and evaporation in the basin are reflected by an increase in
chloride with oxygen-18 enrichment, and a constant sodium chloride ratio with increasing EC
(Figure 7.17a and b). In an evaporation environment, the chloride concentration is expected
to remain constant with an increasing EC value (Appello and Postma, 2005). In the study
area, it was proposed that the evaporation observed in the wet season may be a result of a

mixture of the surrounding highly evaporated surface water with the shallow groundwater
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through flash flooding, bank infiltration and surface run-off. The evaporation was further
enhanced by the flat nature of the study area, which tends to hold water at the surface for a
longer period prior to infiltration. Several authors have reported that a decrease in Na®
compared to CI indicate the influence of other sources such as leaching of salt from the
surface or recharge due to evaporated water (Chidambaram etal., 2009; Prasanna etal.,

2010), where both of them were the possible cause for the present study.

In the dry season, however, the 0 vs CI showed a horizontal trend line indicating that,
despite oxygen enrichment, the chloride content remains constant, while the Na*/CI  ratio vs
EC scatter diagram showed a trend line that slightly increases in the Na'/CI ratio with an
increasing EC (Figure 7.17a and b). This may be suggesting an insignificant effect of
evaporation on the shallow groundwater quality in the dry season. In general, although a
relatively higher regression coefficient factor was recorded for the wet season, the low R?
value observed for both seasons is a good pointer to the fact that evaporation may not be the

dominant geochemical process controlling the groundwater quality in the basin.
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Figure 7.17: Shows scatter diagram indicating evaporation influence

Furthermore, the Gibbs diagram (1970) was used to deduce the main mechanisms controlling
the groundwater chemistry, namely the sources of dissolved chemical constituents, such as
precipitation dominance, rock dominance and evaporation dominance. The Gibbs diagram is,
however, subject to modification to accommodate the peculiarity of a particular region. The

modification was carried out in the present study using the following as guidelines:

! Based on the deduction of the stable isotope study for the basin (Yusuf etal., 2018),
rainfall is the main source of recharge to the aquifer in LCB, but mixes with older water

and surface water.
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il.  The recharge water is subjected to evaporation prior to infiltration due to the flat nature
of the study area that holds water longer at the surface before infiltration. The area is
subjected to evaporation prior to infiltration as observed by the isotope study (Yusuf

et al., 2018) and thus were given adequate consideration in the modification attempt.

ii.  The analysis of hydrochemical composition revealed that water—rock interaction also
played a notable role in the chemistry of the shallow groundwater; hence, the need to
propose a modified Gibbs diagram that will be suitable for the basin under

consideration as presented in Figure 7.18.

iv.  Although the TDS for pure rainwater (precipitation) is expected to be less than
100 mg/L, this might be altered due to various factors such as a mixture of groundwater
with highly charged surface water and rainwater of marine origin that is equally known

to be strongly diluted rainwater (Appelo and Postma, 2005).

v.  The TDS boundary to demarcate a suitable evaporation line for the area under study
was achieved by averaging the TDS values for both seasons, from where the lower

boundary for the evaporation line was generated.

The present study revealed that most of the groundwater samples from the two seasons (wet
and dry) plotted essentially in the rock-dominance and partly in the evaporation fields. The
correlation of the higher TDS value with the corresponding Na* /(Na*+Ca®*) in Figure 7.18
indicates that cation exchange reactions involving Na* and Ca?* may account for the
variability in groundwater chemistry (Li etal,, 2013, 2016; Sunkari et al., 2019). Besides, the
meteoric origin of the groundwater might have been lost due to water—rock interaction,

mixture with high charged surface waters and ion exchange reactions.

Therefore, the modified diagram as presented in this study represents the real field situation
and it can thus be concluded that the main mechanisms controlling the surficial groundwater
in ascending order, are evaporation besides carbonate rock dissolution as presented in Figure
7.18.
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Figure 7.18: Proposed modified Gibbs diagram showing groundwater evolution in the basin

In furtherance to justify the modern recharge of the shallow aquifer in the study area, an
attempt to classify the groundwater into modern water (water recharged under present
climatic conditions) and old water (water recharged under humid climatic conditions) was
proposed using an ionic ratio. This research work is proposing a plot of Ca®+/ (Ca** + HCO3’
) vs TDS to deduce the classification. In achieving this objective, the following assumptions
were made:

! That mineral is in contact with the solution and solubility occurs.
ii.  That carbonates (calcites) dissolution dominate the system.

iii.  That the longer the recharge of water into the aquifer, the more charged/saturated the
groundwater; hence, the water class is broadly subdivided into two classes, namely:
modern recharge water and old recharge water based on the degree of aquifer
saturation.

iv.  The recharge rating assumption values (Rr) ranged between 0 and 1.

If Rr >0 <0.5 = Modern water (youngest water tends towards 0); if Rr >0.5 <1 = Humid water
(oldest water tends towards 1).
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Figure 7.19: Showing the prevalent climatic condition that recharged the shallow groundwater
in the study area

The plot of Ca?*/Ca** + HCO3™ vs TDS (Figure 7.19) revealed samples from both seasons and
fell below 0.5, indicating water recharged under modern climatic condition based on the
aforesaid assumptions. However, there were two samples with values greater than 0.5 from
the wet season, connoting recharge under a humid climate condition. This may be due to the
mixing of the modern recharged water with deeper humid recharged groundwater. This
deduction is in agreement with the isotope study of Yusuf etal. (2018) that groundwater of
old/intermediate age for some of the samples in the LCB resulted from the mixture of old and
recently recharged groundwater. In summary, this proposed method has been able to identify
and classify the surficial coastal aquifer of Lagos as essentially recently recharged

groundwater.

7.5.4 lonic ratio to evaluate marine impacts

lonic ratios are widely employed worldwide to understand the seawater ingress along the
coastal aquifer domain (Sanchez etal, 1998; Barbecot etal, 2000; Kim etal, 2003;
Moujabber etal., 2006; Batayneh etal., 2014; Sridharan and Nathan, 2017). Apart from
groundwater chemistry, mineralogy of rocks may also be utilised significantly (Nwankwoala
and Udom, 2011, Masindi and Abiye, 2018). It is well known that no single variable
definitively identifies seawater intrusion; however, by considering various analyses we can
ascertain when fresh groundwater mixes with seawater (Werner and Gallagher, 2012). This
research made use of ionic plots such as SO42/CI, Mg?*/CI, Na'/CF, and HCO3/CI to
investigate the possible marine influence on the surficial aquifer of the study area. In addition
to the existing ratios, this research proposes the use of Ca®" + Mg?" vs CI and Ca?*/Mg**

ratios against CI' for the same purpose. The use of chloride is imperative because it is known
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to be highly conservative in nature. Chloride enters groundwater through wet and dry
depositions during precipitation and a rainout effect (Hainsworth etal, 1994; Guan etal.,
2010; Oke, 2015). Based on Starinsky etal. (1983), the Na'/CI ratio is used to indicate
saltwater intrusion where the ratio values are less than unity, and when the ratio is greater
than or equal to unity, it connotes fresh meteoric water. In the present study, all the
groundwater samples in the wet season exhibited values less than one for all water samples
(Appendix H), while the dry season samples have Na*/CI ratio values generally above unity
(for 92% of the samples), the exception being the samples GW4, GW22, GW31 and GW45
(Appendix 1). This may indicate simple mixing of groundwater with the brackish water
through flash floods or surface run-off as a major process in the wet season, whereas the dry
season indicates fresh meteoric water that probably originates from water—rock interaction
where the average value of Na'/CI is greater than unity (Appendix I). The few samples that
demonstrated salinity in the dry season may be related to leaching from the soil surface and
evaporation. In general, most ions (Na*, Mg?*, SO4%, and HCO3) correlated positively with
the CI' in the wet season (Figure 7.20a, c, e and @), indicating that such ions were derivatives
of mixing water. The low to moderate regression coefficient (R?) indicated slight mixing or
highly diluted brackish water. A slight positive correlation observed for the wet season
reflects a signature of slightly saline groundwater. In contrast, in the dry season, the ions plot
does not show any significant correlation, but almost horizontal with CI' (Figure 7.20b, d, f
and h), reflecting equilibration in the enrichment of the ions which is due to leaching of salts.
Lack of intermixing between the brackish surface water and the unconfined groundwater
during the dry season was further supported by the insignificant R? values recorded for the

period.

In addition, according to Sridharan and Nathan (2017), the HCO3'/CI ratio of 0.0069 suggests
saltwater intrusion. This implies that values higher than this ratio could connote fresh water.
The high HCOg3’/CI' ratio varying from 1.93 to 21.82 in the dry season are indicative of
freshwater recharge in 100 % of the water samples. However, this ratio gradually decreases
below unity, indicating mixing influence with surface water in 62.5 % of the water in the wet
season (Appendix H). The HCO3’/CI ratio for all samples in both seasons was greater than
that of the seawater ratio of 0.0069, connoting the absence of seawater intrusion. However,
the low value documented for the wet season was gradually tending towards the ratio

(0.0069), indicating that such water is derived from simple mixing by highly diluted brackish
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water through flash floods or surface run-off or leaching of salt by precipitation from the

surface that washed into the aquifer through rainfall.

The low value of the SO4%/CI ratio varied between 0.01 and 0.06 in 57 %, and from 0.1 to
11.06 in 87.5 % for the dry and wet seasons’ groundwater samples, respectively (Appendices
H and 1). The low SO4*/CT ratio for the dry season indicate a low content of sulphate salts in
the leached sediments that have been reduced substantially by rock dissolution (Appendix I),
while a high SO4>/CI ratio reflects enrichment of sulphate salts in the leached sediments

probably due to an additional source from atmospheric deposition through rainfall.
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Figure 7.20: lonic plots showing marine impact evaluation
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Furthermore, the evaluation of the marine impact based on the proposed ions and
interpretation is therefore as follows: The Ca®*+Mg?* vs CI diagram reveals a slight
correlation in the wet season, whereas in the dry season it does not show any relationship
(Figure 7.21a and Figure 7.21b). This is indicative of slight mixing between flash floods and
freshwater in the wet season and lack of interaction between aquifer and surface water in the
dry season. This occurs in the wet season when the volume of water in both the lagoon and
creeks increases and consequently leads to flash floods and surface run-off as the brackish
water flows to the ocean. Similarly, in the wet season, the ratio of Ca®*/Mg** vs CI revealed a
pattern different from other ionic ratios exhibiting a negative correlation (Figure 7.21c). This
is possibly reflecting enrichment of Mg?** with increasing CI' in the wet season, resulting
from intermixing between surface water and groundwater. In addition, it may also be deduced
that salinity increases with a more negative correlation, afthough the R? value might not be
significant depicting minimal marine influence; however, the negative intercept value (-
0.0233) exhibited by Ca?*/Mg”* vs CI in the wet season suggests simple mixing between the
phreatic aquifer and the flash floods or surface run-off. The Ca?*/Mg?* vs CI ratio in the dry
season follows a similar pattern of the preceding ions connoting freshwater devoid of
saline/brackish water interaction (Figure 7.21d). This provides additional evidence to the
assertion that there is no interaction between the phreatic aquifer and surface water during the
dry season. Therefore, the proposed ions proved useful in distinguishing between the mixed

water of brackish and fresh aquifer origin.
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Figure 7.21: lonic plots indicating the mixing of seawater with fresh water
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Moreover, with the estimation of the mixing rate and quantification of the extent of seawater
intrusion into the aquifer, the seawater fractions (freshwater) in the groundwater samples
were undertaken using the popularly known conservative tracer ‘chloride concentration’

(Appello and Postma 2005) with the aid of the formula below:

CCl-sample—CCI- fresh

fseawater=
sawarer CCl-sea—CCI- fresh 7.4

Where:
CCl-sample is the CI concentration of the sample
Cl-sea is the CI concentration of the ocean (15 582 mg/L)

CCl-fresh is the CI concentration of freshwater (11 mg/L, sample no. 28). This sample had

the lowest EC value (Appendix E).

It was revealed from equation 7.4 that the contribution of seawater to the groundwater
(seawater/ brackish water fraction) varied from 0 % (GW?27) at the eastern segment away
from the saline source to 17.70 % (GWS8) at the central parts in proximity to the brackish
surface waters areas. This connotes freshness of the phreatic aquifer in the eastern domain,
while western and central parts indicated mixing between the brackish water and the shallow
groundwater. Interestingly, the highest value Of feawater/forackishwater COrresponds with the
highest measured values of CI' and EC (720 mg/l and 3284 uS/cm, respectively) in the
central parts of the study in proximity to the lagoon (GW 8). Generally, the higher saline
water ingress indicator values were recorded for groundwater samples in the proximity of the
lagoon and creeks (GW 1, GW 5, GW 6, GW 8, GW 13, GW 19, and GW 35). This confirms
that interaction occurs between brackish surface waters and the congruent water-table aquifer.

In addition, the maximum percentage of the mixing ratio of 17.70 % recorded at (GW 8)
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further supported that salinity of the phreatic aquifer is of brackish water source especially

from the lagoon and the creeks.

7.6  Geostatistical Analysis of the Results

To facilitate further understanding of the different water types, statistical analysis (factor
analysis) was used to evaluate the hydrochemical results. This is because the geostatistical
method simplifies and organises large geochemical data sets to enhance the quality of
interpretation (Amadi, 2010). The statistical analysis was performed using SPSS package
(version 16.0) for Windows. The use of factor analysis is to sort out hydrochemical processes
and relationships of the analysed groundwater data and it has been successfully employed
over the past couple of years (Lawrence and Upchurch, 1982; Saad and Turgeon, 1988;
Amadi, 2011). The original data matrix is then reduced from an ‘n’ variable necessary to
describe the N samples to a matrix factor (m<n) for every N sample. It was also required to
transform the variables so that the axes become orthogonal, which then accommodates the
definition of new independent variables. By doing so, the first factor (highest factor loading)
explains as much as possible of the total variance of the observations and the subsequent
factors to explain as much as possible of the residual variances. The factor analysis involves
three main essential steps: extraction of initial factors, rotation of factors and calculation of
scores for each factor. In the present study, principal components were used for factor
extraction, whereas varimax rotation with Kaiser Normalization was used for orthogonal
rotation and results in uncorrelated factors (Usunoff and Guzman, 1989, Amadi etal., 2012).
The computed factor scores for each observation expressed the importance of each factor at
that observation site (Dalton and Upchurch, 1978; Amadi et al., 2012).

Table 7.4: Statistical summary of dry season analysis of physicochemical parameters

Parameters* | Minimum Maximum Mean ggsir;(:?gg Variance Skewness Kurtosis
pH 5.10 8.70 7.40 0.7495 0.562 -.807 1.868
TDS (mg/lL) 114.00 1324.00 361.42 203.2377 41 305.568 2.628 11.549
EC (uS/cm) 142.00 2648.00 638.93 400.0473 60 037.824 3.157 15.117
Ca”* (mg/L) 8.20 12.80 11.1452 1.23193 1.518 -0.650 -0.517
Mg (mglL) 2.44 6.23 3.6710 0.82596 0.682 0.689 0.945
Na* (mg/L) 4.10 9.10 5.4695 1.22257 1.495 1.415 2.393
K* (mg/L) 3.89 9.01 5.6598 1.61099 2.595 1.016 0.206
CI (mglL) 2.50 9.73 4.7207 2.07865 4.321 1.492 1.539
HCO;mg/L) 17.00 97.00 67.9762 24.60764 605.536 -0.779 -0.082
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CO4% (mg/L) 0.80 6.00 3.7071 1.46710 2.152 -0.405 -0.179

NO;3 (mg/L) 0.00 0.06 0.0246 0.01853 0.000 0.420 -1.085

SO, (mg/L) 0.01 0.21 0.0893 0.07909 0.006 0.322 -1.531

Table 7.5: Summary of the rainy season physicochemical (macro and micro) variables
statistical analysis in the study area

Parameters Minimu Maximum Mean Stapdgrd Variance Skewness Kurtosis
(mg/L) m deviation
PH 5.40 8.60 7.26 0.62252 0.388 -0.564 1.259
TDS (mg/L) 69.00 1642.00 458.85 337.9012 | 114 177.208 1.788 4.058
EC (uS/cm) 111.00 3284.00 885.35 700.0847 | 490 111.695 1.781 3.722
Ca** (mg/L) 0.05 97.13 11.1194 20.00919 400.368 3.300 11.173
Mg (mg/L) 1.29 16.77 5.9100 3.66580 13.438 1.107 1.267
Na" (mg/L) 0.15 14.77 2.4235 4.29013 18.405 2.374 3.978
K* (mglL) 0.14 23.77 3.0422 5.88561 34.640 2.615 5.751
CI' (mglL) 1.00 720.00 110.6500 143.05684 | 20 465.259 2.842 9.227
HCO;3 (mg/L) 6.10 335.51 101.6807 89.87256 8077.077 1.102 0.211
COz* (mg/L) 3.00 210.00 51.5465 48.85313 2 386.628 1.490 1.950
NO;z™ (mg/L) 0.00 108.70 22.3525 25.31828 641.015 1.684 2.535
S0,% (mg/L) 0.00 88.00 36.2355 26.09299 680.844 0.148 -1.136
Zn* (mglL) <0.0001 .2390 0.008435 0.0378692 0.001 6.091 37.860
Cu** (mg/L) <0.0001 1.3343 0.049310 0.2140334 0.046 5.998 36.793
Mn? (mg/lL) | <0.0001 149.0000 3.734872 23.5573806 554.950 6.325 40.000
Fe** (mg/lL) <0.0001 1.5821 0.118042 0.2668982 0.071 4,507 23.970
Ni“* (mg/L) <0.0001 0.5660 0.050105 0.1420884 0.020 2.799 6.747
Cd** (mg/L) <0.0001 0.0038 0.000223 0.0006327 0.000 4.924 27.417
Ag" (mglL) <0.0001 0.0349 0.002657 0.0069829 0.000 3.650 13.411
Pb* (mg/L) <0.0001 0.0266 0.002072 0.0042939 0.000 5.014 28.652
Cr#* (mg/L) <0.0001 0.0469 0.014347 0.0142693 0.000 0.724 -0.340

It can be easily recognised from the data presented in Table 7.4 and Table 7.5 that the central
tendency was estimated with the mean and that the data distribution was all positively skewed
for both seasons, the exception being pH in the wet season and bicarbonate, carbonate and
calcium in the dry season. This implies an essential even distribution of data around the
central tendency devoid of domination by outliers (Amadi etal, 2012). The wide standard
deviations and variances observed in TDS, EC, bicarbonates (HCO3') in both seasons, and
chloride (CI), calcium (Ca®*), carbonate (CO3?), nitrate (NO3’), sulphate (SO4%) and
manganese (Mg?*) in the wet season showed their randomly fluctuating concentration levels
in the groundwater and/or suggested that the chemical composition of the groundwater was
being regulated by multiple sources in the study area. In other words, the groundwater has a
mixed origin that was possibly an infiltration of pure meteoric water affected by brackish
water through flash floods or surface run-off. In each case, a normality test was carried out

based on the combined effects of skewness and kurtosis. The observed significant difference
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in the symmetrical parameters concerning iron, manganese, nickel, cadmium, silver, lead, and
chromium in the wet season (Table 7.5) indicated a non-normal distribution; hence, giving
credence to a possibility of their enrichment through anthropogenic sources (Amadi etal.,
2012). Furthermore, factor analysis, being a useful tool for better understanding of the
relationship among variables and revealing clusters that are mutually correlated with the data,
was conducted to reveal an owverall impression about assembling the samples in a
multidimensional space defined by the analysed variables. This procedure reduces the overall
dimensionality of the linearly correlated data by using a smaller number of new independent
variables called varifactor, each of which is a linear combination of originally correlated
variables (Table 7.6 and Table 7.7). Based on the Liu etal. (2003) factor, loadings may be
classified into three, namely strong, medium, and weak, corresponding to >0.75, 0.75-0.50,
<0.50 values, respectively. The main principal component loadings were also presented in

simple statistical diagrams relative to PCA 1 for ease of assessment.

Table 7.6: Factor loading and communalities Factor for groundwater che mistry in the wet
season
Paz;rgfl_t; rs F1 F2 F3 F4 F5 F6 F7 mfr?;'i'ty
pH 0.556 -0.044 0.138 0.175 -0.355 -0.148 0.518 0.777
TDS (mg/L) 0.575 0.276 0.151 0.030 0.426 0.368 0.216 0.794
EC (uS/cm) 0.927 0.075 -0.075 -0.009 0.216 0.043 0.041 0.920
Ca®* (mglL) 0.160 0.790 0.106 0.145 -0.049 -0.044 0.215 0.733
Mg (mglL) 0.908 0.199 0.152 -0.070 0.077 -0.051 -0.032 0.901
Na* (mg/L) 0.112 0.891 0.243 0.338 -0.017 -0.023 0.071 0.986
K* (mg/L) 0.134 0.934 0.018 0.294 -0.011 -0.012 0.083 0.984
CI" (mg/lL) 0.855 0.069 0.170 -0.024 0.065 -0.053 -0.053 0.775
HCO3 (mglL) 0.903 0.097 0.013 -0.070 -0.126 0.249 0.004 0.908
CO5* (mg/L) 0.923 0.067 -0.003 -0.062 -0.158 0.178 -0.061 0.921
NOj; (mg/L) -0.008 -0.171 -0.040 -0.019 0.909 -0.079 -0.070 0.868
SO4* (mglL) 0.478 0.051 -0.079 0.062 0.481 -0.552 -0.060 0.781
Zn** (mg/L) -0.065 0.713 -0.136 -0.157 0.009 -0.017 -0.098 0.556
Cu?* (mg/L) 0.023 0.363 0.913 0.076 -0.0050 -0.011 0.013 0.974
Mn?* (mg/L) 0.302 -0.079 -0.033 -0.011 -0.010 0.858 0.028 0.837
Fe?*3* (mg/L) -0.071 0.255 0.067 0.909 -0.083 0.016 0.028 0.909
Ni** (mg/L) 0.048 0.917 0.368 0.058 -0.051 -0.023 0.039 0.986
Cd** (mg/L) -0.094 0.015 -0.051 0.941 0.073 -0.040 -0.025 0.904
Ag’ (mglL) 0.215 0.810 0.279 -0.128 -0.054 0.028 0.003 0.801
Pb** (mg/L) 0.140 0.124 0.955 -0.046 0.001 0.016 0.055 0.952
Cr¥ (mg/L) 0.503 -0.432 -0.072 -0.136 -0.336 -0.215 -0.035 0.623
Faecal coliform -0.127 0.160 0.023 -0.043 0.135 0.089 0.889 0.860
Eigenvalues 5.452 4.901 2.168 2.056 1.617 1.367 1.198
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% of variance

24.783

22.275

9.856

9.348

7.349

6.215

5.447

Cumulative %

24.783

47.059

56.915

66.262

73.611

79.826

85.273
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Table 7.7: Factorloading and communalities for groundwater chemistry in the dry season

Pa(r;n;t; rs F1 F2 F3 F4 F5 F6 mE:;Ti'ty

TDS (mgL) 0.828 0.093 0.183 20.094 20.026 0.083 0.744
EC (uSicm) 0.884 20.050 0.113 0.096 20.060 0129 0.825
Ca* (mglL) 20297 0.024 0.588 20,010 0.551 0176 0.769
M@ (mgL) 20028 0.150 0.001 0.033 0076 0.855 0873
Na" (mg/D) 0.015 0.233 0.001 0.178 20.663 20530 0817
K* (mglL) 0125 0521 20.540 0.289 0.027 0.246 0.533
CI (mglL) 0.121 0.637 -0.055 0311 0.066 0.007 0.724
HCO5 (mgL) 0016 0.155 0.123 0.261 0.702 0135 0.866
COZ (mglD) 0125 0.833 0.038 0.381 0.002 0.102 0.815
NOy (mg/L) 20,031 0.032 20.025 20.924 0.127 ~0.004 0.619
0.2 (mgL) 20023 20,048 0.848 0.105 0.186 0.220 0.770
Eigenvalue 1586 1.690 1.354 1.256 1123 1077
% Variance 14574 13.508 13.096 11911 11.838 11.039
% Cumulative 14574 28.082 41.179 53.090 64.928 75.968

For this study, a factor loading of >0.5 was chosen as the parameters that influenced the
factor. Seven-factor and six-factor components (Eigenvalue >1) emerged, accounting for in

the wet and dry season, respectively (Tables 7.6 and 7.7).

In the wet season the first factor (F1) loading with 24.78 % of the total variance, showed
higher loadings for TDS, EC, Mg®*, CI, HCOs, COs*, pH and Cr**, depicting a large
influence of natural and anthropogenic processes. The high concentration of CI', Mg?*, TDS,
and EC is an indication that the groundwater was in contact with water of marine origin and,
thus, a high possibility of intermixing between surface water run-off, flash floods and
surficial groundwater of the study area is suggested. The high TDS value with a dominance
of Mg?*, CI, HCO3 and CO3* is mainly due to the impact of carbonate dissolution and
leaching of salts into a permeable zone of the formation. Also, the pH of the water is
suspected to have been influenced by calcite dissolution, organic matter, atmospheric

precipitation, and anthropogenic activities.

The second factor (F2), which accounts for 22.28 % of the total variance, showed a high
positive loading for Na*, K*, Ca®*, Zn**, N#* and Ag®, and may indicate leaching of salts,
while the enrichment of Na* and K* relative to Ca** may be due to the ion exchange process
or derivatives from leaching of clay minerals since the aquifer are essentially hosted within

the clay matrix of sand and clayey sand. The association of zinc, nickel and silver in this
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factor reflects the mixing of domestic and industrial effluent with the groundwater in the wet

Season.

The third factor (F3) included a very strong loading from copper and lead and constituted
9.85 % of the total variance. This further indicated an anthropogenic input due to leachate
from domestic waste discharge and decay of abandoned electronics, vehicle, and machine

scraps.

The fourth factor (F4) was represented by iron and cadmium with 9.35 % of the total
variance. The strong factor loading of >0.9 associated with both elements suggested common
anthropogenic sources. The study area, being an industrial area, is characterised by industrial
effluents disposal, sewage and land fill leachate, galvanised pipes, welding, battery and

electroplating, all of which are the possible sources of these elements in the groundwater.

The fifth factor (F5) that accounts for 7.35 % of the total variance, showed a higher loading
of nitrate. Nitrate enrichment in groundwater indicates anthropogenic sources (domestic,
industrial, or agricultural) in the coastal aquifer because nitrate has no known lithological

source.

The sixth factor (F6) associated with manganese, constituted 6.22 % of the total variance.
This suggested anthropogenic sources which may be linked to leachate from domestic waste

discharge and deterioration of abandoned electronics, vehicles, and machine scraps.

The seventh factor (F7), with a higher loading for faecal coliforms, accounted for 5.45 % of
the total variance. The presence of faecal coliforms in groundwater indicates contamination

by animal and human faeces (wastes).

In the dry season, the F1 factor showed a higher loading for TDS and EC, constituting 14.57
% of the total variance. The linear relationship between these parameters indicates high
mineralisation due to weathering. As the TDS increases with more dissolution of minerals,

the salinity equally increases and consequently increases the EC of the groundwater.

The F2 factor, enriched with CO3> and CI, constituted 13.51 % of the total variance, with a
low loading of HCO3;, Na* and Mg?*. This type of association might indicate gradual
leaching of salts from the surface. However, it has a moderate but negative loading with
respect to K*. This may indicate a different source for the potassium which is likely to be

derived from the sand-filled materials brought from the hinterland.
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Factor F3 is represented by SO4*, Ca?* and K* with a total data variability of 13.10 %. The
positive loading of SO4* and Ca®*, with a negative loading of K*, denote their antithetic
covariance. The positive loading of Ca** and SO4% may not necessarily indicate dissolution
or weathering of sulphate-bearing minerals such as gypsum and anhydrite, since the source of
these rocks has not yet been known or reported in the study area. Possible sources of sulphate
could be seawater. Besides anaerobic decomposition of organic wastes, municipality dumps,
and dead plants could also release H,S, which joins the oxic zone, and interacts with H,O and
dissolved oxygen to generate SO.2". In the study area, we suggested atmospheric deposition,
decomposition of organic wastes besides anthropogenic contribution from domestic aerosols

and industrial wastes as the likely sources.

Factor F4, constituting 11.91 % of the total variance, was represented by a highly negative
loading for NOj3", indicating an anthropogenic impact from a unique source and substantial

reduction in NOg3 contribution to the shallow groundwater in the dry season.

Factor F5 showed a higher loading for Ca®* and HCOs", constituting 11.84 % of the total
variance. This may be indicating the dissolution of carbonate minerals in the presence of soll
CO,. It may also indicate the leaching of salt and further demonstrate the freshness of the
aquifer. In addition, the significant negative loading between Ca?* and Na* may be suggesting

an ion exchange process.

Factor F6, constituting 11.04 % of the total variance, was enriched in Mg®* with a negative
loading for Na*, Ca®** and HCOj3", indicating ion exchange processes, leading to enhancement
of Mg**.

In the present study, the extracted seven factors and six factors for the wet and dry seasons,
respectively (eigenvalues >1) accounted for 82.27 % and 75.97 % of the total variance,
revealing their significant contribution to the variance of groundwater hydrochemistry in the
area. The remaining 15 and 5 factors with eigenvalues <1 for both the wet and dry seasons
accounted for only 17.83 % and 24.13 % of the total variance that have a negligible influence
on the groundwater. Similarly, the high communalities ranging between 0.556 and 0.984;
0.533 and 0.876 recorded for both wet and dry seasons, indicated that most of the variance of

each variable is explained by the extracted factors.

The plot of dominant factors was undertaken in other to appreciate and identify the dominant

chemical processes and common hydrogeochemical variables based on principal components

146



(Figure 7.22a-e). Figure 7.22a and 7.22b represent the wet season, while the dry season is

represented by Figure 7.22c-e. Although, geogenic contribution plays a major in both

seasons, however, the anthropogenic influence was equally prominent in the wet season.
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Figure 7.22: Loading plot of F2, F3 and F5 on F1 showing essentially geogenic
contributions during the wet and dry seasons
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7.7  Geochemical Modelling

The saturation indices (SI) is useful in predicting the possible chemical reactions and
evolution of groundwater in a particular terrain. The SI result may be used as an indicator of
rock types that were responsible for the dominance of chemical constituents in water
chemistry (Belkhiri et al., 2012; Oke, 2015). The state of mineral saturation was calculated
from the analytical data. The Sl of a mineral indicates the degree of saturation of a particular
mineral phase in an aqueous solution from where the trend of precipitation or dissociation of
the mineral phases may be deduced. Calculation of equilibrium for carbonate minerals is
dependent upon the accuracy of the chemical analysis and pH measurement (Sacks and
Tihansky, 1996).

To assess the dissolution/precipitation of these minerals, their saturation indices were
simulated using the thermodynamic software PHREEQC (Parkhurst and Appelo, 1999) and
plotted on a graph in Figure 7.23a and b. The PHREEQC results show that water samples
from the study area were undersaturated and supersaturated variably for all the rock minerals
as presented in Table 7.8. It was observed that gypsum and halite (evaporate) were dominated
by negative saturation indices (Table 7.8; Figures 7.23a and b) implying that the groundwater
was essentially undersaturated with respect to these minerals for both seasons. This gives
further credence to the anaerobic decomposition of organic matter as the possible source of
sulphate to the groundwater. In the wet season, the groundwater appeared to be in transition

from an under-saturation to super-saturation state with respect to calcite (Figure 7.23a).

The positive saturation index for calcite in the dry season and the majority of the samples in
the wet season (Figure 7.23b) suggested that those samples are saturated with respect to
calcite under present conditions. The supersaturation exhibited by calcite for both seasons in
most samples under the present condition suggested longer residence times of the minerals
relative to the undersaturated mineral constituents such as halite and gypsum in groundwater
(Ako etal, 2012; Sunkari etal, 2019) and also indicated the dominance of carbonate
weathering. Samples with negative saturation indices as observed for both seasons connoted
shorter residence time for these minerals in the groundwater and may have been suddenly

precipitated into the water (Sunkari et al., 2019).

In addition, the most negative Sl values in groundwater exhibited by halite and gypsum may
also imply an insignificant contribution of these minerals to the groundwater chemistry;

however, they may exercise an important control over the dissolution of calcites and
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bicarbonates in the study area. Furthermore, it was observed that the source of the chloride
concentrations are not limited by mineral equilibrium and thus could not originate from brine
water, therefore, Na* and CI' loading may be attributed to ion exchange resulting from mixed
water (Jankowski etal., 1998). In summary, the modelling result agrees with deductions from
various hydrochemical plots (Trilinear, Gibbs and Durov) and scatter diagrams that carbonate
weathering and ion exchange are the major processes controlling the groundwater quality in

the study area.

(a) Wet season (b) Dry season
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Figure 7.23: The saturation index of minerals in wet and dry seasons

Table 7.8: Saturation indices of aquifer rock minerals in both wet and dry seasons

Wet season Dry season
Sample ID* Calcite Gypsum . Calcite Gypsum .

P (Caco,) (CaSy(F))4:H20) Halite (NaCl) | ~2co,) (CaSy(F))4:H20) Halite (NaCl)
GW1 2.19 -2.28 -7.16 2.69 -3.6 -6.18
GW2 1.83 -1.73 -7.95 2.68 -2.32 -6.43
GW3 0.98 -2.26 -7.48 D D D
GW4 143 -2.31 -71.22 2.69 -2.08 -6.02
GWS5 1.72 -2.46 -6.91 2.67 -2.36 -6.53
GW6 1.32 -4.44 -7.98 2.57 -2.23 -6.26
GW7 0.84 -2.61 -8.35 2.03 -3.44 -6.54
GW8 1.41 -2.78 -7.55 2.36 -3.31 -6.32
GW9 0.78 -2.94 -8.53 2.66 -2.17 -6.75
GWI10 1.38 -2.82 -8.35 2.78 -3.33 -5.98
GWwi1l 1.23 - -8.61 2.71 -2.93 -6.4
GWi12 111 -3.04 -8.89 2.12 -3.39 -6.64
GW13 1.39 -2.88 -8.68 2.66 -2.4 -6.44
GW14 0.77 -3.3 -8.96 2.69 -2.21 -6.09

GW15 111 -3.14 -8.71 2.36 -3.78 -6.52
GW16 0.9 -2.9 -8.85 D D D

GW17 0.3 -3.99 -9.9 2.68 -3.24 -6.47
GW18 1.44 -2.72 -8.97 2.87 -2.07 -6.28
GW19 0.26 -4.08 -7.66 2.69 -2.06 -6.19
GW20 1.06 -3.51 -9.17 2.66 -3.31 -6.33
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Wet season Dry season
Sample ID* Calcite Gypsum . Calcite Gypsum .

g (CaCOy) (CaSpr)4:H20) Halite (NaCl) | caco,) (CaSpr)4:H20) Halite (NaCl)
GW21 -1.52 5.32 -8.74 259 217 6.71
GW22 0.53 -3.06 92 2.68 -2.35 -6.08
GW23 0.41 -3.49 -8.48 2.77 -3.43 -6.41
GW24 0.87 2.96 844 2.61 343 641
GW25 0.85 -3.04 -85 2.1 -2.05 -6.48
GW26 0.19 359 -8.95 2.68 3.33 6.4
GW27 0.28 3.73 -9.74 2.7 -2.95 -6.54
GW28 114 438 9.82 241 2.03 6.61
GW29 -0.71 -3.92 -11.34 2.68 -2.14 -6.31
GW30 03 331 9.87 D D D
GW31 -0.36 5.25 -10.37 2.63 -3.36 -6.35
GW32 02 532 877 242 2.22 6.28
GW33 -0.49 6.26 -10.37 2.68 2.32 -6.39
GW34 0.85 -4.49 -8.68 2.81 354 6.17
GW35 0.45 -2.86 812 2.68 2.25 -6.28
GW36 0.3 -3.35 9.4 2.68 -3.42 -6.57
GW37 0.73 - 92 258 32 6.52
GW38 0.06 -3.02 -8.69 2.02 -1.98 -6.43
GW39 0.54 345 893 2.1 3.28 6.54
GWA40 1.21 -3.85 -9.89 2.85 -3.08 -6.49
GWAT - - - 2.72 -1.93 6.37
GW42 - - - 2.83 -2.19 -6.48
GW43 = = = 2.7 318 6.26
GW44 - - - 2.83 2.41 -6.71
GW45 - - - 2.83 2.36 6.06

D = Dry hole
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Chapter 8
HYDROGEOLOGICAL CONCEPTUAL MODELLING OF
PARTS OF THE LAGOS COASTAL BASIN SYSTEM

8.1 General Statement

A conceptual model is a graphical representation of a groundwater flow system (Anderson et
al, 2002) and it is an essential aspect in the characterisation of groundwater systems. A
typical conceptual hydrogeological model represents a simplification of hydrogeological
conditions and may be used to determine the hydrostratigraphic unit and their hydraulic
properties and define the groundwater flow system (Anderson etal., 2002). This includes but
is not limited to the identification of model boundaries, aquifer property variations and the
relationship between groundwater and surface water. The success of any conceptual model
depends on its ability to represent the actual field conditions. Despite the lack of data in the
study area, an attempt was made to develop specific cross-sectional and generalised models
for the area based on the available geological and hydrogeological data, as well as field
observations. The combined knowledge gained from the preceding chapters and
understanding of the hydrogeological settings of the area from literature played an important
role in the model conceptualisation. The models were constrained and conceived in a

stepwise manner as follows:

! The lithological delineation into sands and clays was carried out by geophysical
methods (VES, ERT and borehole logs) as presented in Chapter 5.

ii.  The combination of the aforesaid methods was equally used to establish freshwater—

saltwater interface, depth, and thickness, and lateral extent of saltwater intrusion.

iii.  The average value of upper and lower saltwater interfaces from geophysical boreholes
for every discerned locality was used to conceive the parallel model (Table 8.1), while
the choice of boreholes adopted for vertical model prediction was based on the location
of some selected boreholes fitting into the desire to enable vertical borehole correlation

between the lagoon and the ocean from north to south (Table 8.2).

iv. ~ Water level measurements were undertaken to ascertain the local groundwater flow

directions and its influencing factors.
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v.  Complementarily, the hydrochemical and environmental isotopes result classified the
lens of water with depth ranges conservatively from the surface to <10 m above the

saline zone of intrusion, as essentially freshwater.

vi. Sequel to the guide enumerated abowve, three distinct models were proposed for the
basin, namely the specific models constructed parallel and perpendicular to the ocean in
a west—east and north-south directions, respectively (Figure 8.2 and Figure 8.3) and the
generalised model (Figure 8.4). The conceptual models project the possible extent in

kilometre of saline water intrusion in the study area.

8.2 Local Groundwater Flow Direction

Groundwater generally moves from higher regions to lower regions (elevations) and from
higher pressure zones to lower pressure zones. The water table elevation and water pressure
surface are known as the hydraulic head in groundwater hydraulics. Groundwater movement
always occurs along the downward direction of the hydraulic head gradient. The hydraulic

gradient is often, but not always, similar to that of the land surface (Harter, 2015).

The water level measurements enabled the determination of the local groundwater flow
direction, location of recharges and discharge areas and the relationship between groundwater
and surface water systems. The measurement of the water table depth in the unconfined
aquifer obtained during this research was used to construct the water table (local groundwater
flow direction) maps for the study area (Figure 8.1 and Figure 8.2). The dry season water
level map was used in this study because groundwater would be relatively in a hydrodynamic
equilibrium at the time. The maps established striking similarities in the flow pattern of
groundwater for both dry and wet seasons. Contrary to the general north—south regional flow
of groundwater characterising the coastal city of Lagos, the flow of groundwater within the
study area exhibits a complex pattern resulting from different surface waters that encircle the
terrain and the subsurface topographical features. The main drainage systems are the ocean,
lagoon, and creeks, while others are canals, rivers, and streams. Generally, the groundwater
direction is principally influenced towards the surface water with a dominant influence
draining a particular area (gaining stream). The notable zones of influence could essentially
be divided into two zones, namely lagoons, creeks and canals zone, and the ocean zone. The
influence of the lagoon, creeks, and canals predominates from the west to the east of the

study. These water bodies interact with the groundwater by receiving and transmitting water
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to the neighbouring aquifers. Towards the eastern end of the study area at 3°45'00" E to

3°54'00" E the groundwater flows towards the river adjoining the lagoon in a south-north
direction.

Furthermore, local groundwater mounds, from where groundwater flows in all directions,
essentially in north-western to north-eastern and south-western to south-eastern directions,
were observed across the study area (Figure 8.1 and Figure 8.2) and this further explains the
complexity of the flow pattern characterising the study area. The variations are due to the
directional changes of groundwater flow dictated by topographical features such as mounds
and depressions and the occurrence of alternating clay layers. The observed depression zones
is well in agreement with the deductions from previous authors in the study area, who
suggested that the subsurface features were part of miogeoclinal depressions formed at the
edge of the rifting Atlantic Ocean in the Quaternary (Kingston etal., 1983). Finally, the
nature of recent alluvial sediments constituting the aquifer, enhances percolation and
infiltration of rainfall to recharge the aquifer.
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Figure 8.1: Groundwater level map showing groundwater flow direction in the study area:
Dry season
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Figure 8.2: Three-dimensional view of the subsurface topographical features controlling
groundwater flow direction in the study area: Dry season

8.3  Geological Conceptual Model for the Lagos Coastal Basin System

A hydrostratigraphic model of an area could be formulated by combining several geologic
formations into a single hydrostratigraphic unit or a geologic formation may be subdivided
into aquifers and aquicludes depending on the hydraulic characteristics of the study area
(Anderson etal, 2002). A wellinformed knowledge about the relationship between the
different hydrostratigraphic units, lateral and vertical extent is indispensable for accurate

conceptual model construction.

The extent and spatial distribution of the various hydrostratigraphic units for the LCB
systems have been derived from various geophysical investigations and were similar to the
previous geological and hydrogeological investigations carried out by some authors in the
study area (Adelana et al., 2008; Oladapo et al., 2013).
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Table 8.1: Model parameters for the parallel conceptual model
Upper intrusion zone Lower intrusion zone
Average Average Awverage
Location Average upper lower Intrusion upper lower Intrusion
interface depth interface thickness interface interface thickness
(m) depth (m) (m) depth Intrusion (m)
(m) depth (m)
Apapa 28 108 80
Victoria Island A 30 110 80 133 168 35
Victoria Island B 68 120 52 128 157 29
Lekki 40 70 30 92 170 78
Ajah 15 65 40 82 120 38
Sangotedo Unaffected Unaffected | Unaffected | Unaffected Unaffected Unaffected
Awoyaya Unaffected Unaffected | Unaffected | Unaffected Unaffected Unaffected

The first predictive model (Fig8.3) was conceived parallel to the Ocean and along the coast
and highlighted the lateral and vertical extent of seawater intrusion. From the model, it is
apparent that two distinct major saltwater zones with varying thicknesses, separated by clay
layer, existed beneath the study area between 15 m and 120 m; and 82 m and 170 m.
Generally, the depth to the top of the first saline intrusion layer varied between 15 m and
68 m, while the upper interface of the second layer ranged between 82 m and 133 m. The
thickness of the first and second intrusion layers from west to east varied between 80 m and
30m; and 78 m and 29 m, respectively (Table 8.1). This is in agreement with the two zones
of saltwater intrusion delineated by Adepelumi et al. (2008) at a depth ranging between 10 m
and 30 m; and 60 m and 100 m in parts of the study area. However, the present study
revealed wide spread incursion of saline water into the groundwater of Lagos coastal basin
connoting possible advancement of saline invasion and further deterioration of the fresh
coastal aquifer. Besides aquifer geometry and configuration, the greater impact of the
intrusion observed at the western and central parts of the study area may be due to the
location (proximity to saline/brackish water source) and human-induced activities. This may
be supported by the reduction in the magnitude of the intrusion and it eventual pinch out at
some points near the surface at a distance away from saline sources in the eastern limit of the

study area.

The observed local saltwater intrusion of the phreatic aquifer above the main zone of
intrusion wedge at Ajah (Fig8.3) was probably due to over-exploitation through excessive

pumping of the limited fresh groundwater resources and thus perturbed the hydrodynamic
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equilibrium in the aquifer and/or reduction in groundwater gradients, thus leading to the
displacement of freshwater by saltwater (Adepelumi et al. 2008; Lee and Song 2007; Oyedele
and Momoh 2009). In general, the depth to saline water is shallower in proximity to the
saline source except where it is constrained by geological features. Therefore, groundwater
users around the study area, targeting high quality and reliable fresh groundwater
accessibility, may have to drill conservatively to various depths ranging between 150 m and
200 m.

Contaminated Aquifer Contaminated Agquifer

(Upper zone) (Lower zone) Uncontaminated Aquifer
Surf Local Contamination (arising
Boreholes | SUriace b _abstracti
Aquifer  Confining Layer rom over-abstraction)
W E
Victoria | Vietoria
Sangotedo Awoyaya

Figure 8.3: Conceptual cross-section model parallel to the ocean and lagoon
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Table 8.2: Model parameters for a vertical conceptual model

Location Upper interface depth (m) Lov(\;ee:)tl: t((:‘;ace Intrusion thickness (m)
Ikoyi A 18 66 48
IkoyiB 56 124 68
Victoria Island A 45 134 89
Victoria Island B 66 135 69

The vertical model (Fig 8.4) was conceived perpendicular to the Ocean in the south and the
lagoon in the north to show the variations in the extent of saline intrusion. The interface
depths from the north (lagoon) to the south (Ocean) ranged between 18 m and 66 m for the
upper interface while the lower interface varies between 66 m and 135 m (Table 8.2). Itis
obvious that the saline incursion into the coastal aquifer in the central parts of the study area
is bi-polar in nature, i.e. saline incursion from the brackish lagoon water in the north as well
as the Atlantic Ocean in the south.  The depth to the saline water zone was found to be
relatively shallow, except where it was constrained by a confining bed. Greater thickness of
the saline water zones between 69 m and 89 m was observed towards the ocean in Victoria
Island, while less thick beds ranging between 48 m and 68 m separated by local clay units
were found towards the lagoon coastline at Island and Ikoyi.

Local saltwater contaminations were observed at the phreatic aquifer suspected to be
arising from over-abstraction of the groundwater (Fig 8.4). Unless proactive measures are
taken, over-exploitation of groundwater in the study area may enhance the possible
occurrence of regional/local land subsidence. Over-pumping of groundwater can lead to land
subsidence as reported in many groundwater aquifers around the world (Galloway et al. 1999;
Galloway and Burbey 2011). The saline invasion of fresh coastal aquifer as deduced from the
geophysical logs is consistent with the hydrogeochemical study of the shallow groundwater
in parts of the area under investigation by Oyeyemi et al. (2015) who attributed high TDS and
Cl concentration ranges between 10405 mg/l and 12005 mg/l and 432 mg/l and 724 mg/l,

respectively to interaction between saline/brackish water and freshwater.
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Figure 8.4: Conceptual cross-section model perpendicular to the ocean and lagoon

The generalised conceptual model (Figure 8.5) for the study area explains the possible
interaction between groundwater and surface water bodies. The model was developed based
on the understanding of the hydrogeology of the area harnessed from previous work and
deductions from geophysical investigations, hydrogeochemical studies, groundwater flow
direction, and environmental isotope data from the present study. Based on the model
concepts, the basin was subjected to intrusion from the lagoon in the northwest, and creeks
and canals connected to the lagoon in the south-west and the ocean in the south. This showed
that saltwater interacted with a freshwater aquifer through several pathways, including lateral
invasion, upward coning, and infiltration/percolation from coastal water. The model also
revealed, as expected, that the aquifer close to the saline lagoon and creek waters suffers from
acute saltwater intrusion. This suggested an interaction between the surface water bodies and
the coastal fresh groundwater. The severity of the intrusion is thus prominent at the western
limit and central parts of the area where all the tributaries are connected to the saline parts of
the lagoon, linking the Atlantic Ocean via a commodore channel. The salinity of the surface
water bodies depends on the amplitude and direction of the Ocean tides (Oyedele and

Momoh, 2009). The effect of tidal fluctuations is most pronounced at the shoreline and
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decreases with increased distance inland from the coast evident from the gradual decrease in

EC values of both surface water and groundwater away from the Ocean.

Also, another salinity contributory factor worthy of note is the occasional coastal flooding
resulting from climatic change which led to a rise in the sea level and its consequent
transgression in a landward direction. When the sea level rises, the freshwater—saltwater
interface is pushed landward, and freshwater zones of the aquifer are displaced by saltwater.
When this occurs, the ocean surge will inundate the coastal lowlands, erode beaches,
exacerbate coastal flooding and infiltrate into the subsurface. This, as well as excessive
drafting of groundwater (combined), makes the problem worse. In general, the predicted
models were found to be in tandem with the complementary results from geophysical

investigations, and chemical and environmental isotope studies undertaken in this research.
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Figure 8.5: General conceptual model for surface water and groundwater interaction
in the study area

8.4 Model Limitations

The conceptual models connote the simplified versions of the physical system; therefore, it

will inherently contain some degree of uncertainty. In an attempt to represent the real world
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conditions or fixing boundary conditions in the conceptual models, uncertainties may be
introduced to the system through the input parameters. The main challenge in the
development of the groundwater model in the LCB has been the scarcity of reliable data for

the study area. The poorly dated borehole logs prevented the ability to predict the systematic
saline invasion of the fresh groundwater.
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Chapter 9
SYNTHESIS AND CONTRIBUTIONS TO KNOWLEDGE

9.1 Synthesis

The geophysical, hydrogeochemical and environmental isotopes were interpreted and
synthesised to characterise the hydrogeology of the LCB and understand interactions between
surface water and groundwater systems. Geophysical studies which include VES, ERT and
borehole logs were employed to reveal and delineate the hydrogeological characteristics of
the subsurface and it was complemented by hydrochemical and environmental isotope
analyses of both the subsurface and surface water. Due to the high vertical resolution but
limited depth of penetration characterising the VES, it was constrained to the shallow aquifer,
while the ERT with a higher and better horizontal resolution and borehole logs covered both
the shallow aquifer and the deep groundwater. The major ions and trace metal analyses were
carried out for the shallow groundwater and surface water, while environmental isotope
studies were undertaken for the surface water, the shallow groundwater, and the deep

groundwater systems.

Concerning the shallow aquifer, the qualitative interpretation of VES within the limited depth
of penetration at <50 m in the study area revealed a four-layer and five-layer mode, and each
distinct geoelectric layer represents alternation of sand, clayey sand, sandy clay, and clay
soils. From the VES, the first layer has resistivity and thickness values ranging from
229Qmto 1915Qm and 0.46 Q m to 4.55Q m, respectively, which is typical of the top
admixture of sandy and clayey soil. The admixture of the topsoil was confirmed by the ERT
sections which also revealed the presence of both very low and very high resistive materials.
The presence of very high resistive materials in places above the sand resistivity value was
suggested to be alluvial or transported materials purposely brought from the hinterland for
sand filling during land reclamation. The observation from the VES conforms to the
lithological units delineated by the ERT, exhibiting an alternation between sand and clay
from the surface to a maximum depth of 219 m penetrated by the equipment. In order to
verify the alternation of lithological layers of the LCB aquifer systems observed on the VES
and ERT sections, a geophysical borehole log analysis was undertaken. The borehole logs

equally displayed alternation between sand, clayey sand and clay through deeper depth,
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corroborating the existence of alternation in the subsurface lithological layers, and the
importance of integrating several methods is further displayed. In addition, all the
geophysical methods agreed that the distinct layers of sand and clayey sand are hosting the
aquifers, while the clay and sandy clay are the confining units. Also, the shallow aquifers are
essentially unconfined near the surface and semi-confined or confined with increasing depth

and clay occurrence.

Regarding protective capacity and groundwater potential of the shallow aquifer evaluation,
the higher values of longitudinal conductance (S) and transmissivity (Tr) recorded for the
second aquifer relative to the first aquifer, indicated that the second aquifer is more protected,
less wulnerable, and more prolific than the first aquifer. This may be justified by the increase
in the thickness of clay layers to confine the underlying aquifer, and also an increase in the
sand or clayey sand thickness with increasing depth that enhances transmissivity of the
aquifer as reflected in the ERT and borehole log sections. The wulnerability of the phreatic
aquifer was supported by high concentrations of some trace metals and faecal coliforms in the

shallow groundwater.

Furthermore, the occurrence of a phreatic aquifer almost at the surface level with a depth as
shallow as <0.5 m in places particularly in the rainy season, was confirmed by VES, ERT and
the water table measurements. Based on the VES and ERT sections, the topmost parts of the
shallow aquifer from the surface to a depth of 10-13 m are suggested to be freshwater devoid
of saline intrusion, whereas the observed surficial low resistivity was suspected to be
contributed by the clay layers/matrix or wastewater. In order to better understand the salinity
nature of the phreatic aquifer, major ion analysis within the depth range from the surface to a
depth of 10 m was carried out. The outcome agreed with the above submission, revealing
essentially freshwater that is dominated by Ca-HCO; and Ca-Mg-HCO3; water types,
particularly in the dry season. This part of the shallow aquifer connotes the lens of a
freshwater aquifer overlying the main saline zone of intrusion identified by Oteri and
Atolagbe (2003) and Adelana etal. (2008). However, in the rainy season, the high rise in sea
level and tidal influence, high-intensity rainfall, occasional flooding of the saline lagoon and
creeks occurs leading to temporary salinity in the phreatic aquifer in proximity to the ocean.
The occurrence of Ca-Mg-HCO3, Ca-Mg-CI-SO4, mixed Ca-Mg-Cl, and Ca-Cl, water types
indicated the mixing of water from various sources. Contrary to the observation of Oladapo
etal. (2013) that the occurrence of saline intrusion begins from the surface around the study

area, the present study surmised that the high salinity of the phreatic aquifer in the study area

162



particularly in the rainy season resulted from simple mixing of brackish water with the
shallow groundwater through flash floods or surface run-off during heavy downpours or a

rise in sea level during the wet season.

The interaction between the surface water and groundwater was further supported by the
water level map, which shows the local groundwater flow in multiple directions against the
general north-south flow movement of the surface water. The complex flow patterns
exhibited by the groundwater were attributed to the subsurface topographical features. In
addition, the elevated concentrations of NO3" microbial counts, and some trace metals such as
Mn?* and Fe?* recorded in the wet season for both surface water and groundwater in parts of
the study area, are also a good pointer to mutual contact between the waters. Multivariate
statistical analysis also revealed that mineral dissolution and anthropogenic input are the main
sources of physicochemical indices and trace elements in the groundwater. In order to
substantiate the interaction between surface water and groundwater in the wet season, an
environmental isotope analysis was employed. The occurrence of shallow groundwater and
the lagoon water in the same zone, particularly in the wet season, suggests rainfall as a
common source of recharge and may also indicate possible interactions between the two
water bodies. In addition to the existing ionic ratios, the use of Ca**+Mg** versus CI and
Ca**/Mg®* ratios against CI proposed in this study for marine impact evaluation, were
equally employed for further deductions of marine influence on the surficial aquifer. In
general, the dry season demonstrated a lack of intermixing between the brackish water and
the phreatic groundwater, while the wet season samples revealed simple mixing between the
phreatic aquifer and flash floods or surface run-off emanated from high-intensity rainfall and
surface waters. Although geophysical studies revealed localised intrusion occurrence at the
base of the first aquifer indicating stress on groundwater, this was not detected, neither by
hydrochemical nor by environmental isotopes analyses. This may be due to the difference and
variation between the location as well as the depth at which the water was sampled (<10 m)

and the depth of localised saline intrusion at around 15 m below sea level.

Furthermore, the residence time of the water types characterising the shallow groundwater of
the study area revealed recently recharged groundwater with mixing characteristics in places.
The proposed ionic plot of Ca?*/Ca**+HCOs™ vs TDS further supported recharge to the
groundwater under modern climatic condition. Although the recharge fell mainly in the
modern climatic zone, only a few of the samples for both seasons were closer to the upper

limit of the modern climatic zone (0.5), indicating their relative maturity in age. The plots of
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3H and 80 were well in tandem with the ionic ratio, with most of the shallow groundwater
samples plotted in the zone of the short residence time suggesting recently recharge water,
while some samples exhibited and provided credence to mixing characteristics of the shallow
groundwater with high residence time (relatively old water) indicated by plots near and below
the inferred boundary. In addition, as presented in the relationship between *H and C, it can
be stated that water with a tritium concentration above 1 TU constitutes a shallow aquifer,
with the exception of sample GW 13 and GW 25. The occurrence of a tritium value above
1 TU associated with low *C water, could be indicating a mixture of recent recharge with
relatively old water preserved within the clay layers and/or probably resulted from over-
exploitation of groundwater. The pressure indication on the groundwater was revealed by the
conceptual cross models as localised saline upconing. This assertion agrees with the saline
upconing phenomenon documented for the study area by previous authors (Oyedele, 2001;
Oteri and Atolagbe, 2003; Adepelumi etal., 2008; Yusuf and Abiye, 2019). The **C values
are relatively higher in shallow groundwater samples with a range from 59.1+2.2 pMC to 88+
2.4 pMC, resulting in an MRT ranging from 4350+10 to 1050+10 years, giving additional
evidence to mixing of young water with relatively old water. Based on the “C data and
temperature of recharge estimation, groundwater recharge into the shallow groundwater took

place in the Holocene, with relatively warm climatic conditions.

Generally, groundwater in the LCB is isotopically enriched relative to the isotope
compositions of groundwater studied in the northern parts of Nigeria (Kehinde, 1993; Goni
and Edmunds, 2001; Adelana et al, 2003), but similar in isotopic compositions of
groundwaters from the basement and sedimentary basin of southwestern Nigeria (Loehnert,
1988) and surprisingly similar to those reported from other west African countries such as
Ghana (Acheampong and Hess, 2000; Jorgensen and Banoeng-Yakubo, 2001); Cotonou
(Kpegli et al., 2018) and Togo (Akouvi et al., 2014). The observed south-north depletion of
stable isotope compositions in groundwaters may be attributed to the altitude and continental

effect of the incident rain.

Regarding the hydrogeochemical processes controlling the shallow aquifer, ionic evaluations
revealed that the source of ions in groundwater is from weathering of carbonate rock, which
belongs to the shallow marine Ewekoro limestone and that this formation contributed
overwhelmingly to the solute hydrogeochemistry. In addition to the rock dominance and ion
exchange processes revealed by the Gibbs diagram and Durov diagram, the above submission

was Vverified using the two proposed methods by this study for the evaluation of the chemical
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processes, namely: Ca’* + Mg?*/ total cation (TZ') and ionic plots of HCO3/Ca®* vs
Ca**/Mg** and HCO3/Ca®* vs Ca®*/Na*. The observed 0.7 TZ* and 0.8 TZ" values in the first
method for both seasons, and the occurrence of ionic plots essentially in the carbonate
weathering zone as observed in the second method, supported the dominance of carbonate
dissolution. In addition, geostatistical analysis of the water samples is an attestation to
carbonate dissolution, ion exchange processes, surficial water interaction with groundwater
and anthropogenic contribution as identified by various factors in the dry and wet seasons.
The geochemical model results reflecting supersaturation of calcite for both seasons further
indicated that carbonate weathering and ion exchange processes are the main processes that

control groundwater chemistry, thereby supporting the aforementioned methods.

Concerning the source of carbon, the depleted 53C values which varied between -22.95 %o
and -12.56 %o in the shallow unconfined groundwater, may probably be due to secondary
CO, producing reactions such as carbonate weathering and cation exchange processes as the
major factors of carbonate geochemistry within the coastal aquifer (Vogel and Ehhalt, 1963;
Mook, 1976; Kehinde, 1993). Therefore, the depleted 8*°C values characterising the shallow
groundwater give credence to the calcite dissolution and cation exchange process from
carbonate rock. Although the effect of evaporation was revealed by the isotope study for both

seasons, its impact on the geochemical process was minimal.

With respect to the deep groundwater, the source of recharge was associated with
precipitation with little or no evaporation effect. From the plot of *H vs 580, the occurrence
of the deep groundwater samples (DGW1 to DGWS5) in Zone 2, explained the non-
association of the rainwater and surface water with the deep aquifers in recent times. The
non-association with modern climatic conditions may be further substantiated with the
recharge temperature and *C activities, which suggested humid (Late Pleistocene—Holocene)
as the recharge temperature and 12030+10 to 7400+10 years as the MRT for the deep
aquifers.

As previously pointed out from the ERT sections, traverses taken parallel and perpendicular
to the ocean and lagoon revealed that the zone of saline intrusion domiciled within the second
aquifer and not from the surface. The complex spread pattern of intrusion in north-south,
south—north, south-east and eastern directions, affirmed the complex groundwater flow
pattern dictated by the subsurface topography. The saline intrusion occurrence within the

depth range from 15m to 90 m, 20 m to 60 m and 20 m to 70 m in the central parts of the
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study area as observed in the ERT sections, indicated that the second aquifer is highly
impacted. This is similar to the geophysical borehole logs, which identified an intrusion zone
between 15 m and 152 m; and 14 m and 137 m freshwater—saline water interface along the A
and B axes, respectively. The thickness of the intrusion increases from the western axis of the
study, reaching a maximum at the central parts and eventually pinches out towards the
eastern end of this study. However, saline intrusion expression at a shallower depth of 15 m
may be suggesting an upward leakage from the underlying aquifer. The above suggestion
may be giving credence from the isotope study where a low tritium value and low *C
activities recorded by some of the shallow groundwater samples, indicate a mixture of
underlying upconing older water with a younger overlying aquifer due to excessive
abstraction of the groundwater (GW 13, GW 25 and GW 37).

Besides, regarding the deep aquifer, which in this context consists of both second and third
aquifer systems with depths of >180 m, constitutes the five boreholes being used by the
Lagos State Water Corporation to serve both the domestic and industrial water needs of the
inhabitants around the study area. Aquifers at these depths are devoid of saline intrusion, a
submission that is justified by the geophysical investigations such as the ERT section and
borehole logs. Furthermore, the non-interaction status between the deep groundwater systems
(DGW 1 to DGW 5), and both the brackish water and the seawater was reflected in the
occurrence of the water bodies at different zones. This may be an attestation to the freshness
and high yield quality of the deep groundwater systems which make it suitable for domestic

and public consumption.

Finally, in order to represent the real field situation in a simplified pictorial format, the results
described in the preceding chapters were put together to conceive the conceptual models
towards delineating boundaries of the saline water intrusion zones for the LCB. From the
models it was noted that the western and central parts of the study area were the worst
impacted by the seawater incursion, particularly the second aquifer. The eastern limits of the
study area essentially contains freshwater in the first and second aquifers because of the
increase in distance away from the ocean and increase in the freshness of the surface water
further away from the ocean. Therefore, it was established from the models that saline
intrusion is a function of distance from the salinity sources, modified by aquifer configuration
and aided by human activities. The conceptual models were well in agreement with other
methods and conformed to the actual situation in the study area. Hence, it will be useful in

decision-making in the search for fresh groundwater around the study area.
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9.2  Research contributions to knowledge

The contributions to knowledge are subdivided into two aspects, namely specific
contributions (contributions to the study area), and general contributions (contributions to the
field of hydrogeology).

9.2.1 Specific contributions

These concern modification and application of the existing methods that were not known to
the study area prior to the present doctoral research in the characterisation of the LCB

groundwater systems. These are:

. Pioneer application of the environmental isotope studies (Chapter 6) parts of which has
been published in the Elsevier journal Heliyon under the title: “Origin and residence
time of shallow groundwater resources in LCB, south-west Nigeria: An isotopic

approach” (Appendix K).

ii.  Application of a geochemical model to the study area delineating boundaries between
freshwater and saline water zones for potential drillers and users (Chapter 7: section
7.7), parts of the work is under review in the Elsevier journal Heliyon under the title:
“Hydrogeochemical and salinity appraisal of the surficial lens of freshwater aquifer

along Lagos coastal belt, southwest, Nigeria” (Appendix L).

iii.  The proposition of a general conceptual model for the study area (Chapter 6), part of
which had been published in the Elsevier journal Heliyon under the title: “Origin and
residence time of shallow groundwater resources in LCB, southwest Nigeria: An

isotopic approach” (Appendix K).

V. Derivation of the mathematical relationship between ambient temperature and *20
(880 = 0.54 *t — 17.6 %o) for the region towards deducing recharge temperature of an
aquifer (Chapter 6, Equation 6.8), part of which is under review in the Elsevier journal
Groundwater for Sustainable Development, under the title: “Application of
environmental isotopes in sustainability assessment of the groundwater resources of
Lagos coastal basin, south-west, Nigeria”. This has a regional application beyond the
study area and it may be adopted by all the countries bordering the Dahomey basin
across West Africa, among which are the Benin Republic, Togo and Ghana
(Appendix L).
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9.3 General contributions

These contributions consist of the application of formula or methods proposed in this
research for global use in the field of hydrogeology. These contributions are useful at any

comparable sites around the world and they are listed as follows:

! Proposed formula or methods for identification and differentiation between carbonate
weathering, silicate weathering and evaporate dissolution. The two proposed methods
are:

o Cationic contribution evaluation method [Ca®* + Mg?* vs Total cation (TZ")].

o lonic ratio bivariate plots method (HCOs/Ca** vs Ca®*/Mg** and HCO3/Ca?*
vs Ca?*/Na").

il. Proposed ionic ratio plot vs TDS to deduce recharge temperature (modern or humid

climate) as written below:
(Ca®* / (Ca?* +HCO3") vs TDS).
iii. Proposed ionic ratio to evaluate marine impact in an aquifer:

(Ca** + Mg?") vs CI'and Ca*/Mg** ratios against CI.

The above methods have proved useful for the purpose of which they were proposed in this
study. Therefore, they may be applied not only in sub-Saharan Africa and Africa but also

across the world where similar investigations are demanded.

However, since there are no methods without their limitations and shortcomings, the herein
presented conceptual models and the proposed methods were based on limited available data;

they may be improved upon with more data accessibility.
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Chapter 10
CONCLUSIONS AND RECOMMENDATIONS

10.1 Conclusions

Prior to this study, sparse and isolated data regarding geophysical, geostatistical and
hydrochemical assessment of the aquifer systems in the LCB were available. Besides, aquifer
assessments based on geochemical modelling and environmental isotopes towards enabling
improved the groundwater characterisation are largely unavailable, if not completely lacking.
Considering the heterogeneous nature of the LCB aquifer systems, it is important to note that
this research was propelled at a local scale and conclusions were thus drawn. Similarly, the
report on intrusion represents its status at the time of undertaking this study. Nevertheless, the
presented approaches in this study produced a good idea about the hydrochemical processes
and hydrogeological conditions in the LCB. Many findings are well in agreement with those
of previous researchers at comparable sites. Having achieved the aim and objectives of the
research through geophysical and hydrochemical methods in a general sense, the conclusions

are, therefore, presented as follows:

The subsurface lithological units comprised an alternating sequence of clay, sandy
clay/clayey sand, sand, and foreign materials, while sand and clayey sand are the major hosts
of the aquifer systems in the basin. Four multilayered aquifer systems were reported for the
LCB, two of which were mostly exploited by the inhabitants due to ease of assessment
dictated by depths of occurrence. However, the surficial freshwater aquifer is more

vulnerable to contaminants from the surface than the underlying aquifers.

Hydrochemical signatures showed slight differences in the composition of the lens of a
freshwater aquifer between the dry and wet seasons due to the mixing of water from various
sources with the shallow groundwater through flash floods and surface run-off. The
interactions were further confirmed by high concentrations of some trace metals, microbial
counts and NO3™ in the sampled shallow groundwater. The major water types characterising
the phreatic aquifer are Ca-HCO3;, Ca-Mg-HCO3 and Ca-Mg-CI-SO, water types for both
seasons, while the lagoon and ocean waters are characterised by Mg-Cl and Na-Cl water
facies, respectively. Interpretation from the Durov diagram, Gibbs diagram, geochemical

model, ionic ratios, and plots, suggested that water—rock interactions and ion exchange
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processes are the dominant factors controlling the shallow groundwater hydrogeochemistry.
The proposed formula revealed carbonate weathering as the dominant chemical process

controlling groundwater chemistry.

Reasons for concern are the saline intrusion and sustainability of the coastal aquifer systems.
Regarding the occurrence of saline intrusion, the second aquifer at a depth of >20 m was
severely impacted and this part of the subsurface may be regarded as the main zone of saline
intrusion, where interaction between surface water and groundwater becomes imminent.
Seawater intrusion above this specified depth (near-surface with a depth of <15 m) was
attributed to groundwater over-exploitation. Direct evidence of upward migration of fluid
reflected by the localised occurrence of saltwater intrusion at the base of the first aquifer as
shown in the conceptual models and borehole logs, was a justification for pressure on the

groundwater systems.

The extent and thicknesses of the intrusion revealed by the geophysical models and borehole
logs affirmed that the western and central parts of the study in proximity to the salinity
sources suffered more acute saline water intrusions than the eastern region; therefore,
saltwater intrusion is found to be a function of distance to the ocean. The spread patterns of
saline invasion as observed in the ERT sections suggested an active saline incursion into the
shallow aquifer from the ocean and the brackish waters, respectively. The boundaries
between the freshwater—saltwater interface and zones of intrusion have been clearly
established by this study and, except for minor users, a reliable target in the quest for
potential fresh groundwater, though varied, may conservatively drill deeper beyond a depth
of 170 m. However, the limited available data is a reminder that the presented models are

only a simplified starting point for improved future modelling.

Concerning the sustainability of the aquifer systems, which is essential for -effective
management of the basin water resource, the stable isotope results revealed that the LCB
aquifer system contain water from a meteoric origin. The tritium analysis showed that post-
1952 precipitation is an important source to the shallow aquifer but did not have a significant
effect on the deep groundwater. The shallow aquifer recharge took place in the Holocene
(modern climatic condition), with an MRT ranging from 4350+£10 to 1050+10 years, whereas
the deep aquifers are old water, the recharge of which occurred in the Late Pleistocene
(humid temperature) with an MRT ranging between 12030£10 and 7400+10 years.

Therefore, the shallow aquifer is being actively recharged and thus sustainable, while the
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deep aquifer is being mined or depleted with increased groundwater exploitation due to rare

or non-replenishment to the aquifer at this horizon.

10.2 Recommendations
Based on the present study, the following recommendations are proposed:

e There is a need for government to have an up-to-date database from where
meteorology, hydrology, hydrogeology (e.g. permeability and resistivity values) and
other related data may be accessed with ease for scientific research.

e The collection of continuous piezometric and groundwater level measurements, at
least on a monthly or bi-monthly basis, should be undertaken by relevant government
agencies such as Ministry of Environment, Lagos State Water Corporation (LSWC),
Federal Environmental protection Agency (FEPA) etc. The maps generated from such
data will allow and improve the accurate analysis of the hydrodynamic groundwater

flow systems.

e There is a need to dewvelop an improved hydrogeological conceptual model for the
study area and the region at large, which will take into consideration input factors
such as rate of withdrawal (various water uses), rate of recharge, precipitation,
evaporation, evapotranspiration, groundwater outflow to the surface water and surface

run-off.

e The saline intrusion resulted from a combination of climate change and over-
exploitation of groundwater resources; hence, adequate policies and regulations,
coupled with necessary enforcement, are urgently required from the government to
ensure the sustainability of coastal fresh aquifers, otherwise, possible mismanagement

might soil the whole study area.

e The occurrence of saline intrusion in the shallow aquifers necessitates adequate
measures to be put in place in the design of boreholes by drillers in the affected areas,
to shield saltwater zones from the coastal freshwater zones. This could be achieved by
adequate delineation of the saltwater zone using geophysical techniques, followed by
the standard grouting using cement and bentonite, allow 4-5 days for solidification
before drilling through the grouted saline water zone to the fresh water aquifer. This
procedure is expected to eliminate the saline water from the borehole to tap only the

fresh water
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The groundwater resource managers should establish monitoring wells or boreholes
along the coastline from the west to the east and at every one kilometre or less, up to
10 km away from the coastline in a north-south direction, from where periodic
scientific surveys should be carried out to monitor the progression of saline water

intrusion into the fresh groundwater resource around the study area.

The debate on the mode of saline intrusion in the basin on “whether saline intrusion is
recent or upconing from the seawater trapped (connate water) in miogeoclinal
depressions during the regression and transgression period” could be put to rest
through systematic isotope analyses of the intruded zones from the upper interface to

the lower interface.

Due to invaluable contributions of environmental isotopes to hydrologic and
hydrogeologic studies, this research is strongly recommending GNIP—-IAEA stations
to be established in Lagos by the government, considering her strategic location along

the West African transboundary coastal basin.

Lastly, it is hoped that this research has contributed to the improved understanding of
the groundwater systems in parts of the Dahomey basin and hydrogeology field at
large; therefore, forming the basis on which government, corporate and individual
decisions could be relied upon. Furthermore, future research around the study area
could be built on this study and the proposed formula may be applied at every
comparable site globally.
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Appendix A:
SAMPLING OF WATER FROM THE LAGOONS

Field photography showing surface water sampling at Ajah Lagoon
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Appendix B:
GROUNDWATER SAMPLING FROM WELLS

Field photography showing surface water sampling at LekKi
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Appendix C:
CARBON SAMPLING STEPS, STABLE ISOTOPES OF
OXYGEN-18 AND DEUTERIUM

Field photography water sampling for carbon dating
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Appendix D:
I-GEOPHYSICAL PROFILING

Field photographyshoeing the process of geophysical data acquistion
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11-Geophysical Data Interpretations showing Resistivity Curves
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I11-Borehole Logs
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Appendix E:
COMPLETE ANALYTICAL
THE WET SEASON

RESULTS FOR THE PHYSICOCHEMICAL PARAMETERS FOR

Sample ID Site X Y PH | WL EC Hardn. | TDS Ca™ Mg® Na* K* Cl- [SO4%] NO3 [ CO3* [ HCO3 | f. coli
Gw1 App 06°26.520" | 003°19.876' 7.5 1.2 1563 312 772 78.74 13.28 1477 23.77 178 31 2.9 135 274.5 >201
GW2 App 06°26.631' | 003°19.775' 1.7 0.7 736 332 399 97.13 5.57 11.46 15.65 36 58 16.8 45 915 >201
GW3 App 06°27.854" | 003°20.315' 7.6 5.3 849 196 465 27.76 3.61 13.03 16.49 90 43 29.9 15 30.5 >201
Gw4 App 06°28.163"' | 003°21.560' 6.7 3 1133 248 589 30.78 6.28 13.83 21.29 156 44 4.5 375 76.25 >201
GW5 App 06°27.899" | 003°21.561' 1.7 1.85 760 240 670 44.72 10.57 14.60 12.08 315 26 3.8 60 122 >201
GW6 App 06°26.555' | 003°22.017' 7.4 1.3 2172 668 971 7.70 9.56 1.29 1.77 315 3 10.3 165 335.51 >201

GW7(BH1) App 06°26.899' | 003°19.837' 6.8 2.2 1232 364 650 8.05 6.7 1.25 1.68 129 78 73.6 30 61.01 >201
GWS8 Isl 06°27.196' | 003°23.052' 8.2 3.04 3284 524 1642 11.76 14.9 157 1.93 720 88 151 135.5 274.5 >201
GW9 Isl 06°26.908' | 003°24.627' 7.3 2.27 1076 216 546 4,54 5.9 1.01 1.38 105 72 71.3 45 91.5 201
GWI10 Isl 06°27.483" | 003°23.925' 7.8 1 1200 212 602 10.74 75 1.23 1.32 134 64 59.9 105 2135 >201
Gw11l Isl 06°27.322"' | 003°23.600' 7.8 0.9 1360 188 672 6.74 8.46 0.78 1.06 114 <0.01 2.2 120 244.01 >201
GW12 Isl 06°27.815" | 003°23.259' 7.9 2 779 236 419 6.17 5.14 0.79 1.17 59 57 22.1 81.34 183 201

GW13(BH2) Isl 06°27.464' | 003°22.938' 7.5 4.25 1393 116 704 10.22 8.27 0.70 1.15 110 63 61.1 120 244 >25
GW14 Isl 06°25.891" | 003°24.590' 7.6 1.3 342 182 102 7.36 2.68 0.80 0.65 46 13 13.6 225 45.75 >201
GW15 Isl 06°26.629' | 003°25.243' 1.7 2.62 715 322 380 7.46 5.85 111 1.10 62 29 14 60 122 36
GW16 Isl 06°26.648' | 003°24.640' 7.8 1.3 442 238 252 8.03 3.33 0.84 0.58 58 35 6.5 30 61 >201
GW17 Isl 06°26.213"' | 003°24.317" 8.6 0.8 112 92 070 3.27 1.87 0.20 0.19 18 5 5.3 155 32.05 >201
Gw18 Isl 06°26.341' | 003°28.077" 75 1.6 897 272 448 14.48 6.55 0.90 0.74 42 45 1.7 75 152.5 >201
Gw19 Isl 06°26.218"' | 003°29.444' 8.4 2908 304 1454 0.78 16.77 1.65 1.95 533 64 5.7 210 284.67 6
GW20 Eti 06°26.268"' | 003°31.209' 7.7 0.71 512 196 288 5.47 5.13 112 1.55 21 19 5.8 75 152.5 >201
GW21 Eti 06°25.884" | 003°32.618' 6.2 14 251 52 160 0.05 2.66 0.71 0.52 85 16 4.5 15 30.5 18
GW22 Eti 06°28.161' | 003°34.789' 7 1.9 525 206 296 3.36 4,57 1.03 0.87 21 59 23.3 30 61 >201

GW23(BH3) Eti 06°29.328' | 003°34.864' 6.8 2.7 862 190 385 1.88 7.98 1.27 1.56 91 48 23.9 45 91.5 >201
GW24 Eti 06°29.861' | 003°35.154' 7.2 0.5 972 162 502 4.62 9.26 1.26 1.56 105 79 8.7 60 122 >201
GW25 Eti 06°30.124' | 003°36.007" 7 0.4 751 246 401 5.34 6.59 0.92 1.02 123 48 6.8 45 915 >201
GW26 Eti 06°27.307" | 003°35.201' 7 0.31 417 140 237 3.07 3.92 0.55 0.14 69 15 3.6 15 30.5 70
GW27 Eti 06°27.820" | 003°40.300' 7 1.72 418 98 209 1.75 5.24 0.55 0.16 11 22 29.1 30 61 10
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GW28(BH4) Eti | 06728.139' | 003°42.195 | 54 | 1.13 | 341 48 170 0.14 2.01 0.46 0.23 11 55 | 168 | 15.02 | 30.54 2
GW29 Eti | 0628427 | 00348325 | 68 | 08 | 111 72 69 110 133 0.15 0.16 i 15 32 6 122 >201
GW30 Eti | 0629.103' | 003°53.303' | 7 | 02 | 254 120 151 2.27 129 0.49 0.21 9 33 6.7 75 | 1525 | >201
GW31 Eti | 0628014 | 00347.801' | 6.7 | 24 | 258 94 152 2.05 185 0.45 0.38 3 036 | 50 66 | 1342 | >201
GW32 Eti | 0628415 | 00338.133' | 6.1 | 3.7 | 701 110 380 126 2.88 0.71 0.92 80 065 | 67.7 | 141 | 2867 | >201

GW33(BHE) Efi | 0628466 | 00334.616 | 63 | 13 | 300 118 175 127 353 0.69 045 2 006 | 116 | 78 | 1586 | >201
GW34 Eti | 06730.265 | 00334.796' | 7.4 | 02 | 1041 96 537 5.75 7.91 0.68 0.83 106 | 135 | 1.3 | 381 | 7746 | >201
GW35 Efi | 0620.888' | 003°34.940' | 69 | 15 | 1883 116 891 5.04 9.86 117 159 236 69 | 1087 | 211 | 429 >201
GW36 Eti | 0628.121' | 003°33.873' | 7.3 | 3.25 | 310 116 192 233 5.03 051 0.67 26 32 | 367 | 78 | 1586 | >201
GW37 Eti | 0626380 | 00331.305 | 72 | 1 514 76 291 .00 434 059 063 36 0 0 375 | 7624 | >201
GW38 Eti | 0626016 | 003°31.395 | 74 | 0.75 | 922 250 480 4.65 2.34 0.81 1.20 86 37 | 315 9 183 >201
GW39 Eti | 0625.958' | 003730443 | 72 | 1 935 132 368 1.88 459 056 0.74 74 64 | 137 | 66 | 13418 | >201
GW40 Eti | 0626959 | 00332.928' | 7.4 | 212 | 183 78 112 1.07 13 0.42 0.36 10 18 | 268 3 6.1 >201
P-SWI* | Lagoon 783 | - | 3999 - 2000 430 | 131300 | 1750 4400 | 2327 | 465 | 245 | 60.00 | 80.00 | 1733**
P-SW2* | Lagoon 786 [ - | 3999 - 2000 | 1625 | 427500 | 6500 | 163.00 | 8643 | 1728 | 230 | 30.00 | 40.00 -
P-SW3* | Lagoon 825 | - | 3999 - 2000 | 1750 | 485000 | 7000 | 175.00 | 9308 | 1862 | 218 | 36.00 | 48.00 | 34**
SW4 Ocean 84 | - | 48000 - 35040 | 321.28 | 5036.23 | 867452 | 294.67 | 15582 | 102 | 96 | 180 | 365.94 | 173

*NB: P-SW1 to P-SW3 are retrieved data from previous study and all measurements are in mg/L; ** measured by present study
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Appendix F:
COMPLETE ANALYTICAL RESULTS OF HEAVY METAL ANALYSIS IN THE WET SEASON

Sample ID Site Location X Y n*" Cu”” Mn?*" Fe®” Ni“" Cd™ Ag” Pb*™ Cr
Gw1 App Coconut 06°26.520' 003°19.876' <0.0001 | 0.1103 0.1588 0.2143 0.3937 [ <0.0001 0.0349 <0.0001 | <0.0001
GW2 App Coconut 06°26.631' 003°19.775' 0.0205 0.1377 | <0.0001 | 0.2173 | 0.3506 | <0.0001 | <0.0001 | <0.0001 | <0.0001
GW3 App Amukoko 06°27.854" 003720.315" 0.004 0.1359 | <0.0001 | 1.5821 | 0.1493 | 0.0038 | <0.0001 | <0.0001 | <0.0001
GW4 App Badia 06°28.163' 003°21.560' 0.239 0.0524 | 0.0231 0.2047 | 0.4945 | <0.0001 0.02 <0.0001 | <0.0001
GW5 App ljora 06°27.899' 003°21.561" 0.0323 1.3343 | <0.0001 0.3258 0.566 <0.0001 0.0224 0.0266 <0.0001
GWb6 App Wharf 06°26.555' 003°22.017' 0.0011 <0.0001 149 0.0136 | <0.0001 | <0.0001 0.0015 0.003 0.0218
GW7 App Kirikiri Rd 06°26.899' 003°19.837' 0.0007 | <0.0001 | 0.0044 0.0008 | <0.0001 | <0.0001 [ 0.0021 0.0001 0.021
GW8 Isl Marina 06°27.196' 003°23.052" 0.0009 | <0.0001 | 0.022 0.0292 | <0.0001 | <0.0001 [ 0.0045 0.0026 0.0445
GW9 Isl Obalende 06°26.908' 003°24.627' 0.0004 <0.0001 | <0.0001 0.0021 | <0.0001 | 0.0006 0.0023 0.0036 0.0179
GW10 Isl Adeniji 06°27.483' 003°23.925' 0.0014 <0.0001 | 0.0015 0.0021 | <0.0001 | <0.0001 0.0043 0.0059 0.0039
GW11 Isl Olopade 06°27.322" 003723.600" 0.0001 | <0.0001 [ 0.0122 0.0393 | <0.0001 | 0.0001 0.0005 0.003 0.0223
GW12 Isl Isale eko 06°27.815' 003°23.259' 0.0017 | <0.0001 | 0.0058 | <0.0001 | <0.0001 | 0.0001 0.0007 0.0023 0.0299
GW13 Isl Bankole 06°27.464' 003°22.938' 0.0011 <0.0001 | 0.0033 0.0046 | <0.0001 | 0.0001 0.0016 0.0021 0.0104
GW14 Isl Abdu Smith 06°25.891" 003°24.590' 0.0023 0.025 0.003 0.0052 [ <0.0001 | <0.0001 0.0004 0.0017 0.0177
GW15 Isl Off Ribadu 06°26.629' 003°25.243" 0.0013 0.0104 | 0.0102 0.3235 | <0.0001 | <0.0001 [ 0.0003 0.0045 0.0297
GW16 Isl Awolowo Rd 06°26.648' 003°24.640' | <0.0001 | 0.0147 | 0.0004 0.0025 | <0.0001 | <0.0001 [ <0.0001 | 0.0001 0.0086
GW17 Isl Aboyade C. 06°26.213' 003°24.317' 0.0095 0.0259 0.0083 0.1851 [ <0.0001 | <0.0001 0.0015 0.0038 0.0247
GW18 Isl Lekki Phl 06°26.341' 003°28.077' <0.0001 | <0.0001 [ 0.0078 0.0083 | <0.0001 | 0.0007 0.001 0.0032 0.0467
GW19 Isl Ikate 06°26.218' 003°29.444" | <0.0001 | 0.022 0.0067 0.0002 | <0.0001 | <0.0001 0.001 <0.0001 | 0.0319
GW20 Eti Alpha plaza 06°26.268' 003°31.209" | <0.0001 | 0.0076 | 0.0151 0.0635 | <0.0001 | <0.0001 [ 0.0008 0.0007 0.0469
GW21 Eti Elesan 06°25.884' 003°32.618' | <0.0001 | 0.0256 | 0.0057 0.2776 | <0.0001 | <0.0001 [ 0.0007 <0.0001 | 0.0163
GW22 Eti Good Motor 06°28.161' 003°34.789' <0.0001 | <0.0001 [ 0.0038 <0.0001 | <0.0001 | <0.0001 0.0002 0.0024 0.0256
GW23 Eti Ado Rd 06°29.328' 003°34.864' | <0.0001 | 0.0078 | 0.0075 0.0106 | <0.0001 | 0.0006 | <0.0001 | 0.0047 0.0286

212



Sample ID Site Location X Y zn“~ Cu®* Mn** Fe** Ni“* Cd~ Ag* Pb** cr
GW24 Eti Badore Rd 06°29.861' 003°35.154' <0.0001 | 0.0003 0.0045 0.0257 | <0.0001 | 0.0003 0.0006 0.0036 0.0307
GW25 Eti Badore 06°30.124' 003°36.007' <0.0001 | <0.0001 | 0.0041 0.0544 | <0.0001 | <0.0001 | <0.0001 0.0014 0.0254
GW26 Eti Abraham 06°27.307' 003°35.201" 0.0001 0.0001 0.0063 0.0881 <0.0001 | 0.0008 0.0004 0.0016 0.0084
GW27 Eti Abijo 06°27.820" 003°40.300' <0.0001 | 0.0002 0.0059 0.0002 | <0.0001 | 0.0007 0.001 <0.0001 | 0.0105
GW28 Eti Awoyaya 06°28.139' 003°42.195' 0.0007 0.0026 0.0052 0.0029 | <0.0001 | <0.0001 0.0005 0.0006 0.0127
GW29 Eti Igando town 06°28.427" 003°48.325' <0.0001 | 0.0051 0.0028 0.0346 | <0.0001 | <0.0001 0.0005 0.0007 0.0104
GW30 Eti Lekki town 06°29.103' 003°53.303' 0.0001 0.0022 0.0039 0.0034 <0.0001 | 0.0008 0.0012 <0.0001 0.0111
Gws3l Eti Alatishe twn 06°28.014' 003°47.801' <0.0001 0.0023 0.0018 <0.0001 | <0.0001 | <0.0001 0.0011 <0.0001 0.0163
GW32 Eti Sangotedo 06°28.415' 003°38.133' 0.0012 <0.0001 | 0.0067 0.0003 | <0.0001 | <0.0001 0.0002 0.0002 <0.0001
GWa33 Eti Thomas Est. 06°28.466' 003°34.616' 0.0011 <0.0001 | 0.0129 0.0104 | <0.0001 | <0.0001 | <0.0001 0.0014 <0.0001
GWa34 Eti Langbasa 06°30.265' 003°34.796' 0.0007 <0.0001 | 0.0143 0.1735 | <0.0001 | <0.0001 | <0.0001 | <0.0001 | <0.0001
GW35 Eti Addo town 06°29.888' 003°34.940' 0.0016 <0.0001 | 0.0003 <0.0001 | <0.0001 | <0.0001 | <0.0001 0.002 <0.0001
GW36 Eti Ajah Mosq. 06°28.121" 003°33.873' 0.0033 <0.0001 | 0.0001 0.0109 | <0.0001 | <0.0001 0.0001 <0.0001 | <0.0001
GWa37 Eti Idado town 06°26.380' 003°31.305' 0.0049 <0.0001 | 0.0113 0.3632 | <0.0001 | <0.0001 | <0.0001 0.0007 <0.0001
GWwW38 Eti Igboefon 06°26.016' 003°31.395' 0.0048 <0.0001 | 0.0027 0.0017 <0.0001 | <0.0001 | <0.0001 0.0002 <0.0001
GW39 Eti Jakande Est. 06°25.958' 003°30.443' 0.002 0.0007 0.0121 0.44 <0.0001 | 0.0002 <0.0001 0.0002 <0.0001
GW40 Eti Ikota 06°26.959' 003°32.928' 0.0006 <0.0001 | 0.0004 <0.0001 | <0.0001 | 0.0001 <0.0001 | <0.0001 | <0.0001

Swi Lagoon Ebute-ero <0.0001 | <0.0001 | 0.6435 0.1752 | <0.0001 | 0.1888 24.98 <0.0001 .0681
SW2 Ocean Oniru .0199 <0.0001 .0871 .1045 .0024 .0216 24.9745 4535 127
SW3 Lagoon Ajah .0002 <0.0001 .0041 .2409 <0.0001 | <0.0001 | <0.0001 <0.0001 .0005

*All measurements are in mg/L
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Appendix G:
COMPLETE ANALYTICAL RESULTS OF THE PHYSICOCHEMICAL PARAMETERS IN THE

DRY SEASON
Sample ID Site X Y PH | Temp. | Waterlevel | EC | TDS | Elev. [ Ca®* | Mg | Na* | K* | CI' | SO4”* | NO3 | CO3“ | HCO3"
Gwl Apapa 06°26.520' 003°19.876' 7.5 29.2 3 1542 | 785 32 10.6 | 414 | 5.86 | 5.24 | 6.24 | 0.01 | 0.057 4 50
GW2 Apapa 06°26.631' 003°19.775' 7.4 28.7 1.69 949 536 144 118 | 34 42 1635|521 | 013 | 0.011 4 90
Gw4 Apapa 06°28.163' 003°21.560" | 5.1 28.7 4.44 1912 | 1020 51 116 | 3.3 5.7 | 544 | 973 | 0.21 | 0.033 4 70
GW5H Apapa 06°27.899' 003°21.561' 7.3 29 171 1880 | 1034 30 116 | 25 522 1399 | 3.33 [ 0.12 | 0.002 4 92
GW6 Apapa 06°26.555' 003°22.017" 7.6 29.8 1.15 3089 | 1637 25 9.4 | 345 57 1635|512 | 0.12 | 0.024 3 17
GwW7 Apapa 06°26.899' 003°19.837 7 29.6 6.16 1360 | 728 43 104 | 455 | 416 | 899 | 41 0.01 | 0.004 0.9 97
Gw8 Island 06°27.196' 003°23.052' | 85 30.6 3.06 3832 | 1916 38 8.6 | 4.43 52 [ 549 | 523 | 0.01 | 0.040 2 69
GW9 Island 06°26.908' 003°24.627' 7.2 29.2 2.88 1023 | 558 4 10.8 | 6.23 42 (635 | 25 0.21 | 0.011 4 94
GWI10 Island 06°27.483' 003°23.925' 7.6 29 0.65 1681 | 862 65 12.2 3.3 6.3 | 551 1 9.65 | 0.01 | 0.025 5 70
Gwi1l Island 06°27.322' 003°23.600' 7.6 29.4 0.49 1119 | 621 59 121 ] 32 52 [ 9.01 | 43 0.03 | 0.015 4 53
GWwW12 Island 06°27.815' 003°23.259' 7.6 28.6 171 1150 | 641 8 123 ] 25 42 | 475|312 | 0.01 | 0.033 1 62
GW13 Island 06°27.464' 003°22.938' 7.6 30 5 1250 | 685 123 109 | 45 6.4 | 395|335 | 0.12 | 0.054 4 92
GW14 Vi 06°25.891" 003°24.590' 7.6 29 1.84 982 537 70 9.6 3.3 83 | 499 | 5.2 0.13 | 0.015 4 17
GW15 lkoyi 06°26.629' 003°25.243' 7.6 28.2 1.79 643 387 20 9.8 | 411 57 399 | 3.12 | 0.01 | 0.033 2 95
GW17 V/I 06°26.213' 003°24.317' | 7.6 30.1 154 418 263 82 106 | 3.44 | 578 | 6.35 | 3.33 | 0.02 | 0.054 4 70
Gw18 Lekki 06°26.341' 003°28.077' 7.7 30.2 2.16 809 505 59 123 | 43 572 | 499 | 5.12 | 0.20 | 0.003 6 55
GWI19 Lekki 06°26.218' 003°29.444' | 8.5 315 AD 2648 | 1324 42 12.2 3.2 9.051399 | 41 0.20 | 0.002 4 64
GW20 Ighoefon 06°26.268' 003°31.209' | 8.3 28 141 620 375 51 10.8 | 411 | 525 | 6.35 | 523 | 0.02 | 0.024 4 90
Gw21 Lafiaji 06°25.884' 003°32.618' 8.7 29.2 2.36 275 114 32 119 | 5.24 41 | 899 | 254 0.12 | 0.004 3 17
GW22 Ajiwe 06°28.161' 003°34.789' | 7.5 28.8 2.69 354 177 37 126 | 44 | 515|549 | 965 | 0.12 | 0.040 4 95
GW23 Etiosa 06°29.328' 003°34.864' | 8.6 29.6 AD 693 412 170 10.8 | 3.24 42 635 | 43 0.01 | 0.011 5 69
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Sample ID Site X Y PH | Temp. | Water level | EC | TDS | Elev. [ Ca* | Mg | Na* | K | CI" | SO4* | NO3 | CO3“ | HCO3"
Gw24 Etiosa 06°29.861' 003°35.154" 7 28 2.22 908 528 52 8.8 344 | 7.24 | 551 | 3.13 | 0.01 | 0.025 4 94
GW?25 Etiosa 06°30.124' 003°36.007' | 6.3 28.9 2.06 588 368 55 109 | 266 | 5.65 | 9.01 | 3.35 | 0.21 | 0.015 1 70
GW?26 Etiosa 06°27.307" 003°35.201' 7.4 29.2 0.89 266 171 19 9.8 4.3 425 | 544 | 52 0.01 | 0.015 4 53
GW27 Ibeju/L 06°27.820' 003°40.300' 7.6 29.2 3.82 142 123 35 121 | 4.22 52 [ 395 | 312 | 0.03 | 0.033 4 62
GW28 Ibeju/L 06°28.139' 003°42.195' | 7.2 29.9 2.85 268 134 52 119 | 34 | 425(399 | 333 | 0.20 | 0.054 2 69
GW29 Ibeju/L 06°28.427" 003°48.325' | 7.3 28.3 1.64 338 169 38 124 | 414 | 57 | 399 | 512 | 0.20 | 0.015 4 94
GW31 Ibeju/L 06°28.014' 003°47.801" | 5.9 284 2.16 201 132 63 8.2 25 6.22 1 9.01 | 41 0.02 | 0.033 4 70
GW32 Etiosa 06°28.415' 003°38.133' | 5.6 29.3 3.27 553 314 67 122 | 245 | 572 | 475 | 5.2 0.12 | 0.054 2 53
GW33 Etiosa 06°28.466' 003°34.616' | 6.7 29.6 3.13 340 225 62 108 | 3.6 9.1 | 436 | 254 | 0.12 | 0.003 4 62
GW34 Etiosa 06°30.265' 003°34.796' | 7.4 28 0.68 1170 | 663 42 104 | 32 | 412|498 | 965 | 0.01 | 0.002 6 92
GW35 Etiosa 06°29.888' 003°34.940' 7.5 27.6 2.32 1629 | 878 73 9.6 45 6.45 | 4.04 | 4.3 0.12 | 0.054 4 17
GWa36 Ajah 06°28.121" 003°33.873' | 8.4 28.3 4.54 555 345 38 128 | 3.3 5.13 | 549 | 3.12 | 0.01 | 0.015 4 95
GW37 Etiosa 06°26.380' 003°31.305' | 7.4 29.9 1.37 530 323 32 12.3 | 3.36 52 1649 [ 335 | 001 | 0.033 3 70
GW38 Etiosa 06°26.016' 003°31.395' | 7.6 30.7 1.95 1051 | 591 63 119 | 345 | 41 | 551 | 52 0.21 | 0.054 0.8 55
GW39 Etiosa 06°25.958' 003°30.443' 7.1 28.2 1.08 951 549 37 104 | 2.44 52 1884|312 | 0.01 | 0.003 1 64
GW40 Etiosa 06°26.959' 003°32.928' nm 29.5 2.95 323 162 58 12.8 | 2.48 57 1539|333 | 0.03 | 0.002 6 90
Gw41l Ogombo 06°26'58.6" | 006°36'45.2" | 7.5 28.3 1.92 447 278 28 12.2 | 3.45 44 1389 | 512 | 0.20 | 0.024 4 17
GW42 Ibeju/L 06°2921.1" [ 003°53'46.2" | 8.6 284 3.23 357 270 46 116 | 3.44 48 |1 399 | 4.1 0.20 | 0.002 6 95
Gw43 Eleko town | 06°2626.0" [ 003°5121.6" [ 7.1 29.9 4.25 388 247 64 12.6 | 3.67 6.1 | 4.09 | 523 | 0.02 | 0.054 4 69
GW44 Lakowe 06°2827.3" | 003°43'49.2" | 6.8 28.9 1.97 845 507 49 119 | 504 | 458 | 6.59 | 254 | 0.12 | 0.015 6 94
GWi45 Awoyaya 06°28'40.7" [ 003°42'40.9" | 6.9 30.1 3.1 477 348 62 9.6 4.3 502 [ 549 | 9.65 | 0.12 [ 0.033 6 42

All measurements are in mg/L
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Appendix H:
WET SEASON HYDROCHEMICAL FACIES AND SOME IONIC RATIOS OF A SHALLOW
UNCONFINED AQUIFER IN THE LAGOS COASTAL BASIN

Sample ID Facies Ca”'/Mg” | Ca®*Na" | Na*/CI'| Mg®"ICI'| HCOs [ sO.ZICI| HCO3 | Na™+K'/CI ca®'/ Total | Ca®*+Mg” | Ca®*+Mg®/ Na*/
ICI’ /Ca** Ca”+HCO3 | Cations HCO3 Na*+Ca®*
+504%
GW1 Ca-CI-HCO3 3.6 6.13 0.13 0.22 0.89 0 1.14 0.25 0.47 6.28 8.44 1.12 0.16
GwW2 Ca-HCOs- SO4-Cl 10.59 9.75 0.49 0.45 1.48 1.19 0.31 0.88 0.76 6.21 6.36 1.96 0.11
GW3 Ca-CI-SO, 4.67 2.45 0.22 0.12 0.2 0.35 0.36 0.39 0.74 2.67 1.89 1.21 0.32
GwW4 Ca-CI-HCO3 2.98 2.56 0.14 0.12 0.28 0.21 0.81 0.26 0.55 3.20 2.79 0.95 0.31
GW5 Ca-CI-HCO3 2.57 3.52 0.07 0.1 0.22 0.06 0.89 0.11 0.53 4.05 4.24 1.22 0.25
GW6 CI-HCO; 0.48 6.87 0.01 0.09 0.62 0.01 14.28 0.01 0.07 1.27 5.89 0.21 0.14
GW7 ClI-SO4-HCO3 0.73 7.42 0.01 0.15 0.27 0.45 2.48 0.03 0.29 1.05 1.40 0.36 0.13
GW8 CI-HCO3; 0.48 8.62 0 0.06 0.22 0.09 7.65 0.01 0.12 1.93 5.09 0.29 0.12
GW9 CI-HCO3-S0O4 0.47 5.17 0.01 0.16 0.51 0.51 6.61 0.03 0.13 0.79 1.73 0.24 0.18
GW10 CI-HCO3-SO4 0.87 10.07 0.01 0.16 0.92 0.35 6.52 0.02 0.13 1.24 4.04 0.24 0.10
GW11 HCO3-Cl 0.48 9.89 0.01 0.22 1.24 0 11.88 0.02 0.08 1.09 4.34 0.26 0.10
GW12 HCO;-CI-SO, 0.73 8.96 0.02 0.25 1.8 0.71 9.72 0.04 0.09 0.80 3.31 0.17 0.11
GW13 HCO3-CI-SO4 0.75 16.67 0.01 0.22 1.29 0.42 7.83 0.02 0.11 1.25 451 0.22 0.06
GW14 Ca-CI-HCO3 1.67 10.59 0.03 0.17 0.58 0.21 2.04 0.04 0.33 0.64 1.12 0.58 0.10
GW15 HCO;3-CI-SO4 0.78 7.76 0.03 0.27 1.14 0.34 5.36 0.04 0.16 0.93 2.37 0.33 0.13
GW16 CI-HCO3-SO4 1.47 11 0.02 0.17 0.61 0.45 2.49 0.03 0.29 0.73 1.40 0.39 0.09
GW17 Ca-Mg-HCO;-ClI 1.06 18.58 0.02 0.3 1.03 0.2 3.21 0.03 0.24 0.33 0.69 0.50 0.06
GW18 Ca-HCOs-CISO4 1.34 18.56 0.03 0.45 2.11 0.79 3.45 0.05 0.22 1.32 3.22 0.37 0.06
GW19 CI-HCO3 0.03 0.55 0 0.09 0.31 0.09 119.11 0.01 0.01 1.54 4.71 0.24 0.68
GW20 HCO3-Cl 0.65 5.61 0.08 0.71 4.21 0.67 9.14 0.15 0.10 0.78 2.77 0.24 0.17
GwW21 CI-HCO; 0.01 0.09 0.01 0.09 0.21 0.14 187.97 0.02 0.01 0.27 0.50 0.27 0.93
GW22 Mg-SO4-HCO:s- 0.45 3.77 0.08 0.63 1.69 2.07 5.95 0.11 0.14 0.61 1.17 0.24 0.23
Cl
GW23 Mg-CI-HCOs- 0.14 1.7 0.02 0.26 0.58 0.39 15.95 0.04 0.06 0.85 1.59 0.30 0.40
S04
Gw24 CIl-HCO3-S04 0.3 4.22 0.02 0.26 0.67 0.55 8.66 0.03 0.10 1.09 2.23 0.27 0.21
GW25 CI-HCO3-SO4 0.49 6.66 0.01 0.16 0.43 0.29 5.61 0.02 0.15 0.88 1.77 0.32 0.15
GW26 CI-HCO; 0.48 6.43 0.01 0.17 0.26 0.16 3.26 0.01 0.23 0.50 0.65 0.59 0.15
GwW27 Mg-HCO3-S0,-Cl 0.2 3.64 0.08 1.39 3.22 1.48 11.41 0.09 0.08 0.55 1.09 0.36 0.24
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Sample ID Facies Ca”/Mg” | ca®*Na’ | Na'/CI'| Mg**/ICI'| HCOs | SO.4ICI'| HCO3 | Na™+K'/CI Ca’'/ Total | Ca®"+Mg” | Ca**+Mg*/ Na'/
Icr /Ca** Ca?+HCO3 | Cations HCO3 Na*+Ca®"
+504%

GW?28 SO4-HCO;-Cl 0.04 0.35 0.06 0.53 1.61 3.69 71.93 0.08 0.01 0.20 0.51 0.10 0.77
GW?29 Mg-SO4-HCO3 0.5 8.5 0.23 3.88 7.08 11.06 3.65 0.37 0.22 0.17 0.25 0.32 0.12
GW30 S0,-CI-HCO3 1.07 5.29 0.08 0.42 0.98 2.7 2.2 0.11 0.31 0.25 0.36 0.23 0.18
GW31 Mg-Ca-HCO;-Cl 0.67 5.21 0.23 138 2.6 0.09 2.14 0.35 0.32 0.28 0.32 1.12 0.18
GW32 CI-HCO3 0.26 2.03 0.01 0.1 0.21 0.01 7.49 0.02 0.12 0.35 0.53 0.62 0.36
GW33 Mg-HCO3 0.22 2.13 0.53 5.14 456 0.02 4.08 0.73 0.20 0.40 0.32 1.36 0.35
GW34 Mg-CI-HCO3 0.44 9.77 0.01 0.22 0.42 0.01 4.42 0.02 0.18 0.99 1.56 0.72 0.11
GW35 CI-SO, 0.31 4.95 0.01 0.12 0.11 0.22 2.79 0.01 0.26 1.15 0.96 0.50 0.19
GW36 Mg-CI-S04-HCOs 0.28 5.22 0.03 0.56 0.35 0.91 2.23 0.05 0.31 0.57 0.38 0.57 0.18
GW37 Mg-HCO3-Cl 0.56 7.75 0.03 0.35 1.23 0 6.26 0.04 0.14 0.60 1.45 0.45 0.13
GW38 CI-0, 1.21 6.56 0.01 0.08 0.12 0.32 1.29 0.03 0.44 0.49 053 0.40 0.15
GW39 HCO;-CI-S04 0.25 3.83 0.01 0.18 1.05 0.64 23.42 0.02 0.04 0.52 2.29 0.13 0.23
GW40 Mg-SO4-CI-ACOs 05 2.94 0.06 0.38 0.35 1.33 1.88 0.1 0.35 0.19 0.15 0.34 0.28
SWI Mg-CI - - . B - - - - - - - - .
SW2 Mg-CI s - . B s s - - - - - s .
SW3 Mg-CI - : . - - - B - : : B - .
SW4 Na-Cl B - - B B B - -
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Appendix I:
DRY SEASON HYDROCHEMICAL FACIES AND SOME IONIC RATIOS OF A SHALLOW
UNCONFINED AQUIFER IN THE LAGOS COASTAL BASIN

Sample ID Facies Ca*/Mg® | Ca*Na" | Na'/CI'| Mg¥/CI' | HCOs | SO.ZICI'| HCO3 | Na™+K'/CI ca®/ Total Cations | Ca**+Mg® | Ca**+Mg?"/ Na'/

cr /Ca* Ca**+HCO3 HCO3+504* | Na*+Ca®"'

GW1 Ca-Mg-Na 156 2.08 1.45 1.93 7.65 0 155 2.21 0.17 1.26 0.87 1.06 0.36
HCOs

GW2 Ca-HCO; 211 3.23 1.24 19 | 10.02 0.02 25 2.35 0.12 1.22 0.87 0.59 0.26

GW4 Ca-Mg-HCOs- 2.14 2.34 0.9 0.99 718 0.02 1.08 T.41 0.12 1.24 0.85 0.74 0.33

Cl

GW5 Ca-HCOs 2.82 2.56 241 2.10 | 16.03 0.03 256 35 0.14 112 0.79 0.52 0.31

GW6 Ca-Mg-Na- 1.66 1.9 1.71 1.96 1.93 0.02 0.59 2.84 0.11 1.16 0.75 2.71 0.38
HCO;

GW7 Ca-Mg-HCO3 1.39 2.88 1.56 323 | 13.73 0 3.06 3.55 0.36 1.31 0.89 0.56 0.29

GW38 Ca-Mg-HCOs3 1.18 1.9 153 2.47 7.66 0 2.63 2.48 0.10 1.16 0.79 0.70 0.38

GW9 Ca-Mg-HCO3 1.05 2.96 2.59 726 | 21.82 0.06 2.85 789 0.11 1.40 1.05 0.68 0.28

GW10 Ca-HCO; 2.25 2.23 T 1 171 0 1.88 152 0.10 1.30 0.88 0.77 0.34

GWI1 Ca-Mg-Na- 2.3 2.68 1.86 2.17 7.15 0 1.44 3.76 0.15 1.33 0.87 1.00 0.30
HCO;

GW12 Ca-HCO; 2.99 3.37 2.07 2.33 | 11.53 0 1.65 3.45 0.19 1.13 0.82 0.81 0.25

GW13 Ca-Mg-HCO3 1.47 1.96 2.94 391 | 15.94 0.03 2.77 701 0.17 1.29 0.92 0.61 0.37

GW14 Ca-Na-Mg- 1.77 1.33 2.46 1.85 1.9 0.02 0.58 3.33 0.11 1.24 0.75 2.70 0.46
HCO3

GW15 Ca-Mg-HCOs3 1.45 1.98 2.81 3.84 | 17.67 0 3.18 3.97 0.36 1.18 0.83 0.53 0.37

GW17 Ca-Mg-Na- 1.87 2.11 2.67 3.01 12.2 0 2.17 44 0.09 1.23 0.81 0.71 0.35
HCO;

GW18 Ca-Mg-Na- 1.74 2.47 1.72 2.45 6.23 0.03 1.47 2.6 0.13 1.35 0.97 1.07 0.32
HCO3

GW19 Ca-Na-Mg- 2.32 1.55 3.4 2.27 9.06 0.04 1.72 4.28 0.18 1.37 0.87 0.83 0.43
HCO;

GW?20 Ca-Mg-HCO3 16 2.37 1.55 2.29 9.99 0 2.73 2.65 0.16 1.27 0.88 0.60 0.33

GW21 Ca-Mg-Na- 1.38 3.34 2.48 6.01 3.88 0.03 0.47 5.7 0.11 1.44 1.03 3.68 0.26
HCO;

GW22 Ca-Mg-HCO3 2.0 2.81 0.82 1.33 5.71 0.01 247 1.34 0.41 1.36 0.99 0.64 0.29

GW23 Ca-Mg-HCO3 1.74 2.96 15 2.2 9.31 0 2.09 2.84 0.12 1.15 0.81 0.71 0.28

GW24 Ca-Na-HCO3 2.03 1.4 3.56 3.2 | 17.43 0 35 5.16 0.14 1.18 0.72 0.47 0.45

GW?25 Ca-Na-HCO3 155 2.22 2.6 231 | 1213 0.05 2.11 5.04 0.09 1.24 0.76 0.67 0.34
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Sample ID Facies Ca”/Mg® | Ca’MNa" | Na'/CI'| Mg¥/CI' | HCOs | SO.*ICI'| HCO3 | Na™+K'/CI Cca”'/ Total Cations | Ca”*+Mg” | Ca’"+Mg*"/ Na'/
ICl” ICa*" Ca*’+HCO3% HCO3+504* | Na'+Ca*
GW?26 Ca-Mg-HCO3 2.49 2.65 1.26 2.41 5.91 0 1.77 2.21 0.13 1.17 0.84 0.97 0.30
GW27 Ca-Mg-HCO3 1.38 2.68 257 3.94 | 11.53 0.01 1.68 371 0.16 1.28 0.95 0.94 0.30
GW?28 Ca-Mg-HCO3 1.74 3.22 1.96 2.97 | 12.02 0.04 1.9 3.05 0.16 1.16 0.87 0.77 0.26
GW?29 Ca-Mg-HCO;3 213 25 1.71 2.36 | 10.65 0.03 2.49 2.42 0.15 1.31 0.96 0.62 0.31
GW31 Ca-Mg-HCO3 1.82 152 2.33 1.78 9.91 0 2.8 433 0.12 1.12 0.62 0.54 0.43
GW32 Ca-Na-HCOs 1.99 2.45 1.69 1.37 5.91 0.02 1.42 252 0.10 1.18 0.81 0.93 0.32
GW33 Ca-HCO; 3.03 1.36 551 213 | 14.17 0.03 1.88 7.07 0.19 1.34 0.84 0.82 0.46
GW34 Ca-HCO; 1.82 29 0.66 0.97 5.53 0 2.9 113 0.15 7.09 0.78 0.52 0.28
GW35 Ca-Mg-Na- 1.97 1.71 231 3.05 2.29 0.02 0.58 3.16 0.10 1.23 0.85 3.05 0.40
HCO;3
GW36 Ca-Na-HCOs 13 2.87 253 3.08 | 17.67 0 2.43 413 0.36 1.28 0.91 0.59 0.29
GW37 Ca-Mg-HCO3 2.36 2.72 2.39 292 | 1213 0 1.87 215 0.12 1.28 0.89 0.78 0.30
GW38 Ca-Mg-HCO3 2.22 334 121 1.03 6.14 0.03 152 2.18 0.15 1.20 0.88 0.97 0.26
GW39 Ca-HCO; 21 23 257 2.28 11.9 0 2.02 5.14 0.18 117 0.72 0.69 0.33
GW40 Ca-HCOs 2.59 2.58 2.63 217 | 15.68 0.01 231 11 0.14 1.23 0.84 0.57 0.31
GW4T Ca-HCO; 3.14 3.19 132 1.06 1.03 0.03 0.46 2.01 0.12 1.18 0.89 3.21 0.27
GW42 Ca-Mg-Na- 2.15 278 1.8 2.44 | 1345 0.04 2.69 2.69 0.42 1.17 0.86 0.55 0.29
HCO;3
GW43 Ca-Mg-Na- 2.05 2.38 18 2.04 7.66 0 18 251 0.11 1.30 0.93 0.82 0.33
HCO3
GW44 Ca-Mg-HCO;3 2.09 2.99 2.78 5.78 | 21.48 0.03 2.59 5.13 0.15 1.38 1.01 0.66 0.28
GW45 Ca-Mg-HCO3 T.43 2.2 0.8 13 253 0.01 1.43 1.32 0.11 T.19 0.83 1.21 0.34
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Appendix J:
DISTRIBUTION OF WATER TYPES IN THE LAGOS
COASTAL BASIN

Serial No. Water type No. of Samples
Wet season

1 Ca-Cl water 3
2 Mg-CI water 11
3 Mg-SO, water 2
4 Mg-HCO; water 5
5 Mixed cationic 'Ca’ dominating bicarbonate water 1
6 Mixed cationic 'Ca’' dominating sulphate water 1
7 Mixed cationic 'Ca' dominating chloride water 2
8 Mixed cationic and anionic ‘Ca’ dominating bicarbonate water 1
9 Mixed cationic and anionic 'Ca’ dominating chloride water 1
10 Mixed anionic 'Ca’ dominating bicarbonate water 1

Mixed anionic 'Ca' dominating chloride water 1
11 Mixed anionic ‘Mg’ dominating bicarbonate water 2
12 Mixed anionic ‘Mg’ dominating chloride water 3
13 Mixed anionic '"Mg' dominating sulphate water 2
14 Mixed cationic and anionic ‘Mg’ dominating bicarbonate 3

water
15 Mixed cationic and anionic 'Mg' dominating chloride water 1
Dry season

1 Ca-HCO; water 8
2 Mixed cationic 'Ca’ dominating bicarbonate water 34
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Abstract
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ARTICLEINFO ABETRACT

Eywords: Saltwater intrusion is a common problem assodiated with every coastal region all over the globe, and Lagos state
Groundwater s not an exception. This stsdy was carrisd out in the coastal belt of Lagos, Scuthwestern Nigeria with the main
Follution

objective of assessing the risk of shallow groundwater and its sasceptibility to contamination. [n this research,
geophysical and geochemical technigues coupled with the concepts of Dar- Zarrouk [[LE) parameters were
employed. Resistivity measursments were talen at twelve vertical electrical sounding (VES) stations and eight 2-
D resistivity profiles using the Schlumberger, dipole-dipole and pole-dipole amrays were analyzed and interpreted
respectively. The DLZ parameters such as longitudinal conductance (5, ], transverss resistance (Tt), longitwdinal
resistivity (77L) and ransverse resistivity (777T) data were compuated from the qualitabve interpretation of VES
data to reveal the aquifer hydmulic characteristics. The 2-I) sections display the lateral invasion of saline water
within the aquifer systems and variations in resistivity of the subsarface being the geo-clectric property that
differentiates lithologies. The geo-electric model interpretation supported with available geologic information
reveabsd four/five gec-electric layers namely; top sandy layer, clayey sand/sandy clay, clay and sand. Two
aqquifers [Upper and Lower) were delineated within the depth of investigation hosted mainly by sand and sandy
clay/clayey sand. Furthermore, the loagitudinal conductance data was used to pradict the protective capacity of
the coastal aquifer. Generally, the water table aguifer falls within the poor/weak protective capadty, while the
lower semi-confined to confined aquifer is within the zone of good to excellent protective capacity. The lower
acquifer is essentially impacted with saline intrusion while the phreatic aguifer contaminations are both from
saline and anthropogenic sources. These assertions corroborate the geochemical results and previows findings in
the study area. Hence, geophysical method with the use of D-Z parameters proved to be aseful tool in the
pollution assessment of groundwater.

Dar-zarmouk parameters
Protective capacity

1. Introduction

In Lagos state of Migerta, especlally in the coastal terraln, salt water
Intrsion 15 8 common occurrence. The southwestern Nigerla, where
Lagos Is situated 1s characterized by two principal climatic seasons: the
dry and wet seasons. The dry season usually extends from Movember to
March while the wet season starts from April to October, with a brief
break In August. The aquifer Is adequately recharged with high annual
ralnfall (mean of over 2000 mm) while the depth to groundwater table
are generally below 5.0m In the coastal area (Offodile, 1992). Most
rivers from south-western Migerla drain Into the Lagos lagoon. The
occurrence of brackish/saline water 1s 8 major feature that char-
acterizes the alluvium and underlying coastal plain sands aguifer con-
trary to what Is obtalnable In areas In the mainland of Lagos state.

The city can be accessed through road, rail, air and sea ports. Like
every other coastal belt, It experiences warlous degrees of saline In-
cursion especially along the coastline as a result of Its s0le rellance on
the groundwater as the major source of potable water for domestic and
Industrial purposes, so as to compensate for iInadequate supply of plped
water (Adeotl et al, 2010). Groundwater avallability however 1s un-
evenly distributed while the resource that is avallable has been pol-
luted. Quality of groundwater drops when anthropogenic chemicals
that threaten human health enter a water body through mun-off,
weathering or when concentration of natural elements fall short of re-
quired standard {Anudu et al, 2011). The sources of groundwater
contaminants In the area under study may be classified Into two; sur-
face contaminants which migrate as leachates Into groundwater and
subsurface pollutants In the form of saline water Intruslon. Increasing
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ABSTRACT

Analysis of borehoele logs with hydro-physical data from Lagos coastal belt, Southwestern Nigeria
was carried out to facilitate lithological and geo-environmental assessment in the area. Forty-five
(45) borehole logs and hydro-physical parameters from the study area were analyvzed. The
qualitative interpretation natural gamma ray (INGAM) shows the variations in lithology with depth.
The shallow aguifer is made up of coastal plain sands and essentially unconfined aquifer with
perched charactenistics in places while the deep aguifer systems are made up of alternating
sequence of sand and clayey sand is confined. The study revealed that the subsurface was intruded
by saline water. The fresh/saline water boundaries from west to east (Victoria Island, Lekki, Ajah
and Awovava) occur at depth ranges between 15 m and 355 m and truncated by extensive clay
column at Sangotedo. Meanwhile, along Apapa-Tkoyi-Badore-Lakowe (west to east) fresh/saline

water interface occurs at depth ranges of 14 m-112 m. Vast majority of the abandoned boreholes
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HYDROGEOCHEMICAL AND SALINITY APPEAISAL OF SURFICIAL LENS OF

FEESHWATER AQUIFER ALONG LAGOS COASTAL BELT, SOUTH WEST, NIGERIA

M.A. Yusufl:2, T.A. Abiye?, K.O. Ibrahim! and H.O. Abubakar!
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ABSTRACT

In order to determine the hvdrogeochemical model and salinity status of the surficial lens of
freshwater aquifer in the Lagos coastal basin, physicochemical parameters and
hydrogeochemical tools were employed. The geochemical tools include: Tonic ratio (s), Piper
diagram, Durov diagram, Gibb's diagram and Phreeqc software. A total of exghty-two (82)
groundwater samples were collected from shallow aguifers in the study area durning dry and wet
seasons to reveal the seasonal variation. The physicochemical parameters in groundwater are
within the WHO acceptable limit for drinking water with the exception of TDS and EC resulting
from carbonate dissolution and marine influence. The water samples revealed chemical facies
rich in (Ca, Mg, HCOs and C1) and (Ca and HCOs3) for wet and drv seasons respectively, while
Mg-Cl and Na-Cl water types charactenised the lagoon and the ocean. The chemical facies
indicated recently recharged groundwater and this assertion is substantiated by the ionic ratios
estimation. The 1onic constituents of the groundwater are essentially derrved from the carbonate
rock dissolution evident from abundant Ca®* and HCOs concentration. In a descending order,
water-rock interaction, 1on exchange, leaching and evaporation are the geochemical processes

controlling the groundwater quality in the area. In addition, the equilibrium specification
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Application of environmental izotopes in zustainability azzeszment of the
groundwater rezonrces of Lagos Coaztal Bazin (L.CB), zouth-west, Nizeria
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Abstract
Crovning to the St that srowndiovater iz the main somee of water supply for both dorestic and

conwpercizl activities by the inhahitants of the Lages Cozstal Basim (LCB) in Lagos, Migeria,
detailed smady with respeact to recharge and hesn Fesidence Time (ME.T) of both shallow aquifer
and deep sroumdwater samples across the ares was carried out to enshle proper rmasazernent of
thiz resource. The study used environmental isotopes of water particalarly carboa ('“C) and tritiom
{"H) contents in the groundwater to determine the mean residences tims, and stabls isotope of “H,
"0 and "“Cto revezl source of recharging water. The stable Isotope of 20 and 5°H plot around
and alons the local metsoric water line with mixing lins representad by 5H =6.8* 50 + 6.9 %e;
EFH=348*5"0~+28 %, for deep and shallow aguifer, respactively, indicating meteoric origin.
The tritivm results revealed evidence of mixture of recent recharge with low “C coutent watar.
The low "“C resulted in the MET betwaen 1030 £10 and 4350=10 in shallow groundwater, whils
the deep aguifer ara old recharged water with MET ranze Som 7400 =10 to 12050 =10 years.
Integratad razults from the mean armuz] temperature comrelation, 0, "C activity and "'C zze
showed that the challow aguifsr was recharzed in Holocape to present (modsrm clirnatic
condition) wheres: the confined deep sroundwater recharge took place during Late Plaiztocens

{rare bumid condition than present). Conseguantly, the imoonfined shallow aguifer iz conziderad
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