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ABSTRACT

The scope of this Resis was toapply integrated method$o characterise the groundwater
systems of thd.agos Coastal BasirLike every coastal areia the world, saline intrusion has
been the majorchallengethreatening the fresh groundwater aquifers of the study area over
the last couple ofdecades, and thus, necessitatisgatsessment. Environmentalisotopes
being a reliable and standard toolhydrological investigatignwas employed in combination

with geophysical and hydgeahemical methods to study theastalaquifer systems.

Geophysical probing of the subsurface reveadedalternating sequence of clay and sand,
constituing the major ithological units in the study area. The basin aquifers are hosted
essentialy by sands and clayey sand, whie the soflequifer occurrenseare unconfined

to semiconfined and confined for shallow and deep aquifers, respectively.

Hydrochemical intergtation identified a surficial thin layer of fresh groundwater overlying

the main zone of saline intrusion, whielssentiallycomprises CaHCO; and CaMg-HCOs,
CaMg-HCO3; and CaMg-CFSO, hydrochemical facies for both dry and wet seasons
whereas the suda waters are characterised by-Kband NaCl water types for the lagoon

and the ocean, respectively. Teealuation of thechemical processes revealdw dominance

of carbonate weathering in the shallow aquifer. Hydrochemical, statistical and geokchemica
model analyses identified that the groundwater chemistry is significantly controlled by

wateil rock interaction andbn exchange processes as well as anthropogenic activities.

Stable isotopes revealed precipitation as the main source of recharge ihtasitheaquifer
systems Analyses of the’H and 'C activities were in agreement, revealing an interestiagt

about the increase in thgroundwaterresidence timgrom the surface through deeper depths
deducible fron?H values rangdetween 0.1 TU and 218); 0.0 TU and 0.3 TU; ant’C age

range from 4350+10 to 105010 years and between 12030+69 and 7400150 years for the
shalow and deep aquifers, respectivéefhe mean residence timevas supported by the
aquifer syst emso r e ¢ h ar g dor the Ishallovin aquifeo arkl Lae | a c e
Pleistoceneearly Holocene for the deep aquifers evident frdne calculated ambient

temperature,}®0 and*“C plots.

The hydrogeological conceptual models showed that saline incussiegrely impacted the

second aquifefrom a d e p t hm t® 270m in the western and central parts the study



However the observed local saline occurrence in placesm2@as attributed to groundwater

ovelexdoitation.

Conclusively, the hydrological systems of the.agos coastal basiis continudy being
modified by both anthropogenic and natural actiities that constitute not only a major threat
to the groundwater sustainability of theados coastal bashut canalso consume the entire

study area.
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Chapter 1
INTRODUCTION

1.1 Background to the Research

Nigeria is situated in West Africébetween Sahel in thaeorth and the Atlantic Ocean in the
south It experiences differential precipitation dwe its location in the tropical regiorThe
climate varies from equatorial in theuth to tropical in themddle belt and thenorth The
rainfall distribution in Nigeia is not only variable in time but also in space, being highest in
the coastal zoneswhie decreasing inland. This makes th®rthern part wulnerable to
drought and water shortageshile the southern regions prone to floods and inundation of
coastalaquifers by saline water induced by climavariabiity and human activitiegYusuf
and Abiye, 2019.

In developing countriesuch asNigeria, efforts on urban water supply were initially focused
on surface water, whie groundwater was only meant faal rsmpply. However, increasing
demand for water resources duehigh population growth and urbasdion hasresulted in an
unprecedented dependence on groundwater as a major source of waterGrappigwater
aquifes are known to host approximately 99%of the global available lquid freshwater
(Gabriel and Khan, 2010) and at |l east 25%
water demarsl (Jackson etal, 2001) The heavy relance orgroundwater globally,
particularly in urbanarea, exposedthe aquifes to increasing pressure and accelerated
environmentaldegradation Like many other countriesn the world, the authorities of Nigeria
realsed that potable groundwater resources are limted and wulnerable. Thus, the
management and ddtion of this finte and vulnerable resource are of immense importance
to maintainthe life, environment, and development of the country (Martins, 2001). However,
efforts have been maddo prepareall stakeholdersfor this acute situation. Though the
problem ofsaltwater intrusion was not only imited to Mi@, it has become a major concern
worldwide (Batayneh, 2006). It constitutes the commonest of al thietamtd to fresh
groundwater thathreatens the sustainable development and economibeisf of dwders

in any coastal are@Jrish and Fradlich, 1990).

The southern part of the countryespeciallyin the Lagos region wherethis research study

was undertaken,is currently grapplng wih essentially two major threats to groundwater
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degradation namely saltwater intrusion due to the rise ithe sealevel and overabstraction
and ontamination generateffom inland activites The situation is more aggravated when
surface waterwhich ought to complement groundwater abstraction in many parts of the city
is in itseff rendered unusable due lioge pollution attendantdeaving groundwater as the
only viable option for the userfAdelanaet al., 2003; Yusufet al, 2014) The provision of
potable water, however, appears to be crimiatesidents both nav andin the future. Longe
etal (1987) estimatedthat over 45460.90nT of water is being extractedper day via
boreholes from the multlayered aquifettsat exist in the coastal city of Lagos. However, a
recent study asserthat Lagos State extracts @ 818296.2nT of groundwaterper day
(Majolagke and Osinbajo, 2012). This imples a significant increase in the rate of
groundwater exploitaton by over 170 % within a short period of 25years which
consequently induce saltwater intrusion into fresh goundwater. Theconsequences become
evident in most of the boreholes driled in the coastal area of Lagush in most cases are

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

Although seawater intrusion has been afidnto be an ineviable problem of coastal
freshwater aquifer associated with urban ess, the future safety of these aquifers and the
potential for shallow aquifer water migrating to deeper aquifers, need to be evaluated and
fuly understood before makingolicy and financial investmentfHwang etal, 2004)
Apparently, studies othe groundwater resources tife Lagos Statehave covered many parts

of the city and its environs and these studies have contributed a lot to the development and
management of rgundwater resourcefOteri and Atolagbe, 2003; Oladapetal, 2013.
However, the studies are limitetd a narrow area ofiydrogeology studies such as isotope
analyses geochemical modielg, and dynamism associated witgroundwater flow systesn

are not yet known to this basinAs noted by Okagbue (B8), a complete appraisal of
groundwater invohe the integration of geophysical and hydrogeochemical studies. In order
to make an adequate and improved charaaten of hydrogeology in complex multilaysst

aquifer systemsit is imperative to adopt an integrated approach to enhanagderstanding

of the groundwater resources.

In light of the above, this study provél@n insight into the characteation and assessment
of groundwater resources througim integrated applicationof different methodologieswhich
include geophysics, hydrochemistry, environmental isotopes, hydrochemio@dels, and
multivariate  statistical techniquesAlthough groundwaterwas the major focus of this

research, attenton waalso given to surface water draining the gredue to potential
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interactions with groundwateiThe 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 resultswil also guide decisiommakers to take precautionary measures
towards formulating policies that wil contraghe indiscriminate dischges of contaminants
provide adequate implementable future planand protect the aquifer from further

deterioration.

1.2 ResearchAim and Objectives

The main aim of this forensic reseanslas to apply an integrated approach avestigate and
charactege tre hydrogeology ofthe coastal aquifer in thecity of Lagos This the
collection of relevant data fronthe government, agencies, individualsynd literature to
compement the acquired feld data as wel as the various analyses. To achieve #ielaud

aim, the following specific objectiveswere considered:

1 To establishthe depth to the water table as wel as aquifer thicknessdelineate
formations bearing fresh and salne water, distinguish between the sandy and clay
layers establish the deptlo the frestwater and sativater interface,and groundwater

flow direction.

1 To identify and determine the source of aquifer rechargeMe®h Residencelime of

groundwater.
1 To assess the statostrend of groundwater pollution in the study area
1 To develp ahydrogeochemical model for tleudy area

1 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 intden chagers. The contestof each chapter are summsad as
follows:

Chapter1 presents the generblhckground of the research includite rationalsaion of the

researchthe researchaim and objectivesand the structure of the thesis.



Chapter 2 describesthe study area including location, climate, relef and drainage,
population and land use, population and water use, vegetaton and land cover, geological

setting, stratigraphic setting, and hydrogeologisatting.

Chapter 3 reviews thestate of researcin the Lagos Coastal Basi(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 foraquifer characteséion.

Chapter4 detais the research approaches, methodolaggt materials used in thetudy to

collect, analge, and present various data.

Chapter5 investigates and characses the subsurface of the coastal basin with the aid of
geophysical methodsThis involves the application of a geoeleeticnethod and resistivity
log interpretation to delineate lthologl units, estimation oflayer thickness, depth to the
aquifer, andthe frestwateii saltwater interfaceThe work was presented at the 15th Bign
Conference ofGroundwater Divisionn Stellenbosch, South African October 2017 as well

as atthe 54th Annual International Conferencef the NigerianMining and Geosciences
Society in Kano, Nigei, in January 2018Parts of this chapter had bepnblshed inthe
Elsevier Journal of Groundwaterfor Sustainable DevelopmefYusuf and Abiye, 2019)and

the other partsare currently under reviewn the Springer Journal of Environmental Earth
Sciencegmanuscript number ENGBE-18-02360R2).

Chapter6 presents the results of the environmental istopfesurface water, groundwater,
and rainwater in thé.CB. Part of this chaptehad been published ithe Elsevier Journal of
Heliyon (Yusuf etal, 2018) whie the other partis currently under review in ¢ Elsevier
Journal of Groundwater foBustainableDevelopmen{GSD-20-357R1).

Chapter7 presents thegeochemical modimg and hydrochemical characteristics of théB.
Part of this chapter is presently under review for publicaton in the Elsdoi@mal of
Heliyon (HELIYON-2020-02205R?2).

Chapter8 presentsboth the general and specific conceptual mofbelshe aquifer systems of

the study area.

Chapter 9 synthesisesal the findings and enumeratethe significart contributions of the
thesis toknowledgp.



Chapter 10completes 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 dom&ibahomeyBasin, and thusan integral

part of it DahomeyBasinis a marginal basin forming parts of the Gulf of Guinedending

from southeastern Ghana through Togod the Benin Republic to theesern limit of the

Niger Delta in Nigeria(Bilman, 1976) It is a shelf depositi@h environment sedimentary
basin constituting a thick sequence of sedimentacks 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 beenosgl for their resource value. Furthermore, it
also plays host to large volumes of groundwater resources that are essentialy tapped for
human needs. Hencsince groundwater assumes to be the only vital source of freshwater for

the coastal inhabitantstudies involving sedimentary basins are of prime importance.

For this study, t becomes necessary to discuss the regional and locafyrppysio setting,
including the geology and geography of the area being invdstiba A thorough
understanding of the limatic conditon and geologyof the basin is indispensablein the

process ofssessing ancharatersing the groundwater resousc®f the region

2.2 Location

The geology of Nigeriaconsists mainlyof basement comples and sedimentary basin$he
port city of Lagos is however,located in thesedimentarysegment of thesouth-westernpart
of Nigeria, a zone of coastal creeks and lagodBlueze and Nton 2004). It les
approximately between longitudes 3R°E to 4°30 E and lattudes @5 N to 7°00 N
(Oladapo et al., 2013 The Lagos States bounded in thesouth by the 18®m long Atlantic
coastline while it is bordered in thaorthern and easteends bythe Ogun Stateand shang
a boundary with the Benin Republic at thesern limit (Odumosuwetal, 1999) Figure 2.1).
lts land size is about 877knt; about 22% of which is a watercovered area (Odumosu
etal, 1999).1It is the smallest state in the federation in terms of landntdras. 1991, Lagos

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



nation (Adelanaetal, 2008) Lagosaccounts for over 606 of the industrial and commercial

activities of the nation Nwagwu and Oni, 2015).

[:] Tertiary = Recent m Jurassic Younger Granites

- '?:dnh'::n\s'olcanics :] Precambrian Basement
iary ,
[: P Major (reference) town

Benin Flank [ Study Area
[E] Calabar Flank

Source:M odified after Olaje (2009)

Figure 2.1: Generalsed geologicalmap of Nigeria showingLagos State

The study areacomprisingparts ofthe Lagos coastal bel, is situated within the coastal plain
sand CPS) aquifer of Lagos rd les approximately between longitud8%1l8'E to 3°54'E
and lattudes6°20'N to 6°32'N It is bordered in thesast by IbejuLekki, in the west by
Apapa, in the north by lagoon and in thesouth by the Atlantic OceafFigure 2.2. It is
situated on séitiied seles of sedimentary rocks composed sitstone claystone peat or
coal associated with sastdne deposition. The total area of study was estimated to be
approximately200kn?. The research area @irrounded by water bodjethe Atlantic Ocean

a lagoon and creeg forming a large tract of land frothe centralareatowards theeastern



imt of the study. These surface water bodiese of tremendous ecological importance to

neighbaring communities and plakiost to a large variety of flora arfauna.
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Figure 2.2 Location map of the studyarea
2.3 Climate, Topography, and Drainage

Climate is a major factor influencing thevailabiity of water esource of the coastalegion.
This is due to the fact that both the surfacater and groundwater in the coastal area are in
direct response to the local climatic condéiqYusuf et al., 2018) The system is essentially
recharged through precipitatiomhie evapotranspiratiortausesthe depletion of surface and
subsurface moisture. Hydrological processes such as surfaceff ramd groundwater
recharge rate are strongly influenced by rainfall frequency and intensity. Adequate

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

Lagos, unlke thenortrern parts of the country, is very humid widm averagerelative
humidity of above 70% throughout the year (Ogundele, 2012). The region fals intmrad



tropical clmatic region charactsgd by the hot and wet conditons associated with the
movement of the Intefropical Convergent Zoneorth and south of the equator (Adelana
etal, 2008. The directionof the windi s synchr onous to timer seaso
Tropical Convergent ZoneDuring the wet season, theouthwesternwinds prevail as the
front moves to thenorth. However, as from October/November when the front moves
souhwards the northeast winds sweep in the dry season. La&®iade however, experiences

a predominantlysouthrwesterly wind and sea breeze throughout the year (Ogundele, 2012).
In Lagos, the annual average tengpare is about 27 (Adepelumietal, 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
etal, 2008).

The area is chartarised by torrential rainfall and governed essentially by two major seasons
the wet season spans between Apri and Novemdale the dry season covers the months
of December to March.Oke (2015 reported anaverage annual rainfall of 1800mm
(70inches) for Lagos as indicated n Table 2.1. Eighty percent of the annual rainfal
(1440mm) falls during thesouthwestMonsoon (April to October) andthe remaining twenty
percent (360nm) falls during the northeast Monsoon (Novemberto March). The recent
rainfal data show a slight increase in precipitation in the area when comparetheto
1700mm per annumreported by Adelanatal (2008) for the same regioBxtreme rainfall
events occur when occasional tropicalclones over the Atlantc Ocean make landfall
Generaly, precipitation increases framrth to southin the Dahomey Basin. This is reflected
in the high rainfallrecordedin the southern part of the Dahomey Basin in Lagostherthan

in the northernend at Abeokuta ifland). The average annual recharge estimate varies from
1800mm for Lagos, 00mm for ljebuOde and 200mm for Abeokuta Table 2.1). The
stormy and sporadic pattericharactedng the heavydowrpours, sometimes runningpr as

long as aweek usually subject thecoastal basin to frequent floodinthereby increasg the

threat on groundwater, particulartiie shallow aquifer.



Table2.1: Twe nt y ranflladatsodthree major cities in the Dahomey Basin

Year Lagos (mm) liebu-Ode (mm) Abeokuta (mm)
1987 2 057.0 1501.9 1277.1
1988 24321 1653.2 1 604.4
1989 1702.6 14455 1401.0
1990 2 030.2 1713.8 1111.0
1991 17229 1 646.9 11731
19 1357.6 1611.8 1076.7
1993 1828.2 1456.9 1193.6
1994 1 602.3 1 556.9 712.2
1995 2 025.3 1643.8 11775
1996 2 535.9 20324 14716
1997 1936.8 1 705.7 1354.9
1998 12329 1172.8 11184
1999 2 056.9 1819.4 1 530.4
2000 1 458.9 1655.0 12019
2001 1110.0 1462.3 849.2
2002 1523.2 14265 1235.1
2003 1549.0 1572.0 12147
2004 21174 1 766.6 1153.3
2005 1745.6 14733 917.5
2006 1996.2 2 043.6 1157.2
Average 1 801.05 1 618.015 1196.54

Source: Oket al. (2016)

Floodng of the Lagos coastal strip occurs during the rainy season, May to Qcobes
more serious when rains coincide with astronomically high tides (Awastikd, 2000). In
mid-2011, the LagosState experienced one of the worst and most devastating fieeents
that claimed 20Ives 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 i) lmdi
houses along channels (Stearns, 2011). According to Kalu (2011), it rained foouls]
while the Nigeria Institute of Oceanography and Marine Reseafffiimed that the supposed
rainfall of 264mm for one ful month was recorded in one d&om the above submission,
the calculated averagef 0.37mm/lour, or 8.8mm/day maybe proposed as the threshdidat

the study areabeyond which flood will occur. A comparison of this threshold with the
average of 15.58mhour that it rained in less than day in 2011 was 42 times more than

the thresholdvalue It is, therefore not surprising thathe National Emergency Management

10



Agency taggedthe event as the most devastating flood occurrenderiagos StateFigure

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

Source: Alegba (201 Source: Slaughter and Odume (2(

Figure 2.3: (a)Floodedhighwaysin Lekki, Lagos (b) Floodedstreetat Apaparesidentialarea

Figue 24 shows t he rainfall pattern over t wen:
Meteorological Agency for lgos and two notable cities located in the immediate vicinity of

the study area within the Dahomey Basin.
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Figure 2.4: Twentyy e a anisudl rainfall patternof Lagosljebu-Ode
and Abeokutain the DahomeyBasin
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Temperatures also reflect variations however, more subddethan rainfal. Temperatures
peaked n the dry season with the maximuecordsrangng between 29 and 34 and
lowest in the wet season with the minimumcords rangng between 24 and 28
(Ogundele, 2012).

The bppographyof the areais generaly characteed by the low-lying aluvial plain. It is
roughly about 3%n above sea levelith a shallev water table (as shallow as Ol Some
depressionsvere observed in places along the coastal belt which are prone to flooding, as
they are apparently below the surface of the lag@yedele and Momoh, 20Q9The sandy
nature of the areacoupled withrelatively flat topography and shallow water taldahance

the close relationship between the surface water grodndwater.This association is evident

as the groundwater becosnsaling particularly in proximity to the saline sources (Ayolabi
etal, 20L3; Yusuf etal, 2018). The groundwaterevel in the study area is sensitive to
prevalent local weather conditions and respouitectly to rainfal and seasonal cycles.
Coastal wetlands, sandy barrier islands, beachesliimyv tidal flats, and estuase are
typical landforms that characwsi the area (Adepelumetal, 2008). The Cretaceous
sedimets are unconformably overlaiby relatively thin, discontinuous, shallow marine and
beach deposits, whie the Quaternary sedimentsx ofiriety of depositioal 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 aqaifier strong interactions with

wetlands in the basiarepromoted.

The drainage sgem consistsof the Lagos and Lekki lagoap fed by the Oni Osun and
SunmogeRivers in the north-easternregion and bythe Ogbere and OguRivers in the north-
central and northwestern parts of the lagn (Emmanuel and Chukwu, 2010), whie the
Badagry ceek is being fed bythe Yewa River. The Lagos lagoon is the onipne with
significant surface drainage with which other connected tributaries are linked tocdba
(Figure 25 and Figure 2.8). The LagosMetropoltan Areaconstitutes about 3% of Lagos
State with 455kn? of the metropolis being waterbodies, wetlandad mangrove swamps
(George, 2009).
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2.4 Populationand Land Use

Lagos is known to be one of the fastggiwing and emerging coastal cities in stihara
Africa (Sojobiet al., 2016). With the recentruralurban migration, the present populatiari
Lagos based on estimaedy Bloch etal. (2015) can be conservativelystimated to baround
17.5 milion However, the population of the metropolis wasstimatedat 14 milion in the
year 2000 (Boomie, 2001}t is clear that whatever the size, and however the city is defined,
Lagos is the cer of one of the largest urban areas in the world. With a population of
perhaps 1.4 milionn 1970, its growth has been enaws. The rateof population growth is
about 3000 personger annumwith an average density about 1308 persns per quare
kilometre, whereasthe average density in the buip urban areas of the city 20000
personsper square kiometr¢Adelana et al., 2005

Lagos Metropolitan Area, with a total lard area of 300kn? and an annual growth of %,

was ratedl as o ne of t he wor | dos. BesdeseLaganeisga tighly i e s [
industrialed state, which accounts for ove80 % o f the nationdés total
(Atakpo et al.,2011). There are over@O0 industries located across the length larghdth of

the city (apan International Cooperaton Agencyl999). 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 posdemld threat tothe environment

especialy the groundwater resourcs. The stateos three mai n S €
urban, pefurban and riverine, while industrial, pearban agricuture, commercialctivities

and fishing are the majoactivities in thelLagos Metrpoltan Area It is important to note

that the rapid growth in populaton and indusfsaion in the Lagos Metropoltan Area

further increases pressure on the already stressed groundesderce

2.5 Populationand Water Use

Lagos is faced with the chalge of acute shortages of municipal water supply resulting from

a tremendous increase in the population of the city, aithestimated17.5 milion people in

the year 2015 This demographic expansion had great consequences on the municipal water
supply sygeem and increased the problem of waste management within the city (Adelana
etal, 2008). The supplyof drinking water to the residents of Lagosdsawn from both
surface water and groundwater resources. To date, the Lagos Water Corporation (LWC)

harnesse water essentialy from three surface wateramely lju, Ishasiand Adiyan (major
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waterworks) and 48 mini and micro waterworks from groundwater. The major and
min/micro waterworks havea total capacity of 119and 91milion gallons per day
respectivgl (LWC, 2009. Despite the high total daily production, the water supply in Lagos
is becoming more critical in response to the population explosion iM#étepoltan Area
According to Fasonatal (2005 and theLWC (2009), a supply of 340million litres per day
which accounts for about 47% of the total domestic water distributed throughout the state
is being sourced from the surface rivers, whie the remaining %2.874 milion lires per
day was produced through groundwater. The importanceraingwater to the residents of
Lagos was further elucidated by Sampkal., (2013) as ilustratedn Table 2.2 where the
high-income category utiises 9% groundwater, whileghe low-income sector focuses on dug
wells (59%).

Table 2.2: Importance of groundwater to Lagos residents

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

Source: Sampletal. (2013)

It is important to note that the type of water sourced deplmdely on price, qualtyand
proximity. Due to the steady population growth of the coastal city, the water demand has
outpaced the supply over the years. The Statdfacdemand gapfd330 milion galons per

day in 2011 (LWC, 2011) which is continuing until these dayk orderto meetthe water
demand,the solution byresidentswas sinking private boreholesyater supply via tankersand

water carts, boreholes and welich 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 %0 of the water demand. This thus confirms that
groundwater resourseare heaviy reled 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 @flidon gallons per dayLWC,

2011).

2.6 Vegetation and Land Cover

The Dahomey Basin vegetation varies from a rainforest, lweich characteges the
nortrernmost eng to prevaiing swampy mangrove vegetation in toeth. Rivers, streams,

creeks, and lagoons dominate theuthern limit of the basin, particularly Nigeria andthe
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Benin Republic where most parts of the basin are wagged. However, thevegetationof
Lagosis dominated by freshwater swamp forests, brackish water swamp forestpaaiath
forests Federal Environmental Protection Agency 1997. The vegetationis influenced bya
high rainfall patternthat characteges the region and makes the environmentperpetual
wetland domain.Consequentto land reclamation orchestrated Hiye population explosion,
industrialsation and urbansdion, this nattal ecosystemhad been greatly distorted and
degeneratedAccording to Obiefunaetal (2013), the mangroves decreased by %/ from
88.51kn? to 19.92kn?, at an average loss of 3.k&7 per yearwhie swamps were depleted
by about 52%, from 344.74knT to 165.37kn?, atan8.15kn? per yeardeficit between 1984
and 2006 due to urbaation (Figure 2.6.
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Figure 2.6: Percentageof land coverchangesin the studyarea: 1984 2006

2.7 Geologcal Settingof Dahomey Basin

Regionally, LagosState is an integral componendf the DahomeyBasin The evolution of
Dahomey Basin was attributed to the transcurrent movements on the oceanic fracture
systems especialy the Romanche, Chain anthafCot 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 pubpart basin (Kingstoret al, 1983), in which thesastern half occurs in

the Nigerian territory within which the present studsreais located. The basin is composed

of an extensive wedge of Cretaceous, Paleocene and Neocene sedihesgsaranarked

with decreasinghickness from the onshore margioith) of the basin where the Cretaceous
clastic sediments rest on the Basement comptewards the offshoresgutl) where thick
finer-grained Cenozoic sediments obscure the Cretaceous rocks developed in Leptogeoclinal
basins (Whiteman1982).

The sequence of Cretaceous has been subdivided into Foreeations, namely the Ise,
Afowo, and Araromi Formationsformerly known asthe Abeokuta Group (Jones and Hockey
1964; Onatsola and Adegoke, 1981). The Upper Cretaceous rockich are largely
Maestrichtian are predominantly of sandy facies and werebphbly laid down during the

first postSantonian sedimentary cycle (Murat, 1972). The oldest known Cenozoic Formation
in Nigeria (Dahomey Basin) is the Akinbo shalkehie the youngest is the Benin Formation
and alluvial deposits. The Cenozoic Formationuseqe exposed ithe Nigerian parts of the

Dahomey basin is Akinbo Shal&wekoro Formation Oshosun Formationilaro Formation
and alluvium CPS(Figure 2.7.
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Figure 2.7: Generalsed geology map of the DahomeyBasin

2.8 Stratigraphic Setting of Dahomey Basin

Several detailed studies have been carried out on the stratignip setting ofthe Lagos

Metropoltan Areaand environsby researchers such as Alet al (1981), Omasola and
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Adegoke (1981), Okosun (1990) and Adekeye (200Fjive lithostratigraphic &rmations
ranging fromthe Cretaceous to Tertiary agesere identified The succession from the oldest
to the youngest includethe Abeokuta Group (Cretaceous), Ewekdformation (Paleocene),
Akinbo Formation (Late Paleocérearly Eocene), llaro Formation (Eocend€}PS and
Recent sedimentsT@ble 2.1). Despite the extensive research on the bassearcherare yet
to agree onmany issues including the age of thes€&ormations. They dohowever, all

recogrge their successions (Nton, 2001).

2.8.1 Abeokuta Group: Neocomian to Maastrichtian (Cretaceous Sequence)

The oldest sedimentary succession in the DahoBesin constitutes the Abeokar Group
(Figure 28). This succession covers the whole of the basin with varying thicknesses. The
formation consists mainly of sitstongoorly sorted ferruginous grit sitstoneind mudstone

with shaleclay layers that were deposited in a turbulentishatea 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 resdmai subFormations:the Ise

Formation, Afowo Formation and Araromi Fortina (Omatsolaand Adegoke1981).

Ise Formation: Neocomiani Albian: This Formation consists of basal conglomerate
with grits overlying the basement complex and the conglomerate, in turn, is overlain by
coarse to mediwgrained loose sands, sandstones] grits with interbedded kaolinite.

The conglomerates are unimbricated with ironstones occurrence in places. The cross
bedding azimuth of sandstone ante tpebble algnments point to a nesthstern
paleocurrent system (Nton, 2001). Tfasmation marked e end of the regressive phase

of Benue Trough during Abbian, and conformably overies thesementrocks of
southvest Nigeria. Ise Formation is highly prolific with respect to groundwater due to the

high amount of pore spaces charasiggi the conglometa.

Afowo Formationi Turonian: The Afowo Formation overles the Ise Formation and is
composed of coarse to medigmained sandstones with a variable proportion of
siltstones, claysand interbedded shales in its upper part. The shale component increases
from bottom to top, and the lower parts the formation are transitional with mixed
brackish to marine horizonsalternating with well-sorted subrounded, clean loose
fluviatle sands (Bilman, 1976). This indicates the Iittoral or estuarine nearshore

envronment of deposition, where there is a rapid fluctuationthef water level. This
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formation conformably overlies the Ise Formation, but sometimes overlebatbement

complex in some locality (Adekeye, 2005).

Araromi  Formation T Maestrichtian: This Formation is equivalent to the unit
informally called the Araromi shale by Reymentl965). The Araromi Formationis the
youngest of the Abeokuta Group arwbmprisesthe basalfine- to mediumgrained
sandstones thatre overlain by shale and sitstone bedshwihin interbedded limestones
and marls (Ogbe, 19700 matsola and Adegokel981). The light grey/black colwed

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

2.8.2 Ewekoro Formation T Paleocene Tertiary sequence

The Ewekoro Formation is underlain by th&beokuta Group conformabhand consists of
fossiiferous limestone (Adegoke, 1969}t is over 30m thick in the Sagamu quarry
(Adegoke etal, 1980). The formation becomes marl, with increasing arenaceous content
towards the base and grades into the nywalg predominantly sandy Abeokuta Group (Jones
and Hockey 1964). According to Ogbe (1970), the Ewekoro Formation is an extensive
imestone body that is traceable over a distance of aboukrB2flom Ghana in an easterly
direction towards the eastern wjarof the Dahomey Basin in Nigeria (Adekegeal, 2005).
Evidence indicates a shalow marine envirorimeh deposition (Adegokestal, 1980). The
formation extends to the Benin Republc and Togo where it is referred to as calcareous
atogocyamus. The Ekoro 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 T Upper Paleocendo Lower Eocene

The Akinbo Formation unconformably overliethe Ewekoro Formation and its bassas
recogrsed by the presence af glauconitic rockband above the Ewekoro Formation. The top
of the Akinbo Formation is identified by pure grey, gritty salagking red mottingand with
minor clay. Shears and cracks observed in the shale offdhisation can be a preferential
pathway for groundwater movement and may also be responsible for the fregisging

of borehols in areas underlain by thisrmation (Okeetal, 2016).

2.8.4 Oshosun Formation i Lower Eoceneto Middle Eocene

Overlying the Akinbo For@tion is the Oshosun Formation. dbmprises greenisgrey or

beige clays, light greyish, white to purple ¢lagnd unconsoldated clayey shale with
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interbedded sandstone. The shale is -larlnated and glauconitic (Okosun, 1998). The
formation exhibits ignificant lateral and vertical lthological variat®rand probably marine
throughout its thicknessThis 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 bedjlewthe basal bed comprisdascies of sandstone,
mudstoe, claystone, and shales. ThisoriRation is compositionally phosphorite (Nton,
2001).

2.8.5 llaro Formation T Upper Eocene

The llaro Formation consists essentialy @oarse sandstone of the marine, deltaic and
continental environment with lateral facies variations. TRsrmation occurs above the
Oshosun beds and is referred toths llaro Formation (Slanskyl1962). The texture of the

sands indicates a beach or glioe and nearshore environment (Joaed Hockey 1964).

The sedimentation of the Oshosun Formation and consequent marine regression resulted in
the deposition of sandstone srit the llaro Formation. Thisformationis well-known for its

aquiferous potatial with an average thicknesange of 30 mi 60 m (Okeetal, 2016).

2.8.6 Coastal Plain Sands/ Benin Formation

The CPSis the youngest stratigraphic succession in the Dahomey Basifoffhegion exists

as both unconformable and conformable sunpon the llaro Formationlt consists of poorly
sorted sands, clay lenses, and rare thin ligntesl frequently contains pyritic fragments.
They are crosbedded and reflect more diie continental characteristics. The formation is
assigned age ranges from Oligoe¢a Recent (Reyment, 1965). With exceptiohthe recent
aluvium sediment that was depostted along the shore, the Benin Formation underles the
entire Lagos Metropolitan AreaThe thickness increasé®m north to souttand a thickness

of as much as 406 was reported towards the coast (Agagu, 1985). The CPS -rotesl

for its groundwater resourcehowever, this resource isvulnerable particularly the upper

aquifer
2.8.7 Recentsediments /alluvial deposis

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

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

coastline. Figure 2.8shows the generalised stratigraphy of the Dahomey Basin.
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Figure 2.8: Generalsed stratigraphyof the DahomeyBasin
2.9 GeologicalSettingofthe Lagos State

The geology ofthe Lagos State is a mainly sedimentary sequence of the Tertiary and
Quaternary depositsThe entire coastalitg 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 sit, clay, and sand of various grain sizes and
mineralogy without any basement outcrop. The area is developed by barrieresheach
associated with sand deposi®gbe, 19700 The neaisurface Quaternary geology includes

recent littoral sandy aluvium and lagoon/CPS (Jones and Hockey, 1964; ¢éraigel 987).
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The subsurface geology reveals two badiolbgies: clay and sand its1 These depositare
interbedded in places witblayey sand orsang clay and occasionally with vegetable remains
and peat. The Lage®sse Basin,in the eastern sector of the Benin Basin, underlies the
wesern lowlying coastal zone, where rock exposurge poor due to the thick soil cover.
The coastal belt varies in thickness from aboltr8around the Republic of Bedinborder to
24km towards theeastern end of the Lagoagoon (Nton, 2001). Figure 2.9 shows the

geological map of Lagos State
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Figure 2.9: Geologicalmap of LagosState

The entire geology of the coastal basin was formed in the recent geologealpbst
Cretaceous) The surface geology includeke Benin Formation (Miocene to Recent), recent
littoral alluvial, lagoon and CPS deposits (Longealet 1987). The sediments consist anf
admixture of coarseto medium grains, clean white loose sasdy that graded into one
another towards the lagoand near the mouth of larger rivers (Oyeyemial., 2015). The

subsurface is made up of sepgrmeable to impermeable geological formations (Akoteyon
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et al.,2011). The CPS in a zone between Lekki and Akodo around Lakowe-ésmitbf this
study area)and estimated to be about Rf wide, consists predominantly of clay with only
about 60m of sand overlying about 240 of clay, unlike the other areas of the basin where
sand represents between 0 and 95% of about 300n thick horizon (Oteri and Atolagh
2003).

2.10 Hydrogeological Setting

The basic physical features of the Lagos coastal aquifer are controlled by the nature of the
geological strata, whie its physical and chemical characteristics are infuenced by both
natural (geological) and anthropogemicocesses(Longe etal, 1987) Generaly, the good

and majoraquifers in the coastal zone wksternNigeria occur inTertiary and @aternary
sedimentdeposits whie shale and clays form the impermeable horizons (Letge, 1987).

An unconfined shally aquifer also exists at less than B0n much of the near coastal area
(United Nations 1988). The waterbearing strata of Lagos State consist of sand, gravel
admixtures from fine through medium to coarse dsagravel (Adeleye, 1975)Although
opinion may differ among various authors with respectthe thickness and depth of a
particular aquifer,it is unanimously agreethat the LCB consists ofthe multlayered aquifers

hosted within the DahomeRasin

The notableaquifers aredistinctly divided inb four types. The CPS is the mastcessible

and most exploited aquifer through boreholes and -dagdwells inthe Lagos Metropolitan

Area This forms a muliyered aquifer system consisting of three aquifer horizons separated
by sitty or clayey layersKampsaxKruger and SshwedAssociates 1977; Longeetal, 1987).

The first aquifer comprises recertlluvial sediments, whighe second and thirdre the upper

and lowerCPS aquifess, 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 tarnfgt iacany
boreholes or existng wels in the metropolis. The unit represents a minor groundwater
resource in Lagos. The fourth is the Abeokuta Formation (Longe, 2@hith is represented

by siltstone, poorlysorted ferruginous grit sitstoneand mudone with a shale clay layer.

Figure 2.1Gshows the hydrogeological crossection
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Based on Jones and Hockey (1964), the first aquifer extends from the ground level to roughly
12m below the ground layers of clay and sand. This upper aquifer is of mportamce for

large water supply purposes and it is prone to polution because of its limted depth. The
second aquifer is intercepted betweenn2@nd 100m below sea level and it can be found
around the lgando axis. The third aquifer is encountered incengral part of Lagos at a
depth ranging from 13t to 160m below sea level. The fourth aquifer is located at an
elevation of approximately 450 below sea level and it is separated from the third aquifer by

a rather thick layer of shale of the EwekororiRation. Only a few boreholes tap water form

this aquifer (Jones and Hockey, 1964).
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Figure 2.10: Schematichydrogeologicakrosssectionof the studyarea

The Abeokuta Formation constitutes a deep aquifer only withimantlern parts of Lagos

city (Ikeja area) whereboreholes areabout 750m deep. Simiarly, Longeetal (1987
describél a succession of a m thick lateritic cover (locsled occurrence) thais underlain

by alternating thin sands and claiys the part of Oregun, Ikeja. The frst aquifer of loose,
medium to coarse sands with an average thickness of about ufdlerlies this sequence.
This water table aquifer is tapped by shallow boreholes dugwells for domestic water
supplies and its thickness of 0 separatethe first aquifer horizon from the second sandy
aquiferous zone. The second aquifer zone is a very vital groundwater source for private,

commercigl and industrial supplies and dsisbetween 2¢n and 70 m (Longe etal, 1987).
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This aquifer is confined with average values of transmissaiyg storagecoefiicient of
1120n? per day and 3.7¥10%, respectively have been reported (Longe, 2011). A third
major aquifer zone, ranging frodbm to 30m in thickness, occurs a greater depth in the
Benin Formation. Encountered in centtalgos Metropolitan Areat depths ranging between
118m and 166m below sea level, this aquifer underies much of Lagos State and dips
towards the coast (inge etal, 1987).

The Abeokuta Group aquifer is thick, extensive, contains water with recorded temperatures of
up to 80 (KampsaxKruger and Sshwedssociates1977). This aquifer is relatively deep

and as suchexpensiveto exploit; it is tapped only ¥ very few industrial boreholesThe

general characteristics of Lagos aquifers were documented by Kaiipsger and Sshwed
Associates (1977)Table 2.3.

Table 2.3: Descriptive characteristics of Lagos aquifes

Trintenals* (m’/sx10°) oo o, Discharge (n/hour) Drawdown (m)
T 1 Poor 20 912
1 OT 5 Medium 301 50 5i 8
5 O Good 50 100 310
10 OT Very good 150 217

*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 thiy to the coast in theouth and the sand percentage

in the formation also variefom north to souti{Longe etal, 1987). Generalynorthto south
groundwater fow was exhibited with two small ceref depression in lkeja and Apapa due

to intense grordwater abstraction (CoodBlizzard 1997; Oteri and Atolagbe, 2003)he

salinty level in the aquifer changes fronorth to south The northern and centrgdarts of the

State are charactesed by the freshwatdvearing aquifer, whighe sltwaterbeamg aquifer

occurs in thesoutherncoastalpart of the State (CoodBlizzard 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 oatious degrees of investigations
(publshed and unpublshed) 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 chrmogt by Jones and Hockey (1964), Kampsax
Kruger and Sshwed Associates (1977), Omatsola and Adegoke (1981), Oteri (1977, 1986),
and Omosuyi el (1999).

Some recent publications that used conventional hydrochemical methods to investigate the
groundwater of Lagos include lkem etl (2002), Adelana etl. (2003), Adelana and
Olasehinde (2004), Adelana at (2005), Adelaa etal. (2008), Adewuyi et al(2010),
Balogun and Akoteyon (2012), Akoteyon (2013) and Odukoya. €2013). These studies
presenteddetailed information about the hydrogeological and hydrochemical characterisation
of water in the northern parts relatve to the study area. They al reported elevated
concentrations of at least an element in fresh grouedwabove the recommended lirfar

potable water by the World Health Organization and that contamination due tdotaigh
dissolved solds (TDS)nitrate, sulphate, and chloride that occur essentially around dumpsites
and residential zones. Adelanaakt (2008) studiedhitrate contenin groundwater in different

parts of Nigeria from prd970 to 2004where they synthesized hydrochemical data of about
2,120 boreholes across the country. They repaatgdadual increase in the nitratentent of
groundwaterfrom 1960 to date, and that alhdB3 % of the wells produced water above the
WHO qguide limit of 45 mg N@ /L, whie 52 % was observed to exceed the permissible limit

of WHO in the LagogOsse basin. This nitrate anomaly waggested to bassociated with
anthropogenic activitiesAkoteyon (2013) and Soladoye and Ajibade (2014) both made an
overall statewide analysis of selected haddg wels 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 stadards and thus none of the sampled

indicates deterioration of water qualy.
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More recent investigations on hydrochemical assessment to the western side of the study area
were documented by Adebo and Adetoyinbo (20@3batunde edl. (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. Témomalous occurrence of bacteriological content and at
least one metal in all the water asald required urgent attentioAdebo and Adetoyinbo

(2009) recorded an elevated concentration of chloride in an unconsolidated aquifer in coastal
parts of Lagos ahthis is traced to saltwater intrusion, while the water type delineated include
(FeCaMg-SO4), (FeCFHCOs) and (MgCl). Simiarly, Ikem et al. (2002) evaluated
groundwater quality close to a waste site in Lagos and fauooincentration of N@ NHs,

COD, Al, Cd, Cr, Fe, Pb, and totablform 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 sucloas Isol
Ojota, Festac, llupeju and Agbara. Elevated concentratidiO3, Cl, SQ,, POy, Fe, Mg, and
Colform was detected at Isolo, Ojota and Festdgtis is attributablgo the leachate impact.

While high camium, antimony, hrium, tellurium, tungsten, copperead and nickel
recorded at Agbara was linked to industrial efuent. Oyeku BEiodoyin @010) assessed

heavy metal pollution of groundwater resources in Ojota area with high level of metals such
Pb, Cu, and Fe recorded in the hatdg wel They submittd 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 poltteanwhile, Soladoye and
Ajbade (2014) carried out random groundwatemliyu study of Lagos state taken (30)
representative samples froanshalow well in all the 24.GAs and affirmel from their study

that there waso sampling point that did not have at least one parameter exceeding WHO set
standards Hence, none of the sanigd wdls codbe considered Apur eo,
deterioation. He then concluded thgroundwater within the Lagos environment cannot be
said to be potableA simiar study in the southern coastine conducted by Balogun and
Akoteyon (2012) in an uncsoldated aquifer, indicated seawater intrusion and industrial

wastes as the majsources of polution of the groundwater the area.

Studies on the quality and hydrochemical characteristics of groundessewidely reported
worldwide (For example,Coetsiers and Walravens, 2008anoengYakubo et al., 2009;
Yidana et al, 2012; Biye 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 geolagil materials through which water flowgock-water interaction).
Although, rock weathering process an important factor in the hydrochemistry of surface
and groundwater resource®valuation of the dominant chemical process in groundwater of

the LCBis scace, 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 freshwaitsaltwater interface iselatively shallow and water withdrawals

are from depths close to the freshwiagaltwater interface Also, excessive groundwater
withdrawals can increase the incidence of seawater intrusion. Simiar studies to demarcate
saltwater intrusion zones in freshem aquifers in coastal areas were undertake®teyi and
Atolagbe (2003),Adelana and Olasehinde (2004), Adelanaalef(2008), Adepelumi el

(2008), Ayolabi etal. (2009), and Adeoti et al. (2010Wwhich further supported the presence

of saltwater inusion in the coastal areén a simiar study, Ayolabi &l (2013) examined

the saline water intrusion into wels at the University of Lagos using geophysical and
geochemical analyses. The result revealed that tdwstal aquifer had been affectdyy
sdtwater from te adjacent lagoon, as observed from imereasing electrical conductivity

(EC) values rom mainland aquifers towards the lagoon. In the study by Oladapb et
(2013), the result showed the occurrence of saline water of varying depthbickngsses

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, Oyeyeali €2015) investigated saline water
intrusion in Oworo, a cadal alluvial terrain in Lags. The study revealed thdbe 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 wwerld. An example from South Koreais

gving in Lee and Song (2007)from southernAustralia in Barret et al (2002)and Frohlich

and Urish (2002) fromrRhodes Island, USA. drticularly, Nowroozi et al. (1999) delineated

the saltwater/freshwater interface the gedogical setting of the easterrhae of Virginia.
Furthermore Urish and Frolich (1990) and Frohlich et a{1994) observed that the discharge

of a large volume of groundwater ynanduce saltwater intrusion into the freshwater aqsifer
Several researcherhave adopted variety of approaches to studlge interactiors between
surface water andgroundwater. These include experimental determination and estimation
through numerical modeling (Mondal et al, 2Q1@geophysical surveys (Lee and Song,

2007); Isobpic signatures (Ne'grel andCasanova, 2005); and mulivariate statistical
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techniques (Liu et al., 2008Although, the issue of interaction between freshwater and saline
water has received fairl considerable attention,to further improve and enhance
chamacterisationof the subsurface coastal aquifahis researchwork employed the use of
conceptual mods| isotope studiesand multivaiate statistical methods that hawet been

adopted previously in the study area.

Furthermore the use of isotopes havenot received considable attention in Nigeria
especialy in the southerparts of the country. Only a few researchers (Kehinde, 1993; Goni
and Edmunds, 2001; Adelanaakt 2005) have usedtable and environmental isotopes to
investigate the origin, age, ldw path, and recharge estimate of groundwater in the northern
and central parts. Tijani et al. (1996) used hydrochemical and stable isotope compostions to
deduce halite dissoluton as the source of salinty of groundwater in the Benue trough in

southeastNigeria.

On a global perspective, environmental stable isotopes of hydrogen and oxygen are used to
determine groundwater origin, and have been used to undersiandechanism by which
groundwater is recharged and groundwater dynantiercgeg et al, 199. Tredoux and

Talma (2008) used isotopes of nirogen and oxydeN, (-°0) to deduce various sources of
nitrate in groundwater in parts of South Africiogel and Urk (1975)gave an addiional
example of the application of environmental isotopes in rgehatudies in South Africa. The

use of environmental isotopdsf 20, ?H, *H) was adopted by Alemayehu et al. (2008) to
deduce recharge source of groundwater and also to study interacfiadifferent water

bodies in Addis Ababa, Ethiopia.

In Summary,it is evident from the brief literature review that groundwater qualty assessment
has received considerable attemtiowith respect to conventional hysicochemical
geophysical and pathogenic analyses. However, it is sugptist scanty studies have bee
conductedwith respect to the aquifer evaluation through modaisl isotope perspectives
(scientifically adjudged most qualtativendicator to study groundwaderof groundwater
particularly in the southwestern part of the counthe location of the present study.The

need for this research besa imperative not only because of the increase in demand for
water supply as a result sporadic growth in population but albecause of the dynamic and
complex nature of the contaminants being generéethopogenic and natural) and which
necessitate periodiscientfic monitoring before the situatidmecomes worsen, uncontrollable

and catastrophic
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3.2 GeophysicalMethods

Geophysics remains the most viable tool for groundwater exploration and aquifer delineation
It is highly effective and records significant success srate probing the subsurface for
groundwater. There arevelcknown geophysical techniquethat are available for ground
water exploration in both sedimentarand basement complex terrains. Theselude
electrical resistivity, electromagnetic and seismic refracti@ther occasionaly deployed
methods aregravity, magnetic and self (spontaneous) potential methodse prominent
geophysical method thas being used for groundwater prospectingthie electrical resistivity
method This is due to its adaptabilty for qualitative, semuanttatve and quantitative usage

for groundwater evaluation.

3.2.1 Electrical resistivity

The ability of electrical current to flow through materials is known as resistmihich is an
intrinsic property measured in units ohm metes ( gqn). The method involve the intro-

duction of a timevarying direct currentor very low frequency (<1 Hzplectric current into

the ground through two current electrodedile the potemtl gradient (voltage) is measured
across another pair of electrodes (potential electrodes), which may or may not be within the
current electrodes, depending on the configurafidme current fow lines are perpendicular

to the generated equipotential auds. As the distance between electrodes increases, the
percenige of the current flowing at depth increasekn a homogeneous and isotropic
formation at a depth equal to the electrode spacin§p @ the current flow is above a plane
(Burger, 1992)thatis, the distance between C1 and Eure 3.).
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Estimated Depth

\ 4

Source:M odified afterBurger (1992)

Figure 3.1: Crosssectionin a homogeneousndisotropicearththrough anelectricfield whichis
setup by a two-current electrodeconfiguration indicatedby C1 and C2

In a mullayer system, the progion of current that penetrat particular depth is dependent
largely on the electrode spacing, depth to the interface, and the material resistivities above
and belov 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 ands rofikencing the
current; it is calculatecdby multiplying the recorded resistance (that is, the measured potential
difference diided 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
subsurice aquifer of the study area, Vertical Electricalu@ling (VES), two-dimensional
electrical resistivity tomography 2D ERT), and borehole geophysical logs revethe
techniques employedThe most common electrode configurations used to measure apparent

resistivity of the subsurface are Wher, Schlumberger ardipole-dipole (Figure 3.2).

i ===

---------------------------------------------------------------------------
---------------------------------------------------------------------------

---------------------------------------------------------------------------
---------------------------------------------------------------------------
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Figure 3.2: Commonelectrodeconfigurations usedto measue apparent
resistivity of the subsurface

3.2.2 Borehole geophysicallogging

Borehole logging is a process that involves measuring of physical, cheamcalstructural
properties of penetrated geologicalrnfations using logging togls namely transducers
(probes and detectorshat are lowered into a borehole on a wireline cable. The equipment,
field application, and interpretaton methods have been discusse@sbgrchers such as
Hallenburg (1987, 1992)Keys (1990) Yearsley and Crowder (1990) as wel as Samworth
(1992). Applications of geophysical well logging methods in shallboreholes have been
carried out by anumber ofresearchersover the years for different purposesgeological
investigations (Doston and Prensky 1992) determination ofphysical properties(Hearst
etal, 2000), hydrogeologicaktudies (Repsold, 1989; Marestal, 1994; Jorgensen and
Petricola, 1995;Kobr etal, 2005; delineation ofcoastal aquifers and freghtei saltwater
bowndaries (Buckley etal, 2001 Hwang etal, 2004) and environmental investigat®n
(Taylor etal, 1990;Keys 1997 Krammer 1997).

3.2.3 Dar Zarrouk parameters

The term 6 waZ ntintedon klgttrical prospecting by Maillet (1947) for
descriing a relationship between thengitudinal unit conductance andhe transverse unit
resistance.The D-Z was calculated from th&ES values obtainedn the field, from where
longitudinal conductance (S), transverse resistance @My coefficient of anisocipy are
derived using the following formulaConsider a multlayer resistivity interpreted model
consisting ofa layer of apparent resistivites, thickness and depth. Other derivatives are

convolved to generate different geoelectric parameters. ThesHly iddectrical boundaries
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separating layers of different resistivities Kdg etal, 1990). Geoelectric layers may be
described based on two fundamental parameteessmely apparent resistivity; X and
thickness (h).D-Z parameters are derived based on apparent resistivity akdettsc These
parameters arelongitudinal conductance (S)mS = [layer thickness/resistivity] and
transverseresistance (T nt = [layer thicknessx resistivity]. The prameters T and S were
termed the®Dar-Zarrouk paramete@sby Mailet (1947).

Consider a section consistinghmfamdNbdéa |lngeir st
} 2, } 3 éhebiockfumt rarea and thickness (H)

N
H= Z S UTRRRTRPR € % )
i=1

The longitudinal conductee (S) is given by:

_h

Do (3.2)

Total longitudinal unit conductancét 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 qualtative sense to document apes 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 transverseresistance (T) is given Bquation 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 mateals as well as their transverse resistari¢ehdy, 1989;Batayneh,2013.

Increasing Tvalues are indicative of an increase in the thickness of the high resistivity

materials and hasdirect relation with transmissivityEquation 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 averagdongitudinal resistvityis (Equation 3.6).

H ¥ hi
L=—=
PE=5

2(z0)

Wh e r e IhFis thehthickness of each layer].(i)

et oo e e et oo eee e e e eee eenn (3.6)

The average transverse resistivity | (Equation 3.7) and the Anisofoipgtropy A is
derived from two parameters, namely transve
(s L), w h e ofelayes acts las orle unit that behaves lke an anisotropic medium
characterised by the longitudinal and transverse resistivities (Mailet, 1947).

T (hi. pi)

The coefficient of anisotropy is generaly 1 and rarely exceeds 2 in most geological
conditons (Zhody1974). An area witfx1 and up to 1.5 is considered to be a potential zone

for groundwater(Equation 3.8).

A= ||E(38j
vPL

Henriet (1976) showed that the combination of layer resistivity and thickness in-ithe D
parameters, longitudinainit conductance (S$)and transsrse resistance (T) may be of direct
use in aquifer protection studies to signify the percolation of contaminants into the aquifer,
and for the evaluation dfs hydrologic properties. The protective capacity is considered to be
proportional to the longitlinal unit conductance(S). Thus the overburden protective
capacity was estimated using the total longitudinal unit conduct8icealues.Furthermore,

in order to determine the aquifer yield and enhant® delineation of saltwater from
freshwater, othe derivatives such as dfgr hydraulic conductivity, transmissivity, porosity

and formation factor were also estimated.

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

resistivity and is mathematically regemted according to Johansei977) as

K (mday)=10°x975%'%x) 1. 468 ¢é .é6 3.9

34



K (m/day) = 60x 60x 24 x [k in (M/s)] é é é .3.10

Transmissivity isexpressed as the product of the hydraulic conductivity and layer thickness

and can be written as:

Where:
Tr = Transmissivity of the agfer
K = hydraulic conductivity of the aquifer (m/day)

h = Layerthickness (m)

Porosity of an aquifer and coube related to the formatiefactor by the formula below

deduced from Archiebds experiment

Where

F = Formation factor,

> = aquifer porostty;

a = 0.62 Tortuosity factor for unconsolidated sands)

m = 2.15(cementatio nexpment)

The interpreted longitudinal conductance and measured water level data were contoured in
order to observe the protective capacity and groundwater flow direetile the aquifer
transverse resistance, aquifer longitudinal conductance, aquifetiviigsisiquifer thickness
and aquifer transmissivty were all contoured for groundwater characterisafio.

SURFER 13 software was used in producing the maps profies
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3.3 Environmental Isotope Analyses
3.3.1 Stable isotopes

Environmental stable isotopes ofdnogen and oxygen are used to determine groundwater
origin and have been used to underst#m mechanismm by which groundwater is recharged

as wel agroundwaterdynamics (Heszeg etal, 1992.

An isotope refers to the atomic nuclei of an element twmga different numbers of
neutrons. Isotopic differentiation is produced when physical procedses example
evaporation, condensatjoand melting separated isotopes intie light and heavy fractions
(Fetter, 2001). The chemical or physical processesompounds or phases present in the
same system produced variations in the isotopic composition known as isotopic fractionation
(Geyh, 2000). The stable isotopes®Hf and %0 occur naturally in precipitation and provide a
seasonal meteoric signal innigerate, continental systems that are often attenuated in
shalow groundwater Qlark and Fritz, 1997; Abiye2013. Isotopes of hydrogen‘H) and
oxygenl6 (®0) contained in water molecsleare lighter than the watecontaining

molecules of deuterium?il) and oxygerl8 ¢20).

Heavy storm precipitatianare charactesed by depleted heavy isotopes relative to thean
oceanwater Conversely, during condensation, the heavy isctapedense first, leading to

an early isotopicaly enriched rainfal and <seipenty depleted cloud moisture
(International Atomic Energy Agency IAEA], 2012). Moreover, precipitation originag

from a lower aftitude is isotopicalymore enrichedin *H and 0 than precipitation at higher
altitudes. Environmental isotopdstable 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 condgiofAbiye, 2011 Abiye et al, 2011l Naturaly
occurring stable H, '80) and radiogenic 3H and }“C) isotops of waters have been widely
employedover the past 40 years to solve problems related to groundwater recharge and its
residence time Hontes, 1980; Gonfiini, 1986 Clark and Fritz, 1997; Cheetal, 2009.

Among theseisotopes,?H and %0 are the most widely used in soling hydrogeological
problems. The analyses of oxygelB and deuterium are the determination tioé¢ high
precision of stable isotopes ratio of oxygefOA°0 and HAH in water molecules

respectively. The stable isotopic compositioof a water sample is denoteddy not at i on:
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Where R =2HAH or ¥0/®0 and all values are reported in perlionil with reference to
Vienna StandardMean Ocean Watel(Gonfiantini, 1978). A negativeand posttve value
connotes depleton and enrichmeant the heavy isofoe respectively relatve to standard.
Therefore, the ratios of these stable isotopes useful in deducinghe precipitation source

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

These pas of isotopesare also useful towards unralid the processewhich the water has
been subjected to in the course tld hydrological cycle.On a global average, the general
meteoric relationship betweéffO and ?’H was found to be linear for natural water and has
been defined bythe global meteoric water line (GMWLWwith the following equation for
freshwater worldwide(Craig 1961):

¥H= 8% & 10 a

The concept of the deuterium excesse(d c e s s ) i s dHi 8 t'¥0e(@ansgasl d
1964). The eexcess characterises the isotope composition of the evaporatedrenois

large dexcess indicates precipitation derived from an air mass with admixedaperated
moisture (Dansgad, 1964). The GMWL represents an average of several regional and local
meteoric water lines (LMWL) that difierfrom the GMWL in slope andf intercept asa

result of variations in clmatic and geographic factors (Clark and Fritz, 1997). The IAEA
(2000) established the Global Network of Isotopes in Precipitaton (GNIP) in order to

document the variations of isotopes in precipitation.

T h e'®0 tvalues vary from one rainfal event to another as a result of seasonal changes
ocean temperatures andiaga interaction conditons and shtatm events such as a storm.

The range of variation could be up to #10 i 1O vélues (Gat, 1996).
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Source: Cook and Herczeg (2000)

Figure 3.3: Examplesof the relationship betweerdeuteriumand Oxygenr18in meteoricwater,
evaporatingwaterand interactionswith rock

Fractionation resulting from tlk difference between the physical characteristics and different
weighted water isotopesinfuences the isotope values in the rain and consequently the
groundwater composition. Other important notable effects in isotope variationghare

following:

1 Temperature effect High and rising temperature enriches deuterium and 0X/8en
while vapour gets depleted by these stable isotopes. These isotopic differences are

represented by seasonal variations (Mazor,1199

1 Continental effect It is otherwise known ashé distancdrom-coasteffect. There is a
progressive depletion in isotopic ratio with distance away from the ocean. This
exhibits considerable variaterfrom area to area, season to season and even over a

low-relief profie. It depends both on topograpagd climate regime.

1 Altitude effect: The isotopic composition of precipitation gets more depleted in heavy
isotopes at higher elevations. The depletion of the heavy oxygen isotapeswith
elevation ranges between 0.1 and @5 p er m and Ghis hasenabled the
identification of the elevation at which groundwater recharge has occurred.

1 Amount effect Intense rainfall has a lowéH and*0 content. Evaporation increases

these contents in little rainfatventsmore than big rainfall events (Mazor, 199
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3.3.2 Radio isotopes

Tritum is a radioactive isotope of hydrogen havadnaltlife of 12.32 years (Fetter, 2001)

and was created naturaly by cosmic radiation. This enables it to be used as a reliable tool to
date relatively young groundwatevith <50 yeas of recharge. The tritium levels denoted by

TU (tritium unit), are extremely low in rainwater and represeftidH ratio of 10'%. One TU
represents a tritum concentration ¥#/*H=10"® and has an actiity concentration of 0.119
Ba/kg.

% tritium retained

Source: Kedall and McDonnell (1998)

Figure 3.4: Slopeof the radioactivedecaycurve of tritium

Prior to nuclear weapon tests, rainfall tritum contents were in the order of 3 to 5 TU. Sequel
to the early 1960s the thermonuclear test that inject °H into the atmosphere, the tritium
content in precipitation increased to0QO0-fold, especially in thenortrern hemisphere. Since
1963, the peak tritum concentration has decreased to natural values in winter and about
doubé natural in summer. This event consequently affected the groundwater tritium content
as aquifers are being recharged aihdis consequentlyused to differentiategroundwater
recharge duringhe prebomb time from younger water (Clark and Fritz, 1997).vligation
provides an insight into local recharge and circulation mecharssms the tritum level in
groundwater is preserved underground and can only be altered by mixing with older water
and radioactive decay (Weavetal, 2007). Therefore,®H conent is often béng used to
determine datesnte quemand post quem For example, water withH <5 TU must havea
residence time of more than 40 years, whie water haV¥ihg 20 TU must date after 1961
(Clark and Fritz, 1997).
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3.3.3 Carbon isotopes

The stableisotopes of carbon in dissolved inorganic carlvere determined to evaluate the
geochemical processes such as methanogenesis aplhtesureduction whie *C  of
inorganic carbon was measured to deduce groundwater age (Clark and Fritz, TH#97).
carbon sotopes of*C and °C play an important role in quantifying watesck interactions
in the procesof “C age determination of groundwater. Their stidso allowus to identify
the proportion of biogenic and carbonate i@ water and to determine iati geological
settings of groundwater ebarge. Carbori4 is derived from the atmosphere. The origiiél
present in groundwateris essentially influenced either by gradual decay ovetime, or
dissolutionof carbaate rocks that contain no carbb#. Both processeslecreased thé‘C
content in groundwater with increasing residendene underground.The increment in the
natural concentrations of both carbbé and tritum in water resuted from thermonuclear
testing particularly in the early 1960s. Theved, elevated concentratonf *H and **C in
groundwater indicatethe presence ofecent recharge. The carb@d content, haever,
decreases in old water throughdioactive decay. Hence’C values can be used as a
residence timedetermination toglwhie Carbonl3 valuesare useful in the identification of
the origin of carbonni groundwater (Loelent, 1988). The longer hafffe of carbonl4
(5730 years) makes it suitabfer dating old hydrological systemgMannetal, 1983.
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Chapter 4
METHODS AND MATERIALS

4.1 DesktopReview/ Data Acquisition

The existing geophysical, geochemichydrological and hydrochemical data were asaly
as part of the desktop review for the study area. This includealection of relevant
meteorologicaldata from the previous worlof Oke (20195. Electrical resistivity data and
borehole logs were gathered from various sources such as the Mini&nergland Mineral
Resources LWC and Groundwater and Geophysical Services Limited determine the
subsurface hydrogeological conditionPublished and unpublishetterature related to the
study area weralso reviewedDue to the dearthand paucity of data, the research dihe
detail with areas situated along the coastine from Apapa irwdst to IbejuLekki in the

east

4.2 Field Measurements, Sampling Proceduresnd Analyses

The methodology employed in this research is enesl in the workfliowchart shown in
Figure 4.1. The researchnvolved essentialy two broad techniques that are widely used in
probing variatios in the subsurfaceand i flud content, namely.: geophysical and
hydrochemical methods. Having doiaa extensive literature review, thestudy proceeded to
the level of fieldwork during which @ite meastements were taken and recorded for further
data processinggeophysial method) Also, physicochemical parameters measurements were
also recorded onsite andater sampleswere collected forvarious laboratory analyses
including major ions,heavy metals, microbiatounts and isotopes contentsA quantitative
and qualtativeinterpretationof the analysed data assisted tremendoshgvaluate to what

extent theaim and objectives of the reseatwve been accomplished
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Figure 4.1: Work flow chart showing the summary of metbbhds and analyses adopteth this researth
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4.2.1 Hydrochemical onsite measuremerg

The sampling sitescomprised shallowwells, mostly handdug and surface water located
around and across the study area. The choice and number of sampling sites vieiaecbns

by accessibiity to dugvels. Sampling was strategically conducted in order to ascertain the
variations agsciated with different seasonsSamples were collected from wface water
(Ocean), shallow handug wells, deep boreholes, and rainwater dutivg) Septemberand
October 206, February 2017and 2018hydrological years A total of 171 samples were
analysed for major ions, trace metals and microbial counts determination for both dry and wet
seasonsas well as surface wate(Table 4.). The samples wereotected 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

Season Water media Major ions* Metals** Micr(oFt?iZ\Ll(i:;)unt
Wet season | Shallow groundwater 40 40 40
Surface water (Ocean 1 1 1
Surface water (lagoon T 3 3
Dry season | Shallow groundwater 42 T T

* Ca', Mg, Nd', K*, CI, HCO;5, SO, CO%, NOy
** 7n?* CU*, PB', Mn?*, F&é*, Ni#*, Cd*, Agh, Cr*

The records of dugvell completion were not availabler the studyor were norexistent. In

mog cases, groundwates were sampleddirectly from the dugwells, whie we were
compeledto take samples via beehold taps irsome places. Tie surface water samples
however,were taken at least 250 away from onshorareasand below the surface (>2bn)

to avoid the collection of floating debris, ensure even mixing as welrelativdy adequate
sample representatian The sampled watsrwere colected nfitered and storedn tightly
sealed plastidottles. In other to ensure adequate representation of the groundwater samples
at every locationthe wells were pumped as the case may be pyicsampling. Theonsite
measured physicohemical parameters includevater level depth, taperature, and
conductivity takenwith the aid of aSolinst temperature, level, and conductivitgeter while

pH and TDS were also measured sku using the Hanna 198130 multiparameter water
qualty meter. The coordinates at every location were determined using the GARMIN GPS

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

analysed strictly for both stable and radiogenic isotopes.

Unfitered water samples were taken to tlaboratory for cation and anion analyses. The
cation samples were acidified to bel@avpH of 2, using nitric acid (30 % HNGOs). Also, a
total of 130 water samples were analysed for environmental isotopesaifavater, both
seasor@ shallow groundwater and sur (Tabe e4.2).wat er
Samples for'®0 and?H were collected in 1fnl glass bottleswith airtight caps. The samples
for tritum analysis were collected in sealehelitre plastic bottles. The samples fahe
carbon isotope determination were collected by precipttating Ba®Oadding BaGl to 50L

of water that wasgpreviously brought tgppHO 1 2 thé additon of NaOH The stable Isotope
contents in preciptaton ofthe Benin Republic was taken from the GNIP database
(IAEA/WMO, 2000) (Appendices AC show how the samples were colected and the
preparation of the samples to be analysed.

Table 4.2: Environmental isotopeanalyses and number of sample s analgd for groundwater,
surface waters and rainwater

Season Water media O-H Tritium (TU) e Bc
Wet season Shallow groundwater 30 21 9 7
Surfacewater 3 T T )

Rainwater 1 T T )

Dry season Shallow groundwater 34 T ] -=i
surface water 5 i T )

Deep groundwater 5 5 5 5

4.2.2 Laboratory analysis

The major ionsand trace metal analysef water samplefor the yeas 2016 were conducted
at the LagosState Environmental Protection Agencysing an atomic absorption spectro
photometer while analyses formagnesium, carbonateand bicarbonatesvere conducted at
the Central Laboratorat the University of Lagosusing the volumetric analysis method. The
maj or Cc o rarmlysis toll watet sabnplefor the year 2017 was carried out at the
Geology Department of the Uwersity of Ibadan using flame photometry for the cation
(PFP7 Flame PhotometerNirrate (NOz), carbonate €Os*) and sulphate $Os%) were
determined usinga spectrophotometer (model Genesys), 20hie Bicarbonate ICOs) and

chloride CI) were determined by titration in chemistry at Ghemistry Departmentat the
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University of Ibadan.In other to check for the qualty of analytical datesror and
inconsistency were determined by calculatng the Charge Balance Error. The threshold
Charge Balanceerror value of +10% is the proposed acceptable error (Appelo and Postma,
200B). Only samples that satisfy the proposed acceptable error limi agopted fordata
processingand interpretation.In addition, a comparison of measured total dissolved sold
(TDS) with the calculated total sum of major constituents showed an agreaménthus

increases confidence the use of the data.

The stable itopes of®0 and ?H were analed atthe Hydrogeology laboratory at the
School of Geosciencg using the Liquid Water Isotopénalysermodel 45EP at the

University of the Witwatersmd, South Africa, whie'“C, 3C and ®H analyses were carried
out at thei-Themba Environmental Isotope LaboratamyGauteng, South Africa. Al samples

were replicated.

The esults are represented in the conventiovi@nna Standard Mean Ocean Water
normalsaion (Gonfiatini, 198%. The precision obtained was 0.96 and 1% for 80 and?H,

respectively. The result®r tritium (*H) were reported in TU with a typical error of FU

(Echinger etal, 198l1), whie '*C of dissoived inorganic carbon was radiometricaly
determined by liquid scintilation counting after conversian tenzene (Fontesl971). The

generated C® by acidification of the field precipitate with phosphoric acidsRBy,) was

graphitsed and analysed by Accelerator Mass Spectrometry (AM®)1*C was between

0.7pMC and1 . 0 p MC3C waskspectrametricalld et er mi ned anvhluee xpr es

related to the Vienna Pee Dee Belemnifine standardprecisionf o 13C igi+0.5.

4.3 GeophysicalField Data Acquisition and Processing

4.3.1 Data acquisition

4.3.1.1Vertical electrical sounding

The PASI 16GL Earth Resistivity MeterSerial Number 07073185, complete with
peripherals (see www.pasigeophysics.com) was used for resistivity measurement being
rugged and reliable measuring equipment. The resistivty meter was appled in the feld
measurement of apparent resistivity by diremirrent injecton. VES was the survey
technique adopted for this study, using the Schiumberger Array, where C1 and C2 are current
electrode positionswhie P1 and P2 are potential electrode positions. TwekS were
undertaken(Appendix D II) The choiceof electrode configuration adopted was informed by
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the availabiity of space, while current electrode separation (AB) ranges from a minimum of
2m to a maximum of 3@h. Other pieces of equipment deployed for various purposes were
GARMIN GPS Map 60CSx Gldal Posttioning System, PASI P 100.2 Energisables,

steel electrodes, measuring tapes, calcylaiod hammers.
4.3.1.2Electrical resistivity tomography

In order to complement the acquired data made available to us by the Ministry of Energy and
Mineral Resorces and LWC,a 2D ERT was conducted usingn AGI SuperSting R8/IP8

earth resistivity meter, aneightchannel Memory Resistvity and IP Meter with anbuilt
processor fora 64- and 84 multielectrodes systerfAppendix D). Three types of electrode

arrays were deployed for the investigation for better horizontal and vertical resplution
namely Schlumberger, Dipole-Dipole, and PoleDipole. There were variations in the
minimum electrode s pm¢oi80gn) ofiagdto corstaistin gpdce om 1.
sihce the entire study aremas buit-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 onthe desire to have good sensitivity to vertical and horizontelnges in the
subsurface resistivity at both shalow and deeper depths, at the same tiing ptobthe

deeper depth and to have good vertical and horizontal data coverage under each ERT line.
Schlumbergerwas chosenfor a two-dimensionalsurvey array Wi overlapping data levels
because of its good horizontal and vertical resolutipole-dipole was employed because it

is good in mapping vertical structures, as well as better horizontal data coverage than Wenner
(Loke, 2004). Pokbipole is knownfor deeper depthpenetration In al, nne 2D ERT

profles were measuredcovering parts of the study regio@ppendix D shows how the
geophysical profing was dopeThe Earth Imager software was used to invert the apparent
resistivity profles to obtain a-P image of the subsurface resistivity distributions. The ERT
profles were inverted using an iteratve smoothness constrainedsdpases inversion
algorithm other wise Kk nown a s-HedirO ah€ KEdmstablen ver s i
(1990) and Loke and Bagk (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 whiclesistivities are varied to obtain the best fit with the
observel 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 gwven by the -roeansquare error (RMS %).
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However large and unrealistic variations in the output models are disalowed 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 gy field data were interpreted

with software known as IPI2WIN. Schlumberger array foD VES was chosen because of

its good sensttivity to vertical variations in the subsurface resistivity. At the initial opening of
the data file, it displayed a graphithout resistivity crossection. The best fitting two
layered model was chosen basedtlmrecommendation of IPI2ZWIN software. A best fitting
model for the initial interpretation for the input data wil be automaticaly suggested by the
software. Edifig of the model includes altering the layers quantty by means of joining and
splitting (to remove or add layer respesly) and changing the@ropertiesof the layers The
degree of uncertainty of the computed model parameters and the accuracy dieficurve

fitting algorithm are expressed in terms of fiting error (Error=3%2to 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 weady tedsolved with the

fitting error.
4.3.1.3Borehole geophysical logs

An RG PCL Il Logger with PCL IITM software mounted on a vehislas used A known
voltage was passed through a probe consisting of R8, R16, R32 and R64 units in-a water
filed hole and the rsistivity was recorded. The natural gamma radiation of the lthology
encounterd in the hole wasalso measured simultaneously with a different probe. The logs
obtained include natural gammaays, short (SHN) and long (LO N). A total of 45borehole

logs gathered from both government and private drilevere analged (Appendix D IlI).

The logs were acquired over the years (as far back as 1995 and as recent as 2015) mainly
with the DEI 600L Logger, and in a few cases, the normal () resistivity. The atural
gamma rays were plotted against depth using Microsoft Office Excel. The type of lithology
and the lthological sequence was inferred from the qualtative interpretation of natural
gamma ray logs whie the resistivity logs were interpreted both disively and
qualtatively to delineatethe freshwater aquifer,freshwateisaltwater interface and saline

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

The vertical electrical resistivity field dataas/curve mached 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 W2 The true resistivity estimated from the
inverse procedure gives the apparensisteity. The inversion essentialy reduces the
difference between the mdiéel and measured apparent resistivithe commoniknown

basic curve types are A, H, K and @nd form the basis ofonedimensional curve
interpretation (Figure 4.1)The curve type(9 reveatd 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 resistivitycurvetypesin layeredstructures

The geoelectrical resistivity of sediments being the mostablari physical properties,
especialy in a complex sedimentological environment, may gve rise to ambiguity in
interpretation thus the VES data were calbrated with the available borehole data near the
study area.In addition, resistivity ranges for vame formations are close and sometimes
intermixed. For example, ranges of clay with fraghter 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 frester and clay with saltwater. Teeranges intermix

and produce an ambiguity in the interprégat of the VES resultsThis ambiguity makest

difficutt to distinguish depth limits between two types of subsurface Ithologies due to the
eflect of equivalece and suppression. Therefore, the additon eZ [parameterswas

necessaryto improve the analysis of resistivty data in resolving some ambigutties
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encountered in stratigraphiayers The protectivecapacities of theupper andnearsurface
layers weregated based on Oladapo and Akintoridwg2007) rating (Table 43).

Table 4.3: Longitudinal conductance/protective capacity rating

Longitudinalconduct &nc e Protectivecapacity rating
>10 Excellent
5i 10 Very good
0.74.9 Good
0.210.69 Moderate
0.110.19 Weak
<0.1 Poor

Source: Oladapo and Akintorinwa (200

The computer software SURFERL3 contouring tookit was used in producing the aquifer
protective capacity model maps. The Radial Basiscfitln was adopted for interpolation

because it gives the best crasddation results and root mean square errors.

The Earth Imager software was used to invert the apparent resistivity profles to obtain a 2D
image of the subsurface resistivity distibos. The ERT profles were inverted using an
terative smoothness constrained lesptiares inversion algorithmotherwise  known as
@CCAM inversiod after DeGrootHedlin and Constable (199@s wel asLoke and Barker
(1996). A measure of this differeacis given by the roateansquare error%p).

In the borehole log studies, tlaEfferent 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 esistivity data presented on the logsulted fromthe qualitative
interpretationof resistivity values of formation at various zoneghile the logé interpretation

was based on the classifications of Zohdy and Martin (1993) and modified by Ibrahim) (2008
(Table 4.3.
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Table 4.4: Resistivity values for water and sediment rock

Resi st myvi Sediment rock Interpretation
0.52.0 Very porous sand, or saturated clay Seawater, very saline water TDS =@I0 mg/L
2.04.5 Porous sand, or saturated clay Salinewater, TDS= 1M00mg/L
4.510.0 Sandy, saturatedor sandyclay Salty brackish water, TDS = 1000/ 5 000 mg/L
10.0'15.0 Sandy clay, sandy gravel Brackish water, TDS = 600/ 1 500
15.0'30.0 Sand, gravel, some clay Poor quality freshwater, TDS =500/ 700 mg/L
30.070.0 Sand, gravel, minor clay Intermediate quality freshater, TDS-100 mg/L
70.0/100.0 Sand, gravel, no clay Good quality freshwater, TDS small
>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 @cesses controling the chemistry of the groundwater were
identified wi t h t he aid of PHREEQC 1inverse
AQQA software was used for hydrochemical characterisation of the water samplesiand the
visual appreciation thtgh Hper and Schoeller diagrams. Microsoft Excel was used to plot

t he Gi bbos diagram to deduce the Mutmr@atbani s ms
statistical analysis was performed with the use of the Statistical Package for Social Sciences
(SPS5) software, version 21.0, whie the principal component analysis was undertaken using

Kaiserdés Vari max Rot ati on.

4.4 Feld Limitations/Constraints

I. The availabiity of adequate space for the current electrode spacing was a major
challenge in a typical buillp area. Also, the distortion within the topsoil and shallow
subsurface, perhaps due to séiilh, reclamation, and buried cables/utiities often
characteged the acquired data with noisBurthermore, the host communities in places

denied us access #@peas that would have been ideal for data acquisition.

ii. Paymert hadto be madeat someplaces before samples could be taken or research

conducted

ii. Many private handlug wels and borehole owners reluctantly grdnficcess while a

few uninformed ones dedieus access to theloreholes.
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iv. Limted or nonavaiabiity of database where information could be pooled for the

necessary scientific researnsha constraint.
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Chapter 5
HYDROGEOLOGICAL UNIT S AND HYDRAULIC
CHARACTERISATION OF THE COASTAL BASIN

5.1 Introduction

Freshvater occurson the Earth both as surface water and subsurface water (groundwater).
Based on the modes of occurrengegundwateris more protected and less susceptible to
polution than surface water(Yusuf and Abiye, 2019 Hence, groundwater is a reliabl
(qualty and quantity) natural resource that is accessible to many people as the only source of
water supply for their dato-day activities. However, groundwater resources are unevenly
distributed in the world due to differences in the source and ansbumicharge, geological
setting, especially in the shallow parts of the subsurfatlee first few hundred mess i from

where often the main groundwater resources are usually being tapped by the inhabitants.

The inevitable saltwater intrusion into theastal aquifer has long been recegdi as a major
concern around the worl@Ayolabi et al., 2103)Yusuf and Abiye, 2010 Several authors who

have worked ina similar terrain concluded that the invasion affreshwater aquifer by
seawater is mostly due tan induced flow of seawater towards a borehole where excessive
groundwater is being pumped from aquifers that are in hydraulic connection with the sea
(Abdalia et al.,2014; Yusuf and Abiye, 2019).

Therefore, a good understanding of the hydrogeologicaingsetf the study area is a
prerequisite to a thorough assessmend characterisatiorof the subsurface rocks and
formation flud The field studies, coupled with avaiable geological and hydrogeological
information, were synthessid to deduce variationsn lthological and flud content at
different depthsIn lieu of the abovecharacterising the aquifer systems I study area wil

be discussedinder the folowingsubheadings

5.2 Hydrogeological Units and Hydraulic Properties ofthe Aquifers

The water thle aquifer frst aquifer) is frequently being harnessed by the -iles@me
inhabitants however, it is of minor importance. The second and third aquitgype( and

lower CPS) are the most exploited, whie the lowerost 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 (lkeja area) where boreholes are aboutm7%@ep. A detaied

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

Regardi g t he aquiferos hydraulic propeatda i es,
(1987) revealed that the second aquifer has an average transnugs®i§3x10° n? s?,

1

storage coefficientof 2.9x10% and leakage coeficierdf 3.2x10° s!. The leakagefactor

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

The third aquifer, referred to as lower CPS, underles the upper CPS and is essentially
confined. It is the most productive and most explottedughboreholes. The ader showed
considerable heterogeneity as indicated by the wide range of hydraulc properties. The
transmissivity values varied from 200° n? s! to 25.510° n? s! with an average of
17.4<10° n? s?, whie the storage coefficient varied from 21®* to 5.310* with an
average of 3.2810%. An appreciable leakage was deduced from the leakage coefficient
which varied from 0.810°s? to 10.%x10"° s (Longeetal, 1987).

The fourth aquifer unit can only be exploited by industrial boreholes; tlitis,
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 multlayered confining units from the surfacesunimary,
considering the hydraulic properties of each hydrogeologic unit, the lower and @pfeare

highly prolific, relatively protected from surface contaminants and as sucha adiable
source of groundwater supply to the inhabitants. However, td e noted that the leakage
potential which describes the ease of contaminbeisg transpored between these aquifer
horizons (lower and uppePS) is of great concern, as the pollution occurrence in one
threatens the other. The hydraulic charactesisbf the main aquifers underlying the study

area are summarised in Table.5.1
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Table 5.1: Hydraulic characteristics of the diffe re nt aquifer units present in the study area
(compiled from various sources)

. Depth of . Specific Trans- Storage Leakage

. Thickness Yield . PR ) .

Aquifer name (m) occurrence (mh) capacity missivity coefficient | coefficient
(m) (m3hm) (msx10%) (x10% (sx10°)

Recent aIIuw_aI/ 5122 *From i ; ™1 i i
phreatic aquifer surface
Upper coastal 10i 25 <30 100.4 114 3.53 2i5 3.2
plain sand (mean 7.96)
Lower coastal : . . . 6.535 1.3/5.3 .
plain sand 10i 35 200 250 54.499.3 2.96'17 (mean 17.4)| (mean 3.29) 0.9110.2
Abeokuta i 4501 750 i 8 8 i i
formation
*Present study Source Longeetal. (1987)

5.3 GeophysicalCharacterisationof 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 ithe hydrogeological investigations the electrical method, particularly the
electrical resistivity and electromagnetic methods which rely essentially on resistivity
contrasts, and have been successfully applied to investigate sesvas®n into freshwater
aquifers (Goldmaretal, 1991; Fitterman and Desz€an, 2001; Oladapetal, 2013; Yusuf

and Abiye, 2019). Its abiity to differentiate between freshwater and saline water, sandy and
clayey units with the aid of contrasts itectrical propertieshas 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 tiveen sand and clay layers, freshwater and saline water zones could
be delneated. In view of the above submission, electrical resistivity methadely VES

was used only to probe the shallow aquifer due to its limited depth of penetratiom)<50
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, projeict

or correlate between the trace patterns of logs from different wells towards establishing the
continuity extent of various lthologic layers and its fluid content. In addition, specifically
due to the neasurface probe of the VES acquired datagosdary geophysical indicesre

known as DZ parametersvere equaly undertaken tevaluate theprotective capacityf the

aquifer to pollution and thegroundwater potentiabf the shallow aquifer in the study area.

The aforementioned are considered ailtien 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 tame-varying direct current orery low frequency
(<1Hz) electric current into the ground through two current electrodes, whie the voltage is
measured across another pair of potential electrodes, which may or may not be within the
current electrodes, depending on the configuration. déaied principle, the processes of
data acquisition and data processing were present&apter3 and Chapter4 (see3.11,
4.3.1.1, and 4.3.2.1). The VES acquired data (primary data) within the investigated depth
were processed and interpreted to indate the subsurface lithologic units and their

thicknesses, and to identify aquifers and aquicludes as follows:

Figure 5.1 shows both VE&nd 2D-ERT points, he base mapshowing theprojected ERT

nes are presented in Figure 52a-c, whie Table 5.2 sunmarses the quantitative
interpretation of all VES in the study area from the geoelectrical, and computer iteration
software (IPI&vin). The qualtative interpretation of resistivity sounding data from the
computer modédd curvesis characterised by typit&lKH, QH, H, HK, KH, KHK, and Kk

hybrid model curvegAppendix D 11). Figure 53 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 fou-layer mode, while the other 5% are five-

layer mods (Figure 53 and Table 5.2).
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Table 5.2: Summary of vertical electrical sounding esults

VES No. of Curve |Apparent resistivity . Depth probed .
Station | Layers Type (1 a)m) ( Thickness (h) (m) m) Lithology
7.74 4.55 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
155 161 41.2 Sand
46.4 5.83 Clayey Sand
VES4 4 QH
3.56 33.8 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
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 10.4 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
10.4 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 (1 a)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
155 161 41.2 Sand
46.4 5.83 Clayey Sand
VES4 4 QH
3.56 33.8 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
132 s22.1 Sand
161 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 frst laye has resistivity and thickness values ranging from .28 to 1915q m and
0.46g m to 4.55q m, respectively. This is diagnostic of the top admixture of sandy soil. The

resistivity \alues of the second layer vari#gdm 3.529 m to 132q m with thickness ranged
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between 1.85n and 22.In. This layer is relatvely dominated by clayey soil of
approximately 60% and isidentified by low resistivity values and, thus, expected to form the
confining and protective layer for the underlying sandy aquifer. Ther @10 % entailsVES 4

as clayey sand, andES 8, and VES10 to VES 12 are sandy usitrecogrsed with high
values of resistivity, constituting a series of confined and unconfined aquifers.

The third layeris delineated as mostly sandy soil with interedatclayey sand (756). This
constitutes the main parts of the first aquifer with clayey sand/sandy clay in some localties.
The aquifer is confined where the overlying second lthologic unit is clay, and unconfined
where it is sand.The apparent resistyitof this layer varied from 1.64 m to 165q m

Also, the thickness of this layer varied from 4m8o 43.1m. The fourth layer has resistivity
values varying from 2.78 m to 265q m, with thickness values ranging from 1T0to
45.3m. This layer is also known to form a confiningtuai the underlying aquifer due to the
lateral dominance of clay occurrence. The basal fith layer (which marks the peak penetration
of electric current)is mostly sandy for all the sounding surveys, and ac@s confined
aquifers with resistivity valuesanging from 3.61p m to 2421q m; however, the thickness

of the layercould not be ascertained as the depth of investigation terminated within this unit.
The estimation from the geoelectric model for this study revealedthtbatepth to aquifers
varied between 0.4@ ard 11.64m and from 19.7/n to 65.6m for the first and second

aquifers, respectively.
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5.3.2 Estimation of the protective capacity of the shallow agifers in the study area

This section estimates the overall 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 froithe surface to adepth of <50m. The secondary indices
considered for this estimatiorwere longitudinal conductance, transverse resistance,
longitudinal resistivity, transverse resistivity, and anisotropy. The principles and inter
pretatbn of these indices by Mailett947) have been detailed @hapter 3 of this thesis (see
section 3.2.3) whie the protective capacity tieg of Oladapo and Akintorinwa2007)
adopted for this tady was presented in Tabke3.

5.3.2.1Longitudinal conductance

The DZ parameters have been caladhtior each of the geoelectric units aae presented

in Table 5.3 and Table 5.4. The protective capadityhe aquifer has been constructed with

the use ofSURFEF 13 contouring tookits, using longitudinal conductan(®) values for

both aquifers ashown in Figure 54 and Figure ®. The Radial Basis Function Method of
interpolation using the multiquadric basis Kernel type was chosen for interpolating
longitudinal conductance values. Compartx the rest of the interpolation methodthe

Radial Basis Enction gave the best crosalidation results and rooheansquare errors. The

radial basis function is commonly used for interpolating smal swfand has been found to

be appropriate for interpolatingC values (Robinson and Metternich, 2006). Fochepoint,

a radial basis functionis defned, which depends on the Euclean distance between the
prediction | ocation and each sample Il ocatiorl
the action of forming a polynomial function through the data poibte 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 regionteims of protective capacity evaluation. The
dominant blue region of approximately 9% observed with respect to the first aquifer
protective map of <0.7 valueepresents a high pollution prone area and vice versa with the

second aquifer.
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Table 5.3: Estimation of D-Z parametersand its prote ctive capacity First aquifer

Depth to [Longitudinal | Transverse [Longitudinal | Transverse . .

Sample| .. . . L S Anisotropy | Protective

D first aquifer | conductance re5|s}ance resistivity | resigivity yt/( ('A) capacity

(m) (mS) ( Y (1t) (1t) ‘
VESL 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
VESA 161 0.01 249.55 154.81 155.00 1.00 1.00 Poor
VES 451 0.24 628.25 18.88 139.30 7.38 2.72 Moderate
VESS 11.64 0.43 450.53 27.11 38.71 1.43 1.19 Moderate
VES7 4.36 0.19 114.4 23.49 26.24 1.12 1.06 Weak
VES3 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 Moderate
VESI0 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 Moderate
Table 5.4: Estimation of D-Z parameters and its prote ctivecapacity. Se cond aquifer
Total Total -

Sample . longitudinal transverse Long.l tu.dl.nal Trar_IS\_/e_rse Anisotropy Protective

ID Location conductance | resistance resistiity resistiity (A) capacity

(mS) ( Y (4L) (1t)

VESL Island 13.46 347.36 3.84 6.72 1.32 Excellert
VES2 Island 1.26 3576.08 15.63 181.53 341 Good
VES3 Island 1.27 1343.53 215 49.21 1.51 Good
VESA Island 9.63 640 4.28 15.54 1.91 Very good
VESS Island 4.35 1848.95 10.07 42.21 2.04 Good
VES6 Island 0.52 3105.83 53.07 112.53 1.45 Moderate
VES/ Apapa 4.36 2502.79 13.17 43.6 1.81 Good
VES3 Apapa 2.77 1235.45 17.94 24.86 1.17 Good
VESO Apapa 2.24 771.14 12.72 27.06 1.46 Good
VESIO | Apapa 26.77 3029.35 2.45 46.18 4.34 Excellent
VESL1 | 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 aquifggd\Viaetween 0.0IS

to 2.49mS, whie the second underlying aquifer has values ranging from i$%20

26.77mS. The first aquifér slongitudinal conductance wes were generaly <1 the
exception beingES 1 with 2.49mS. The values for the second aquifeere generaly >1

with the exception ofVES 6 with 0.52mS. This generally indicated that aquifer protective
capacity increases with increasing depth becaogh longitudinal conductance connotes

high protective capacity, whie low longitudinal conductance values depict low protective

capacity and

thus high wulnerabiity. The

longitudinal

values obtained from twelve

resistivities sounding interpretationextending from Apapa to Lagos Islandvere used to
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estimate the protective capacityand thickness of the overburden shielding the underlying
shallow aquifers in the study area. This is because thebemdbsurface acts as a natural
fiter to infitrating flud (Okonkwo and Ugwu, 2015)ence, its tendency to retard and fiter
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, offebetter protection to the
underlying layercompared to the low longitudinal conductance lthological uf#biola et

al., 2009.

Similarly, evaluation of the overburden thickness on a regienale 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 decraasie transmissivityand vice versa. It is also

common knowledge thah decrease in resistivity oan increase in conductivity values are
considered an indication of either high clay content or salinity or both (both facédrdole

poor water quality) Qteri, 1981). The longitudinal conductance values enable the protective
capacity rating to be zoned according @adapo and Akintorinwa (2007ihto excellent,

good, moderate, wealand poor. Basedn this classificationTable 5.3 and Figure %.of the

first aquifer suggest that about 9 of t he area falls within Ap:«
whie about 36% constitutes a fAmoder aAboeto8 Y%pexhbit e ct i v
Afgoodo protective c apaicsithyavamdy ethoivevoamaogia i gno andyc
rating. This imples that the entire study area with respect to the first aquifer, which is
characteged by relatively poor to moderate longitudinal conductance, indicates poor to
moderate protective capacity. The low value of protectapacity 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 contaminamt®ereas in the second aquifer
(Table 5.4 and Figure ©, 16 % ofthear ea falls under Afexcell ent
and 8 % hasa fAvery goodo protect i%eonstiuvasaiNy@ odapac
protective capacity zonewhie the remaining 8% f al | s I n t he categor
protective capacity.The elatively high longitudinal conductance of overburden estimation

with respect to the second aquifer in the study area envisaged excelent to good aquifer
protective capacity rating and therefore, mmimgi or inhibitng the infitration of pollutants

from the surface.
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Figure 5.6: First aquifer protectivecapacitymap
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Figure 5.7: Secondaquifer protectivecapacitymap
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5.3.2.2Transverse resistance

The Tvalues vay from a minimum of 1.0%0 2671.04q n? and 347.36to 3576.08q nt

for the first and second aquiferespectively. An increase in values were associated with
regions of high transmissivityhence, highly permeable to fuid movement. The first aquifer
is charactesed by low TFvalues relave to the second aquifer, thus the second aquifer should

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

The anisotropy of the resistivity in rocks is caused by a number of fadtmisding
orientation of elongated graipsor 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 usualy 1.0 datnsel
exceeds 2.0. The frst and second aquiissentialyhave values within the recommended
range the exception beingVES 1 (2.52) andVES 5 (2.72) for the frst aquiferand VES 2

(3.41) and VES 4 (4.34) for the second aquifer. The observed elevatediiceoe of
anisotropy valuesabove 2.0 for the shalow aquifer (frst and second aquifers) indaate
increase in hardness due to compaction of rocks (KellerFaedchknecht1966) and/or may
suggest the presence ah extraneous or intrusive body witkesistivity 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 hesingedondary
hydrogeophysical indices derived froMES12 data which includesaq ui f er resistiv
aquifer thickness (h),aqui f er conductivity ( ) transvereengi t ud
resistance (T)hydraulic conductivity (K), andransmissivity (Tr). The results and figures for

all the parameters are presented in Tabf d&ndfrom Figure 56 to Figure 5.2. The VES
stationscomprised Apapan the west YVES 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 layerthat fall within the second aquifer.
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Table 5.5: Dar Zarrouk estimated hydraulic parameters for shallow aquifers

_ . Aq_ui_fer Aquifer Aquif(_ar_ Longitudinal Traqsverse Tr (m?day)

LOC ID Longitude Latitude resistivity ( } a thickness (h) (m) CO?dUCEIVIty cogductanfl:e _re5|stance K (m/day) K xS

(q m) a = 1/ S= h/Y a|l T=hij aq rhd

VESL 709833 547384 16.9 12.6 0.0592 0.7456 212.94 0.2599 3.2749

VES2 709977 553138 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

VEA 710554 553349 46.4 5.83 0.0216 0.1256 270.512 0.869 5.066
VESS 710142 549922 156 6.1 0.0064 0.0391 951.6 3.7008 22.5747
VESS 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
VESS 712249 539552 61.2 10.4 0.0163 0.1699 636.48 1.2097 12.5809
VESD 710142 549922 78.4 7.08 0.0128 0.0903 555.072 1.6264 11.5146
VESLO 71263 539395 132 221 0.0076 0.1674 2917.2 3.0311 66.9865
VESL1 711660 538095 65.8 45.3 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, aquifesistivity, aquifer thickness

and aquifer hydraulic conductivity

The transverse resistance value vhbetween 212.94g(nf) at VES 1 and 4374.09 @ nt)
at VES 12, whie aquifer transmissivity randefrom 3.2749nf/day to 93.5532rf/day at
VES 1 andVES 12, respectively within the area of study. The entire area is charaet by
a high transmissivity potential for grodwater,the exception being/ES 1 and VES 4 (Table
5.5, Figure 56 and Figure ).

The aquifer resistivity, aquifer thickness and hydraulic conductivity presented in Table 5.5
and Figure B, Figure 59 and Figure 3.0 revealed the variabiity in aquiferesistivity,
aquifer thickness and hydraulic conductivity across the length tbé study, ranging from
6.1m to 47.7m for thickness 16.9q m to 167qg m for resistivity and 0.2599m/day to
4.0147m/day for hydraulic conductivity. Generaly, tan be deduced that areas underlain by
relatively thick aquifer material have higher Values than thin substratum aquifer material.
The predominanoccurrence of high transverse resistance in a geological formation implies
high resistivity or higher thickness with fayable aquifer conditons (Teikeetal, 2012).
Therefore, based otthe progressive increasttom west to east and north to soduth
transverse resistance, aquifer resistivity, aquifer thickness and transmissivity, the aquifer
prolific zonesis comparatively higher ithe eastern and southern parts than the western and
northern parts of thestudy This assertion is evidently clear frothe perfect agreement in
profles drawn for transverse resistance (Figuréb)5.transmissivity (Figure 3b and c),
aquifer resistivity (Figure Bb), aquifer thickness (Figure 3 and ¢) and hydraulc
conductivity (Figure 5.Qb). The variations in theaquifer potential across the study area may
be attributed to variation in lthology, water qualty and/or degree of saturélmmever, on

the basis of high transverse resistan¢eES1 and VES4 hal the worst aquifer yield potential

in the study area. Thenost appropriate locations for wel driing across the area for high
yield are suggested ime soundings oVES 2, VES 6, VES 7, VES 11, and VES 12 due to

high values of aquifer thickness, transverse resistance, transmisaiity porosity (Table
5.5).
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Figure 5.8: (a)Aquifer transverseresistancé T=h. }(a¥Yn)contourmap;(b) Aquifer transverse
resistanceprofile; (c) Three-dimensionalsurfaceview of aquifer transverseresistance
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Figure 5.9: (a) Aquifer transmissivityi Tr=KxS(m?*/day)contourmap;(b) Aquifer transmissivity
profile; (c) Three-dimensionalsurfaceview of aquifer transmissivity
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Figure 5.10: (a) Aquifer resistivityi } & Ymn) 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 northi southand west eastdirections
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Figure 5.12: (a) Aquifer hydraulic conductivityi K (m/day)contour map;
(b) Aquifer hydraulic profile
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Figure 5.13: (a) Aquifer longitudinal conductancei S=h / | &) contour map;
(b) Aquifer longitudinal conductanceprofile; (c) Three-dimensionalsurfaceview
of aquifer longitudinal profile
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Figure 5.14: (a) Aquifer conductivity? & = 1 / () Aquifer conductvity profile

5.3.4 Aquifer longitudinal conductance and aquifer conductivity

The longitudinal conductance value vdrb et we e n

) atvBS9 1 and 0L Et884 (g

VES 1, while the conductivity value randerom 0.006 atVES 6 to 0.0592 aWVES 1 (Table

5.5) The aquifer longitudinal conductance and aquifer conductivity contour maps as wel as

their profles are presented in Figure b.and Figure 5.2. Profles AB from both para

meters shoed a striking similarity with a gradual @crease in conductivitesom the west

with distance awayfrom the saline sources to theast. Simiarly, the threedimensional

surface view also revealed northsouth increase in longitudinal conductance values. The

longitudinal conductance (S) may be related to the variatidheirresistivity of substrata with

depth. However, it may be noted thhe | ayer 6 s

resi st ithesatyatod e pend

content of the aquifer and not necessarily aquifer thickness (Séiaja 2016) hence, a
thicker aquife may not necessarilgorrelate with higher resistivity as in the case WES 1

and VES 3 in the present studylhe high Svalues corroborated by high conductivity values
obtained atvES 1, VES 3, VES 11, and VES 12 and may likely be due to high salinity of the
groundwater origh clay or both (Ugadaetal, 2013).
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This may be substantiated by the geophysaadlysis of electrical resistivity and borehole

logs which showed thepresence of botlaltwater intrusion anthe intercalatectlay layersin

the subsurface of the studarea (Yusuf and Abiye, 2019Furthermore, an appreciable

i ncrease i n 0S6o val ue ma 'y correspond t o al
consequent decrease in transmissivity of the aquifer (Oteri, 1881)e present case, despite

a high porosity value and high longitudinal conductance valueV&S 1 and VES 4, the
corresponding low transmissivity value suggests appreciable clay content. It can thus be
concluded that high longitudinal conductance valese due to the presence of both clay

and beckislsaline intrusion into the fresh aquifer in the study area.

5.3.5 Electrical resistivity tomography

The ERT surveys involvehe measurement of potential gradient developed between tvgo pair
of electrodes arising fronthe introduction of direct current tin 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 flud, so that a
medi umds electrical rthe en fieid saturatiory, podosityarmd nfigids preoc
electrical conductivity. Therefore, RH surveys arecapable of detectng and delineating
spatial and temporal variation in lthological and hydrological properties of testad
sediments (Kulessa2007). The pplication and theories of the ERT to hydrological problems

of the subsurface are well establishdgul{in and Hubbard, 2005; Veréen etal, 2006;
Ayolabi etal, 2013). In this study, the process of data acquisiton was detaidajoter 4

(see 4.3.2).

The obtained data along the three grouped 2D ERT profies scomgr the central parts of

the study arganamely Elegushi beach, Oniru beaand Adenii Adele (llubinrin) (Figure
5.2a-c). The datawas processed using REXD and the resultare presated in Figure 5.3,

Figure 5.8, and Figure 58. The arrays employed are dipagole and poleipole for

better horizontal and higher depth probing. The 2D ERT sections revealed variations in the
subsurface resistivity, the geoelectric property thaineddes different lithologies as wel as

ts fluid content. The int@retation from theERT revealed that theubsurface lithologic units
comprisel different layers with varying resistivity valuesanging from topsol, clay, sandy
clay/clayey sandand snd. Deductions from the avaiable borehole logs shothat the

aquifer is constituted by the sandy clay/clayey sand and sand layers with various degrees of

aquifer yield due to the differences in porosity and permeabiity of the aquifer nmatdnal
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this study, parts of the aquifer upnitespecialy the second aquifenave been impacted by
saline water due to an incwsi by salne water fronthe nearby @ean or lagoon, and where
it occurs, it is charactead by a low resistivity value. Other sourcesof contamination
observed fromthe study include the infitration of saltwater from the creeks, accumulation,
and percolation of wastewater through unined draifem® the canal, wastewater frorthe

adjoining canal and infittration from poluted streams

The intrusion experienced in the coastal donaas 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 incursiodewiser saltwater to flow
further inland (Oteri and Atolagbe, 2003; Adepelugtial, 2008; Adeotietal, 2010;
Harikrishnaetal, 2012).In a simiar study, Ayolabetal (2013) also deduced that excessive
groundwater extraction is responsible for realiwater intrusion into the coastine aquifer.
This problem is particularly imminent within the study area that many prolfic boreholes that
were initially producing freshwater after driling suddenly &ee salty a few months later

and were, therefore, abdoned. The observed patterns of the saline water incursion from the
geoelectrical resistivity results in most casegre lateral and generally identfied with
resistivitqum (Figuleu®eB afd Higdre 54). It further revealed that the
groundvater was affected by both brackish and ocean water situated north and south of the

study arearespectively.

At Elegushi Figure 52a on the base map, three traverses were undertaien i this
domain and Figure 5.3 presers the processed ERT map. alersea was carried out
parallel, probing a higher vertical depth using gdifgole whie b and ¢ separated 50t
apart were surveyed perpendicular to the ocean and the lagoon, to reveal the progressive
seawater incursion (marked in blue) into the naighbg coastal aquifers employing dipole
dipole array. The vertical depths of penetration were@1974m, and 122n for traverses

a, b and c, respectively. The paralettsaverse was 206 from the ocean and the subsurface
is essentiallycharactesed by low resistivity reflective of saline incursion into the aquifer as
revealed from the 2BRT model. Itis obvious that between the lateral distances (117
152m; 200 250m) the aquiferhas been impacted by the seawater intrusion to a depth of 30
90 m berath the surfacewith a resistivity valueof * 10q m This indicates that the second
aquifer has been impacted by salne water. Simiarly, travdysasd c were both probed
from a 300m distance to over a kionmetaway from the ©@ean to ascertain the qgressive

saltwater incursion inland. Traverse revealed incursion of saline water into the subsurface
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aquifer to a depthof between 1%n and 45m. This is an indicaton of saline incursion
deducible from its exhibited low resistivity value. This defipterefiects an influence from

the brackish water due to the contaminant fow isoatheasternand easterndirection. The
observed low resistivity at traverse at a depth rangeof between 30n and 90m is a clear
indication of a change in lthology anithid content. This portion has been highly impacted

by saltwater and has greatly affected the second aquifer. The contaminant spread becomes

imminent atalateral distance of 32@, indicating the presence of saline intrusion.
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Figure 5.15: Earth Imager Inverted Resistivityi Depthmodelsfor the ERT lines for Elegushi
traversesa,bandc

At Oniru, Figure b on the base map, a resistivity survey was conducted along three
traverses di ) and presented ifrigure 5.4. Traversesa and b were taken paralel to the
lagoon, whie traverse was carried out perpendicular at distancés650m, 400m, and

800m away from the lagoon. The areaverageof investigation for traverses, b and c were

76



118m and 480m, 122m and 567, and 141Im and 405nm for both depth and lateral

distancs, respectively. At traversen, resistivity distributions of extremely low value are
restricted to thenearsurface aquifer within the depth ranging fromnlOm, as revealed by

the 2D ERT inverted.
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Figure 5.16: Earth Imager Inverted ResistivityDepthmodelsfor the ERT lines for
Oniru traversesa, bandc

This is connected with the combination of ¢layn the one hand and the infiration of
wastewater or leachate generated from both (domestic and industrial) into the subsurface via
unlined drainage andthe wastewater channelAt traverse b the low resistivity value
diagnostic of contaminant plume was observed betweelepth of 30n and 60m and at

lateral distances of 22% and 286n this apparently indicas a saltwater intrusion.
However, traversec was conducted to monitor the gradual encroachment into inland by the
salne water. This shows dominantly low resistivity valuethinvia depth of 20m to 50m

and also exhikst lateral occurrence. This may be a lateral invasion of the freshwater aquifer

by seawater. There is alsogradual decrease in the degree of intrusion with distaincier
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inland that is evident from wider cotaminant plume spread atlateraldistance between i)

and 240m. This may be as a result of high pressure near the sourt® infrusion, which
decreases with distance and thus detml volume reduction of saltwater being transgedss
and/or the preseice ofa 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 26. on the base map, is a lafid
reclaimed portion orthe lagoon and the processed map was presented in FigbreT®d
traverses were taken parallel to the Lagoon atmOéhd 200n away from the lagoon for
both a and b, respectively. The 2Dnodel revead the status of the probed subsurface within
the vercal depth of 138n and 139n for traversea and b. The traverses characteul
predominantly by low resistivity at the surface up to a depth ahléhaype suggestinghe
presence of clay or wastewater infitration from the adjacent canals and streames/erlo
traverseb was suspected to have been impactedbriagkish wateiat depths between 30 to
70m below the surface. Thesouthern spread pattern exhibited by the plume could be
confirming the generalnorth-south groundwater fliow direction. Generaliygeducible from
the depth of intrusion occurrence, ERT has revealed that the second aquifer was greatly

impacted and mostly affecteloly the saline intrusion in the study area.

78



Distance (m)

o o4 128 192 256 320 384 448 512 576

69

Depth (m)

103

138 ¢

Depth {m)

63478
High Resistive Material
3590 k=
7

203 Clayey Sand (Freshwater Aquifer)

11.5 Clay

0.65 Saline water

Figure 5.17: Earth ImagerInvertedResistivityDepthmodelsfor the ERT lines for Adeniji Adele
(llubinrin) traversesa and b

5.3.6 Geophysical borehole logs

Geophysical logging methods provide an additional toolbox to identify rock forsatian
are permeable and thus prodeeti and tb clayey formationso that it may be eliminated
from the search for potential afgus. It is a tool comprisingeveral measurement devices
(e.g. restivity and gamma rays) that werlewered into the subsurfaceand continuosi
readings of physical valuesere taken and sent via the cable to the surface Timi.method
alows better identificatiorof the subsurface layers and théid contents and also removes
the ambiguity of suppressed thin layers by surface geophysical metlbesnatural gamma

logs are used primarily for lithologic identification and stratigraphic correlation.

The geophysical borehole data acquisiton process for this study was desciiieaptar 4
(see 4.3.1.3). The log interpretation involved superimposing the resistivity flogheo
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boreholes in the study area on the natural gamma ray log which discriminated between sand
and clay or shale. This superimpostion enabled the tracing of the relatively low resistivity
zones within sand units across the boreholes. The occurrencdataklye low resistivity

zones withinthe sand, compared to clayr 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 avaialpéyseal logs and
grouped into two axes (A and B) (Figure &.4nd Figure 5.71) for ease of examination and
correlation. The correlation of some selected well logs into axes A anoimBwest to east

was guided bythe availabilty of borehole logs, its lation andthe desire to develop a cress
section model to enhance understanding of the subsurface hydrogeological processes.
Specifically, representative borehole logs with the highest level of penetchiise to the

ocean in the south, and borehotdsse 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 strateh of
study. The saltwatefreshwater interface and horizons deduced from geophysical borehole
logs are presented in Table 5.6, whie Figure 6.&and Figure 5.1 show the diagrammatic

representation.

Seventeen out of théd5 borehole logs interpreted were not affected by saline intrysions
which implies 62% of the examined holes were intruded by seaw@iaoe 5.6). The Aaxis
constitutes logs at the southern parts of the coastal belt relatile Bsaxis, whie the Baxis
comprises the northern parts of the coastline next tolaheon The Aaxis compises
Apapad Victoria Island Lekkii Ajahi Sangotedo and Awaya whie the Baxis is made up of
Ikoyil Lakowa Akodo both from west to east respectively. Information from available
borehole logs combined witha qualtative interpretation of the natural gamma, ralgjows

that the study area is underlain by altemation of sand and clay witthe admixture of
varying proportios indicated by changes in the values of gamma rays as related to different
layers. The logs revealetihree to four aquiferous zones of varying thicknesses and tsgen
the majority of which ae regional and traceable alomgth distances, while others exhibit
local occurrence These aquifers are separated by confining units made up of clay or sandy
clay. The shalowest depth of 14 for the freshwatersaline water interface was recorded at
the western and central parts of the study area at ApaBHag) and Ikoyi (BH42), while the
deepest freshwatesaltwater interface depth of 157 was intercepted at AjatBKi20) (Table

5.6).
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A-AXIS: Victoria Islandi Lekkii Ajahi SangotedoAwoyaya

Five representare borehole logs stretching from Victoria IslanBHR6) to Lekki BH25) to
Ajah (BH20) to SangotedoB{H2) to Awoyaya BH35), were selected to generate the -geo
section for the A-axis (Figure 5.6). The A-axis traversed within the land tract frometh
cental parts eastwards. A detailled interpretation is presented in Table 5.6 and Figée 5.1
revea the regional occurrence o& clay column along the traverse, which incresage
thickness in an easterly direction, varying fromn8tat SangotedoBH2) and exnds to
>150m at Awoyaya BH35) within the depth of investigation. The extensive occurrence of
the clay unt truncatethe CPS aquifer at the sowghstern parts othe study area and
probably accoued for the difficulty experienced irthe availabiity and exploitation of fresh
groundwater.

B-AXIS: Apapai Ikoyii Badord Lakowe

The geesection forthe B-axis (Figure 5.7) encompassing Apapalii44) to lkoyi BH4) to
Badore BH5) and Lakowe BH38) was generated diig only four well logs.A summary

of the nterpretationis also presented iTable 5.6. The Baxis revealed aclay column
occurrence that thickens towards thest. The clay serves asseal, preventing the upconing

of saline intrusion. Furthermore, the resistivity logs were equally interpretetkeliteate the
saline intrusion horizons and freshwasalne water interfaces. The resistivity values along
A-axis (west to east) rargjgrom 44Y mto 51Y m, 26Y mto 40Y m 64Y mto 68Y m,

64Y m to 30Y m with the corresponding frestatersalwaer interface thicknesses ramg
between 66n and 126m, 49m and 134m, and 25m and 157m for Victoria Island, Lekki

and Ajah, whie Sangotedand Awoyaya were unaffected. Concering the Baxis, the
resistivity values ranging betweeft8Y m and 20Y m, axd 9Y m and 15 m, with
frestwatersaline water interface occurrence at depth ranges from ®8105m, and 51m to

112m for Apapa and lkoyi, respectively, whie Badore and Lakowe devoid of saline
intrusion are exceptionwithin the depth of investigatn (Figure 5.6 and Figure 5.7). The
observed increase in resistivity values as shown in the resistivitycioyde explained with

an increase in sand content and the occurrence of more freshwater or water with a lower TDS
value than the layers above abelow (Zohdyetal, 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 5.18: Typicalfresh/salinewaterinterfacesalong the A-axis using natural gammaray logs
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Table 5.6: Ranges of fre shwateirsaltwater interface thicknesses and corre sponding resistivities and fre shwater zones

Resistivity at

Freshwateri N
BH* _ saltwaterinterface sali:/s;z\r,\;ii;ace
S/N Address Coordinates (m) (¥m) Freshwaterzones (m) Remarks
Top Bottom Top Bottom

BH1 1st Avenue Ikoyi N 06 26. 781’ E003 27. 106 75 108 18 21 0-27, 3%45, 4755, >130 Affected
BH2 | Ajayi Apa/Sangotedo N 06 26.010' E003 44.216' - - - - 14-53 Unaffected
BH3 | Ajegunle water wrks N 06 25| E0O03 19 30 70 4 18 0-21, 76130 Affected
BH4 Osborne Estate lkoyi N 06 24.781 E003 28.205' 51 112 9 15 10-13, >113 Affected
BH5 Badore N 06 29.781 E003 42.205' - - - - 5-10, 5376, 80130 Unaffected
BH6 MRS Apapa N 06 25.49 E003 20.138' - - - - 10-18, 3036, 3#50, 5270 Unaffected
BH7 Etim nyang CRT. VI N 06 24'00.20"( E003 26'02.60" - - - - 16-34, 6693,106127, 148277 Unaffected
BH8 | APMT YARD, APAPA N 06 26'31.53"( E00322'47.98" - - - - 13-25, 3037,51:116, 124190 Unaffected
BH9 | Azare cr.Apapa N 06 26 .109' E003 21.964' - - - - 5-35,47-54,58120,135228 Unaffected
BH10 | OniruEstate N 06 25'48.90"| E003 29'55.00" 71 128 20 28 16-27, 16%202 Affected
BH11 | CappaVi N 06 26'27.50"| E00326'01.20" 77 117 28 31 15-30, 137180, 183198, 206220 Affected
BH12 | ljora Olopa N 06 27'58.20"( E003 22'43.00" 17 66 46 50 12-15, 106145, 157158,169217, 225229 | Affected
BH13 | ljora CFAO N 06 27'13.50"| E00322'08.30" - - - - 28-35, 3842, 4691, 104123, 128132 |Unaffected
BH14 | Clover,Lekki N 06 25'30.34"| E003 30'47.44" 39 114 42 33 14-18, 170189,199207 Affected
BH15 | ApapaWharf N 06 25'32.80"| E003 22'34.29" 39 115 21 31 33-38, 124170 Affected
BH16 | ApapaDSTV N 06 26.386' E003 19.614' 14 58 57 56 11-13, 78116, 13-160, 168174, 177179 |Affected
BH17 | Ajah/Eastline prject N 06 26.572' E003 35.156' - - - - 24-43, 5258, 6470, 74147 Unaffected
BH18 | Victoria Island N 06 25'38.90"( EO003 25'59.40" 63 129 39 35 155208, 217222, 234272 Affected
BH19 | Lagos Island/ARS. N 06 26.922' E003 23.775' - - - - 14-19, 3356, 70112, 132178 Unaffected
BH20 | Ajah/ITB Construction N 06 26.819 E003 32.985' 25 157 64 68 18-24, 158165, >200 Affected
BH21 | Lekki/JP EST.PHSIII N 06 27'48.10"| EO003 34'40.10" 78 130 68 68 28-36,47-74,131143,158165, 174183,19023( Affected
BH22 [ W/l Joseph N. Close. N 06 25'33.00"| E003 25'32.40" 66 135 35 37 155190, 196212, 217236 Affected
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Resistivity at

BH* . Fres hvyate i freshwateri
S/N Address Coordinates saltwat?rrrll?te rface saltwater[nterface Freshwaterzones (m) Remarks
(Ym)

BH23 | MTN Call Centre Lekki N 06 27.966' E 003 34.120 - - - - 5-13, 2531, 3843, 60116 Unaffected
BH24 | NNS Beecroft Naval Base, Apapa] N 06 27'32.8" E 003 22'16.7" - - - - 12-21, 2635, 4248, 53162, 192214 Unaffected
BH25 | OMORIRE JOHNSON Street,Led N0626'11.90] E00331'3240| 49 128 48 54 6-26,173-187, >209 Affected
BH26 | OZUMBA NBADIWE, VI N 06 24'22.10[ E 003 25'04.06] 66 126 44 51 12-30, 139194, > 202 Affected
BH27 | Tin-Can,APAPA NO0626'07.72] E00320'09.88] - - - - 6-23, 3136, 87199, >208 Unaffected
BH28 | PRODECO Guest House ,\VI N 06 24'20.794 E 003 24'49.62 45 134 26 40 15-21,148153,160170,173215 Affected
BH29 | IKATE ELEGUSHI, Lekki N 06 26'36 .60 E 003 29'35.20] - - - - 20-30, 98118,128194, >208 Unaffected
BH30 | FemiOkunnu, Lekki N 06 26'33 .30, E 003 30'26.90] 82 115 46 49 12-14, 182220 Affected
BH31 [ WILLOW GREENSESstate, Lekki [ N0626'55.70] E00330'38.60] 88 115 47 49 12-13,166189,200236,243247 Affected
BH32 | Zenith Bank Head Office , VI N 06 25'48 .20 E 003 26'04.60] 66 129 40 38 153-205,217240 Affected
BH33 | Civil Centre Nigeria N 06 25.81' 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 N 06 28 E 003 4 - - - - 26-47, 230270 Unaffected
BH36 | Federal Palace Hotel N 06 25| E 003 2 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, 7095 Unaffected
BH39 [ NIGERDOCK,SNAKE ISLD NO06 25.528 E00319.422 28 58 12 17 109129 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 123130 Affected
BH42 | Osborne Est, Ikoyi N 06 25.781' E003 26 106’ 14 136 12 52 137-142, 150220 Aff ected
BH43 | Police Headquarters, Obalende N 06 26.913 E 03 24.448 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, 106143, >188 Affected
BH45 | L/I, Apongbonwaks. N 06 27.634 E 003 22.899 - - - - 50-57,74104,110217,221246 Unaffected

*BH=Borehole
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Chapter 6
ISOTOPE CHARACTERISA TION OF THE BASIN

6.1

Introduction

In order to identfy the source(s), movementr interaction between surface water and

groundwater andto estimate the residence time within tluifer,

water samples were

analged for environmentali s ot o P@,s ?H,I( Tiitum, Carbonl3 and Carbori4)
signatures Table 6.1 and Tablé.2 represent the stable isotopic dates, sehile the carbon

and tritum dataare presented in Table 6.3he sample locaton map and the resulting stable

isotope plas of i*H vs u*®0 along the LMWL forthe Benin Republicare presented in igure

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

undertakenthree timesdue to logistic and accessibility constraint
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Figure 6.1: Location of sampledwells,boreholesand surfacewater
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Table 6.1: Isotope results and calculate d temperaturdor rainy season water samples in the

Lagos Coastal Basin

Sppe] tenepue [t T Ty (a] a0 cal RN ] 0
Shallow groundwater (GW)
Gwl 06e26., 003e19 4.5 -0.9+0.4 -0.08 +£0.08 -0.32 17.4
GW2 06e26.[003e19 7.0 -18.2+0.1 | -2.58 +0.04 0.12 12.4
GW4 06e28.[]003e¢21 7.2 -8.5+0.1 -0.88 +0.04 -2.29 15.8
GWS5 06e27.,003e¢e21 3.87 -24.8+0.6 | -4.26 +0.08 5.49 9.1
GW6 06e26.[003e¢22 6,0 -5.6 £0.3 -1.19 +0.09 2.85 15.2
GW7 06e26.[]003e1l19 11.2 -8.3+0.2 -3.11 +0.09 13.80 11.4
Gw8 06e27.,003e¢e23 6.5 -6.5 +0.2 -2.39 £0.04 10.51 12.8
GW9 06e26.] 003¢24 7.12 -7.9+04 -2.41 +0.04 9.26 12.8
GWI10 06e27.[003e23 4.25 -6.7 £0.1 -2.34 +0.05 9.89 12.9
GWwW12 06e27.,003e¢e23 9.1 -3.0+0.1 -0.63 +£0.05 151 16.3
GW13 06e27.[003e¢22 120 -8.1 0.2 -2.77 £0.05 11.62 12.1
GWw14 06e25.,003e¢e24 3.75 -14.4 +0.2 | -3.89 +0.10 13.18 9.8
GW15 06e26., 003e25 5.6 -11.4 +0.3 | -3.13 +0.05 10.86 11.3
GW16 06e26.] 003¢24 5.0 -14.9+0.9 | -3.30+0.11 8.50 11
Gw17 06e26., 003¢24 4.8 -20.2+0.4 | -4.81 +0.09 13.94 8.8
GW18 06e26.[003e28 4.2 -11.6 0.2 | -3.49 +0.04 13.13 10.6
GW20 06e26.[003e¢31 3.45 -16.8 +2.8 | -2.10 +0.27 -2.13 135
Gw21 06e25., 003e32 9.5 -7.90.4 -0.83 +£0.08 -2.00 15.9
GW23 06e29./003e¢e34 9.0 -8.2+0.4 -1.99 +0.05 5.99 13.6
GW25 06e30.]003e¢36 7.2 -7.9+04 -3.10 £0.07 13.79 11.5
Gw27 06e27.,003e¢e40 6.3 -13.5+0.2 | -2.13 +0.06 1.65 13.3
GW28 06e28.[]003e¢e42 6.12 -13.4+0.2 | -2.83+0.08 6.66 11.9
GW29 06e 2 8. 003¢48 7.4 -19.8 +0.2 | -2.64 +0.11 -1.10 12.3
GW30 06e29., 003e53 5.85 -17.4 +0.1 | -2.52 +0.05 0.50 12.6
GW32 06e28./003e¢38 7.6 -8.6 £0.3 -2.81 £0.07 11.32 12
GW33 06¢28./]003¢34 13.2 -10.3+0.1 | -1.71 +0.07 1.83 14.2
GW36 06e28., 003e33 7.45 -18.1+0.4 | -3.97 +0.02 10.11 9.7
GW37 06e26.[003e31 8.2 -9.4 0.1 -1.79+0.14 3.25 14
GW40 06e26.[003e32 4.35 -14.2+0.4 | -3.70 £0.06 12.13 10.2
Deep groundwate r(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 11.51 10
DGW5 6 30.511 336.684 185 -24.7 £1.7 | -4.6510.17 12.51 8.3
Rainwater (RW)
RW1 3.30.1 -1.65 +0.02 15.05 14.3
LMWL -12.2 -2.9
Surface water(SW)

Swi 06e29.,003e¢e25 -11.4 +0.2 | -3.17 +0.08 11.05 11.3
SW3 06e31./]003e¢34 -13.7 £0.1 | -3.47 £0.07 10.93 10.7
SW2 06¢23./]003e¢e26 2.7 +0 0.11 £0.02 1.89 17.8
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Table 6.2: Isotopesresults for dry season water samples in theagos Coastal Basin
S?\ln;;':)le L(:gir::gn Longitude (E) Lat("::;de Welér':)e pth wH (a)] ® (ald= exc:¢
Shallow groundwater (GW)
GW1 |Coconut 1 06e26.[003e19 4.5 -9.8+£1.1 -2.90%0.2 10.76
GW2 |Coconut2 06e26.[003e19 7.0 -12.9+2.0 -3.3320.5 10.75
GW4 |ljora 06e28.[003e21 7.2 -12.520.4 -3.3320.2 10.89
GW5 |Badia 06e27.[003e21 3.87 -10.3£0.9 -2.89%0.3 10.22
GW6 |Wharf 06e26.[003¢g22 6.0 -7.6+0.5 -2.29+0.3 8.72
GW?7 |Kirikiri Rd 06e26.[003e19 11.2 -3.7x£0.7 -0.73£0.3 1.54
GW8 |Marina park 06e27., 003e23 6.5 -11.6+3.1 -2.72+0.3 7.73
GW9 |Obalende 06e26., 003e24 7.12 -11.8+0.4 -3.29+0.1 11.59
GW10 [Adeniji 06e27.[003e23 4.25 -10.8+0.4 -2.79%£0.1 9.03
GW12 [Isale Eko 06e27.[003e23 9.1 -9.9+0.5 -2.70x£0.1 9.18
GW13 |Island 06e27.[003¢22 120 -9.4+0.2 -3.20+0.2 13.29
GwW14 (vi 06e25.[003e24 3.75 -8.9+4.1 -3.1320.4 13.38
GW15 (lkoyi 06e26.[003e25 5.6 -11.2+0.3 -3.36%0.2 12.62
GW17 VI 06e26.l 003e24 4.8 -13.6+0.5 -3.38+0.2 10.35
GW18 [LekkiPhasel 06e26.[003e28 4.2 -11.6%£0.6 -3.22+0.1 11.28
GW20 [Igboefon 06e26. 003e¢e31 3.45 -15.3+0.3 -3.71+0.3 11.08
GW21 [Lafiaji 06e25.[003e32 9.5 -13.0+0.4 -3.1320.3 9.17
GW22 [Ajiwe 06e28.[ 003e34 T -15.5+0.4 -3.3520.1 8.31
GW23 (Oke iranla 06e29.[,003e34 9.0 -12.9+0.4 -3.06+0.2 8.88
GW24 |Ado 06e29.[003¢35 7.2 -15.4+0.5 -3.37+0.2 8.52
GW25 [Badore 06e30.[003e36 6.3 -12.0£0.2 -2.93%£0.2 8.74
GW27 |[Abijo 06e27.[003e40 6.12 -16.8%£1.0 -3.77x0.1 9.94
GW28 |Awoyaya 06e28.[003¢42 7.4 -19.7+0.4 -3.98+0.3 8.59
GW29 [lgando 06e28.[003e48 5.85 -8.6+0.6 -1.71+0.1 3.51
GW32 [Sangotedo 06e28.[ 003e38 7.6 -13.1+0.6 -2.74%£0.3 6.29
GW33 |Ajah 06e28.[ 003¢34 13.2 -13.0+0.4 -2.52+0.1 4.86
GW36 |[Ajah 06e28.[ 003e33 7.45 -16.4+2.1 -3.26x0.4 6.70
GW37 |ldado 06e26.[ 003e31 8.2 -11.1+0.6 -2.60+0.3 7.34
GW40 |lkota 06e26.[003¢32 4.35 -15.7+0.3 -3.45+0.2 8.87
GWw41l [Ogombo 0626. 9( 00336. 7 241 -12.5+0.3 -2.48%0.2 5.04
GW42 (Ibeju Lekki 0629 . 3(00353. 7 5.2 -11.5+0.4 -2.54%0.1 6.54
GW43 |Eleko 0626. 4| 00351. 3 6.38 -16.9+2.9 -3.04+0.4 4.70
GW44 [Lakowe 0628. 41 00343. 8 3.48 -11.2+0.8 -2.39£0.2 5.71
GW45 [Awoyaya 0628. 6( 00342. 6 4.2 -13.2+0.3 -2.78%0.2 6.50
Surface water(SW)

SW1 |Lagos Lagoon 06e29.[003e25 T 2.5%0.6 0.36+0.1 -0.02
SW2 [Oniru beach 06e23., 003e26 T 2.3x0.5 0.79+0.1 -3.26
SW3 |Ajah Lagoon 06e31., 003e34 T -1.9+4.6 -0.26+0.4 -0.06
SW4  |Okun Ajah 0624 . 1| 00335. 3 T 1.9+0.2 0.82+0.0 -3.97
SW5 |ApapaCreek 06249@ N| 0032 1. 9 T 2.1+0.2 0.55+0.0 -1.85

6.2 Deuterium (°H) and Oxygen18

The H and 80 values of precipitation and infitrating water are controled by factors such as

temperature, lattude and alitude effectsevaporation,intensity and duration of mafal, and
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condensation in recharge and drainage areas (Clark and Fritz, 1997; DansgaardTHE64).
general meteoric relationship betwegth and 120 defined byGMWL and the concepts of the
d-excessare detailedn Chapter 3 (see 3.3.1).

The location ofthe data on the GMWLhowever,indicates the source of air moisturehe
LMWL establshed by Loehnert (188for Ore Agbabu,southvest Nigeriaz was defined by
equation 6.1:

PH = 7%02% 0. 4 éxé&&éé.én. 1

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

PH = 7%01% 0.1 %3&&&éé 6. 2

This study, haever, adopted the Cotonou LMWL for this research due to the common
features shared by both basins and the closeness of the local IGERAP station. The
LMWL showed low vapour humidity relative to the GMWL resultng from its lower slope

value.

A slope is afunction of humidity and temperature ((Gd1981; Rozansketal, 1997) of a
particular groundwater territory. The plots in Figure 6lbw that the groundwater samples
were plotted around and along the LMWL, indicating that the groundwater in the coastal
aquifer is generaly of meteoric origin. Furthermorayhile samplesthat plot above the
LMWL indicate rapid infitration, samples that plot below and away from the LMWL
connote evaporation prior to rechar@eat, 1981; Yusuf et al., 2018Therefore,the plot of
shallow groundwater samples above and below the LMWL indicated rapid infitration to the

shallow aquifer in one part arle effect of eaporabn on the other.

The observedslight seasonal variations maye attributed tothe intensity andamount effect

of rainfall as noted by Dansgaard (1964hat at any given location, the heavier rainfal is
more isotopicaly depleted than the light intensity rainfall during the dry season as the air
moisture is subjected t@ leser Rayleigh condensation press. These results remain in
perfect agreement with several observations for low lattude marine sites of the IAEA
monitoring stations (JAEA, 1992). The variations resulting from recharge events and
evaporation from unsaturated zones indicated that sddkwmhaations were preserved in the

shallow groundwater aquifer. In the groundwater samplds e  méHl i @ Mm% ofi+10.3
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and-2.584a ; al?2@ and-3.05a wer e o0 btsesvet and dry seasans, respectively,
reflecting the peculiar feature of albw groundwater. Thisobservationcorresponds with
many wellknown phenomena documented in most stable isotopes of O and H. The diagrams
of?Hu a % (Figure 6.2) also reve#that most of the samples fall on the evaporation line

or mixing line represeged by a regressi ine defined by Equations 6.2 and 6o# both wet

and dry seasons.
PH = 318Qi@* 80 a &b0MBWetseason) éé ééé6.

PH= 3.8®i*0.B7 &°2%0B9Rrycason)ééd. 4

(a)

8H =7.1%3 130 + 9.1%.
30 S 30 &H = 7.13750 +9.1%
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[
8 10 0E 2 4 -
20 3 3 3 2 4
£ S
-30 ) 5
w0 g e
5 w ES
*H =3.48%6%0 -2.8% E’
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(b)

30

S'H =7.1%5150 +9.1%
LMWL
20
10
5150 (%-VSMOW) ¢ /ﬂl Ap
7 1 2 3

52H (%s-VSMOW)

o Wet-GW ¢ Ram Sample A Wet-Lagoon B Wet-Ocean 40
Dy-GW Dry-Lagoon Dry-Ocean ® Deep well

Figure 6.2: Plotof U°H vsi*® O ( & for shallowgroundwaterin wetand dry seasonsgdeepwells,
surfacewaterand rainwater in the LagosCoastalBasin

The low slopes of 3.48 and 3.89 exhibited by both wet and dry seasorisoaseiggestive of
the evaporation process. According to Gatd Gnfiantini (1981) and Sheppard (1986),
evaporation from a freshwater surface commonly resul@nievaporation line with a lower

slope of 3.56.0 in a normal range of relativatmospherichumidity of 75 % to 10%. The

position of rainwater above the LMWL could be related to the condensation effect which is

controled by regional air circulation frorthe South Atlantic Ocean however, its enrichment

in ?H implies domination bya local moisturesource.According to Clark and Fritz (1997) and

Abiye (2013), this occurrence could be due to low humidity in the vapour. In additon,

groundwatersamplescollected at the central parts tife study area between the lagoon and
the ocean GW 13, GW 14, GW 15, GW 16, GW 17 andGW 18) (Table 6.1) exhisd a
mixture between lagoon water and gromater. The observed mixed isotopic signatures may

suggest either or both of the following:

.  Movement of the lagoon water through and below the coastal aquifereteset)

supported by the striking simiarity in isotopic signatures between the groundwater

sample GW15 and that ofthe Lagos lagoon sampleS\W1) maye confirming the fact

that the lagoon is recharging the aquifer to the south
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ii. The depletion in stable isqies for the lagoon and groundwater in the wet season may be
related tothe interaction with rainfall whie enrichment of the duo in the dry season may
be due toan evaporation effect. Specificaly, the lagoon water exhiaitprominent
dilution in the wetseason and more saline in the dry seaseoident from their relative

locations in Figure 6.2.

Concerningthe deep groundwaterthe environmental isotope plot in Figue2 portrays that
the samples fell slghtly below and along the GMWL, indicatingt tti®e groundwater
samples were of meteoric origin with little evaporation significance deducible from its slope.

The mixing line is represented by a regression line defineBEqgbgition 6.5
PH = 6%8% B.9 2-00¥ORep wells)éééééb. 5

From Table 6.3, the oBG e afiddudgests tha préesenee ofl e p | e
deep circulating groundwater in the basin. Although the deep aquifer recardedtively

more depleted stablisotope value, the isotopic values fell in the same range with ab@&at 15

of the shalev groundwater (Tables 6.1 andFigure 6.2). These intermixing isotopic
signatures could suggest a probable mixture of preserved old water in the less permeable

layers €lay layer or matrix) recet recharged water for the shallow aquifer.

Generally, surface watemre highly enriched with respect 80 and?H, with higher values
recorded in the seawater relative to the Lagoon water (Figure 6.2, Table 6Thldad.2).
Specificaly, the seawater samples colected in both seasons (wet and dry) close to the
seashore south of the study area have an isotopic composition value that is highea than 0
for both isotopes as reported for modern oceanic seawater. In the don,sbawever,
surface water samples collected close to the sea, at the Apapa SWeX @nd the Lagos
lagoon EW 1) exhibit both marine and evaporation infuence on the isotopic composition
with positive stable isotopes values. Contrarily, the Ajah lag&W 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 $W 1 and SW 3) have simia depleted values as groundwaters with respect to

’H and %0 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 surfacewater and goundwater plotted above the GMWL but in low humidity
regions, reevaporation of precipitation from local surface waters created vapour masses with

isotopic content that plot above th&WL. The shift above the LMWL indicates the impact
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of rainwater on thesurface water bodies and may also suggest that the vapour evaporated

from the hydrologically closed basin.

Furthermore, interpretation ofd-excesswas undertaken in order to ascertain the possible
source of precipitation in the area which gives rise mhear ge to t h&0 aqui fe
values were plotted against-edcess (Figure 6.3) and the distributon has a range of
variatons from-2.29a t o & 3for hd wet seasonl.45a t o & Jor BeBdry
seasorand 11.01a t o & 2 f thetdeep groundwat samples. The high-excess with
depleted ®0 could be due tothe mixing of regional air mass (depletedO) and local
moisture (enrichedfH). 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 -dxcess and'®0O for both shallow and deep aquifecould
indicate a recharge from mixed moisture sosird®n a global scale, the averageextess
value is known to beabout 10a (Craig, 1961)but it differs with variations in humidity,
wind speed, and sea surface temperature during evappratioordingly, the low €excess
values reflect high humidity duringhe formation of vapour mass (Clark and Fritz, 1997,
Abiye, 2013).

d-excess (%o)
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Figure 6.3: Plot for d-excess/s*®0 valuesin groundwatersamples

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

compositions to groundwater from the basement and sedimentary basin of South West
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Nigeria (Loehnert, 1988) and thoseported from othercountries in West Africa, for
example Ghana (Acheampong and Hess, 2000; Jorgensen and Ba¥alaugp, 2001). The
observeddepletion of stable isotope compositidnem south to northn groundwater may be
attributed to both the alttudend continental effect of incident rainGenerally, the stable
isotope of oxygen'fO) and hydrogen®d) 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-tlenmg isotope
monitoring. Consistent, regulaand longterm 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 al ong ?Htitf@ plot (Mighle 6.2revealedhtieat th@bserved
relatively enriched mean values 6H >-11.64 , %@ >2.53a ; *Hi>-12.34 , %0 >-2.90

& 2Hu>-20.24a, %0 > -3.96 & , exhibited by the groundwatsrwet season, dry season

and deep boreholes indicatelow altitude nature of the basinin addition, due to the less
variabiity in the stable isotopic composition typifying the ibasit is considered that
monsoonal rainfall derived from the south (Atlantc Ocean) was most likely the source of
precipitation recharging the LCB. The groundwater samples are subjected to various degree
of evaporation and as such exkiditsome variationin stable isotopic compositon and
distribution along the LMWL. Considering the size and alttude of the study tneamajor
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 abol@0Dmm 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 doainrainfal and
variation in its isotopic compositon may be related to the prevaiing climatic conditions.
Furthermore, in the wet season, the spatial distribution of isotapesome of the
groundwater(Figure 6.2 and Table 6.1) reflects isotopic &igres simiar tothose found in

the lagoon water samples. This simiarityesides the simiar -dxcess valugssuggestsa
common recharge source (precipitation) for both the lagoon and groundwater and may also
indicate that the lagoon acts as a notablace of recharge to the groundemin parts of the
basin. |In comparison, thd an eauesectaractessihgat i v e
the deep confined aquifers and its plot along the LMWL indicates precipitationafmmixed

moisture source as the main source of recharge hdier uoonditios different from the
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modern climatic conditics

the concerned shalow groundwater leely isotopicaly depleted) is a mixture of young
and old water (low tritum) preserved in relatively impermeable sedimentspconingdue

to overexploitation which allows older war to move upgradientor aquifer recharged by

Mor eover,

younger but poorlyrtiated rainwater.

t he i%dt a rtidibeliveeg thei n
deep aquifer and a few samples from the shallow aquifer (Figure 6.2) may sidgethat

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

Sample ID* Tritium (TU) mg;::wri:\?ti?:)e Mean 12965'(‘;2;9 fime BC( &)
Shallow groundwater (GW)
GWw2 1.7 £0.3 78.8+2.4 1950 £10 -17.86
GW5 2.8+0.3 - - -
GW6 1.7 +0.3 - - -
Gw7 1.1+0.3 78924 1950 £10 -12.79
GWs8 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 4350 #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+24 1700 £10 -20.51
Gw27 1.4+0.3 - - -
GW28 1.2+0.3 - - -
GW30 1.8+0.3 83.4+24 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 1072070 -19.34
DGW2 0 22.7 £0.23 11900 +81 -19.55
DGW3 0.0+1.2 28.2+0.21 10180 +60 -18.19
DGW4 0.2 £+0.2 22.4 +0.19 12030 +69 -21.26
DGW5 0.3+0.2 39.8 £0.25 7400 +50 -21.38
Rainwater (RW)
RW1 2.2+0.3 - - -
Surface water(SW)

Swi 1.7 £0.3 - - -
SW3 - - -
SW2 * - - -

95

val



6.3  Tritium content

Tritum (®H) has been reliably employed to distinguish groundwater recharge dugingreéh
bomb time from younger water (Clark and Fritz, 1997). Its variation provides an insight into
local recharge and circulaton mechanisms. Sequel tothtemonuclear test of thearly
sixties that injects®H into the atmosphere, the trium content gnecipitation increasec
thousandfold, especially in the northern hemisphere. Since 1963, the peak tritum
concentration has decreased to natural values in winter and about theuhdguralvalue in
summer. This event consequently affected the grouedwaitium content as aquifers are
being recharged. Thereford content can often be used to determine datgs quemand

post quem However, this research study admptthe tritum values documented at the
Cotonou GNIRIAEA stations (OINATITINGOU/6539100, OICOTONU/6534403 and
O1i KANDI/6530600) over a period of 13 years (20@D18) as the basis for its
interpretation. In these years, tritum values were partially capturé@di®, 2014 and 2016
hydrological years. For all the stations, the minimunuevadf 1.08TU was recorded in 2012,
whie 3.5TU was the maximum value documented in 2016. The general mean tritum values
for the years rangefrom 1.8 to 3.15TU. Similarly, Loehnert (1988) reporteal tritium value

of 2 TU for rainwater duringhe August break in parts oSouthwestrn Nigeria which was in
good agreement with the GNIRREA Cotonou stations. Based on the above, it may be
proposed for the area under studpd the entire Dahomey Basin at lartfgat wates having

a *H>1TU, are considerech mixture of recent water with a low “C, whie water with
3H<1TU are relatively older waters aa mixture of old and recent recharged water. The
analytical result of tritum and carbon content in the shallow unconfined aqdisp
aquifer, surface wat as wel againwater is presented in Table 6W8hie Figure 6.4 revesl

possible interaction in the hydrological systefirthe basin

The tritum values ranged from OTU to 2.8TU for the unconfined shallow groundwater;
0.0TU to 0.3TU for the confned deep groundwatet.7 TU to 2.0TU for surface water and
2.2TU for a single rainwater sample (Table 6.3). Therefore, rainwater and surface water with
a tritum composition value of >IU recorded for this stugdymay be considered as modern
water. Theshallow groundwater data, however, apparently reveals clustering into two distinct
groups, consisting of a group of relatively young immature shalow groundwater fa@ving
tritum value of 1 TU, and an older group of more mature or admixture of old and recent
recharge groundwater with v al ue TW (Figure 5.4). The young shallow groundwater

includes all the sampleghe exception beingGW13 and GW37, with extremely low tritium
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values. he anomalous occurrence of low tritum shallow groundwéa®k/ 13 and GW 37
(Table 6.3) represerst mixture of more mature old recharge shallow groundwater. This
scenario may be explained kaither a probable mixture of recent water with low tritium
conteth water or due to the presence of relatively impermeable sediments, which indheases
residence timeand enableshe decay of the tritum An additional possibiity to the above is
that the aquifer was recharged by younger low tritum containing rainfidehinde, 1993;
Yusuf etal, 2018).

I
.
2.5
¢ o B
245
5 . . o =
= 9 L5
= o ® e
______________ e _ e _ ___3
® 3
oM
054+ E
[ | [ | - ® . b
T r — — T T I
-0.00 -5.00 -4.00 -3.00 -2.00 -1L.00 0.00 1L.00
8130 (%0)
® Shallow groundwater B Deep groundwater LMWL
+ Rainwater Lagoon water Ocean water

Figure 6.4: Plotof °*H vsi'®0 ( & Mifferentiating groundwaterinto old waterand young water

In addition, shallow groundwater and surface water appeabe a proger mixture of
infitrated rainwater with trittum contents close to the mean precipitation. This is evidenced
by the occurrence of rainwater, surface water and the shallow groundwafemel as
observed in Figure 6.,4which suggested possible interactiobetween the water bodies.
However, the deep groundwater occurrenc&ate? revealed a total disconnection from the
surface water and rainwater. The few shallow groundwater occusréena®ne2 suggested
possible but limited interaction between old evatind young recharge water (kg 6.4.

The varying tritum concentratisnmay either depict variable residence times or infitration
with variable tritum content into the aquifer (Kehinde, 1993; Yuehal, 2018).
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Figure 6.5: Plot of **C vs®H for groundwaterin the studyarea

Generally, the concentration 8H in the aquifer systermdecreasesvith depth and eventually
becomes nouletectable in parts of the deeper aquifer$80m) (Table 6.4 Figure 6.5). This

may be indicatingan increase inthe residence time in theeeper aquiferAccording to Abiye

(2013), groundwater samples with nearzero tritum value have been in circulation for a

long time (>50 years) and are not derived from predawt @infall in Southern Africa. This
assertion is similar and agrees wel with the observed scenario in the deep aquifer of the study
area andthus, recharge could be derived from rainfall different from the prelsgntlimatic

conditiors.

6.4 Carbon-14 and **C

Dating of groundwater with radiocarbon cannot be carried out directy 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 fronphene€Q
through the soil zone. The carbon isotopes BIC and *°C are essential and vital tools to
quantify the interactions between water and rock in the cas€Cofage determination of
groundwater. The carbon isotopes were carried out in the stedy tar establish an input
function for dating groundwater and unraveling the source of carbon in the Habie 6.3.

The increment in the natural concentrations of both catldomnd tritum in waters resulted
from the thermonuclear testing in the eat960s angd therefore, elevated concentrasioof
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®H and “C in groundwater indicate recent recharge. The cafidorcontent, however,
decreases in old water through radioactive decay hedce, making it a useful residence

time determination toplwhile Carbonl3 determination is useful in the identification of the

origin of carbon in groundwater (Loehnert 1988). The meastit€dvalues vary between

22.994 anl@56& f thershallow aquifer. The observed depletion#C concentration

in both the shalbw unconfined groundwater and the deep confined groundwater may
probably be due to secondary €@roducing reactions (Vogel and Ehhalt, 1963; Mook, 1976;
Kehinde, 1993) such as carbonate weathering and cation exchange processes as the major
factors of carbnate geochemistry within the coastal aquifer. The catbongathering is
suggested as a resdif calcite dissolution from the Cretaceous Ewekoro limestone. Garbon
13 values, however, become less variable with depth and vary-2brd8a t-18.19a ,
swygesting that the effects of interactions between carbonates and organie mat*€n U
have become stable or balanced at a deeper dfptblg 6.3. In addiion, the depletion of

13C values connotes litle or no marine carbonate ,redtk enriched'*C values available for
dissolution in the subsurface (Mazor, 199

Concerning arbon14 actiity, it was found to vary from 59.1 to 8@PIC for groundwater
from the shallow interstiial aquifer. In the recently recharged water,*48e content is
expected to be close to or above PB0becauseé“C is derived from the soi COand islkely

to contain bomb™C. The moderately rangedctivity of *C observed in the basinshalow
groundwater is indicative of youngnd locally recharged sousc®f water that is not very
high in **C content According to Dorretal (1987), the’*C conteit of shallow groundwater
ranges from 9PMC to about 5®MC, dependig on the local condition otarbonate
dissolution. Murrayetal (2015) identified two groups of water for the study arBae first
group is shallow and recently recharged growmter with *C values between 7@MC and
94 pMC, comprisingGW 2, GW 7, GW 17, GW 18, GW 25, GW 30, and GW 33. The
second isa mixed group identified with intermediat'C values varying from 5pMC to
70pMC, entailingGW 8 and GW 13 samples. However, in the nimed deep groundwater,
the 1C values rangé between 22.4MC and 39.8pMC (Table 6.3 The highest*C
concentration value of 39@MC corresponds with the shallowest borehole depth ofni&hk
DGW 5, while the W 4 with a depth of355m recorded theehst value of 22.36MC for
Y¢C activity, indicating a decrease in*C content withan increasing groundwater depth. In
summary, a decrease in“C activites connotesan increase in mean groundwater ages with
depth.
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Figure 6.6: °Hi 14Crelation of selecteddeepand shallowgroundwatersamples
in the LagosCoastalBasin

Also, based on carbe4 and carboil3 contents, most of the samples &dlevidence of
mixing; indicating that variation irthe activity of carborl4 is essentialy due to radioactive
decay and represents the true residence time of groundwater. Furthermore, diffusiop of CO
gas from the unsaturated zone to the groundwater could also affect the measured carbon
activity in water (Fontes and Edmus, 1989; Le Gal La Saletal, 2001). When diffusion
occurs, modern CgQincreases carbeib4 activity of groundwater and consequently reduces
the estimated groundwater residence time (Le Gal La 8tdeé, 2001). Diffusion is known

to occur in moderrgroundwater with high pHwhere the dissolution of CQ gas is enhanced
(Stumm and Morgan, 1981; Fontes and Edmunds, 1989). Thus, the low pH clsagdtheri

study area suggests that the diffusion procdess not affecthe estimated carbelv activity.
Simiarly, the relative correlations agreement between tritium and cdrhonamely high H
occurrence led to high*C occurrence and viceersa Eigure 6.§. This further suggests that

a carbonl4 signature remains unmodified and stil refettte grounndwater renewal raten
comparison, the™C values are relatively higher in shallow groundwater sampitsn a

range 0f59.1+2.2 pMC to 88+ 2.4 pMCcompared tathe deep aquifer wi a range of
22.4+0.19 pMC to 39.8+0.25 pMGQesulting in a MRT rangm from 4350+10to 105G:10
yearsfor shallow groundwater ant2030+10 to 7400+10 yeafs deep groundwater.

Furthermore, in an attempt to gaamn insight into the climatic conditi@nunder which the
deep aquifer recharge occurred, this research study s@dpdhe use of temperature

correlaton method as stated below:

100



i. Retrieval of the avaiable air temperature and stable isotopéOofiata between 2005
and 2012 from the Cotonou GNIREA staton (GNIP/M/BJ/O1
COTONU/6534403).

ii. Oxygenl8 values plotted agwt the corresponding aiemperatureof the presentay

climatic conditios (Figure 6.7)

ii. From the graphthe relationship between temperature ahd stable isotope of®0 was
established by the equation Y =iXt where Y represent$®0 6 where X means

relationship gradient, meansunknown temperature and r@ansthe intercept.

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

by substituting the relevant deep groundwater data as definédjuagion 6.6

YT*tCeeeeceeééce 6.
X

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

temperature of the deep confined aquifer was calculated Hgogtion 6.7.
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Figure 6.7: The '°O relationship with air temperature

The calculated ambient temperature during rainfall that generated rechargeals a
variation in the shallow aquifer (Table §.lwhere hightemperature rangng between 11

and 17.4 (awrag 13.41 ) were recordedwith the exception ofa few samplesGW 5
(9.1°C); GW 14 (9.8 ); GW 17 88°C); GW 36 (9.7 ); and GW 40 (10.2 ). The
exceptionallow-temperature occurrence in parts the shallow aquifer may be rééd to
mixing of the deepseatedold water with young watethrough excessive abstractiomhereas
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lower recharge temperatures that vary from 8.3o0 10.7 (average9.7 ) documented

for the deep aquifer could be indicating recharge occurrence under more humid climatic
conditiors. The above assumption is further substantiated Figure 6.8 and Figure 6.9
differentiating the recharge period based 8@ and '*C content; annual temperatuf€ °C)

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

Basedon the globaly adopted geological time scale, the boundary between the Holocene and
Pleistocene is set at 12500 years from the present, which is equivalent {ftC thelues of

22+1.7 pMC. Based on théC data, groundwater recharge into the shallow ghemter took

place in the Holocene, with relatively warm climatic conditions. In contrast, the deep aquifer
recharge occurred partly between LatéOPleist
in the deep groundwater samples may be explained by nficaly contribution of Late
Pleistocene recharge from cold climatic conditons (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 througliaporation and less availabiity of water for
recharge due to an increase in ambient temperature. In general, the shallow groundwater
experienced recharge under present climatic corslitemd thus remains renewable. In
contrast, the deep aquifers were haaged under the last humid period abg 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 TH E SHALLOW GROUNDWATER
AQUIFER IN LAGOS COASTAL BASIN

7.1 Introduction

The hydrochemical signatures of groundwater reseurdeoth in time and space, are
essentialy infuenced 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 anttgepio factors. The natural (geogenic)
process includes but is not limted to, redox transformation, complexation, ion exchange,
dissolution and precipitation, rocwater interaction, intermixing of water bodies (saline
water and freshwater) and many othersich are sitespecific (Drever, 1997; Schwartz and
Zhang, 2003). On the other hand, the artificially induced (anthropogenic) factors are mainly
related to industrial activities, urbanisation, langfilsnd aquifer oveexploitation (Appelo

and Postma, @5). Physicochemical and hydrochemical analyses are excelent tools to
decipher the source of mixing in groundwater and surface water systems (Clark and Fritz,
1997; Appelo and Postma, 2005). Coastal aquifer ssdiim 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 salaition and behaviour of the aquifer to minime vulnerability of an

aquifer to polution (Haretal 2014).

Owing to the fact that the.CB is characterised by high population density, coupled with
increasing industrial development and the peculiar hydrogeochemical , nageessitated
detailed hydrocheal investigation and establish its state of pollution besides its protection
potential. More importantlythe vast majority of the lowlass populace in and around the
basin obtain water from the coastal aquifer. Thus, the physicochemical parameteatiowf s
groundwater along the coastal strip of th€B were measured to understand the pollution
status and possible interactions between these resources. It is worthy to mention that
additional data for brackish surface waterW 1, P-SW 2 andP-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 segfoertase of identification and

clarification (Figure 7.1).

Starting from the western segmeéintjointly known as Apapaandd e not ed ibtge O App O
study areaincluded samples GW1 to GW 7 (the Apapa, Ajegunle, Ajeromi, Wharf, ljora,

and Badia areas) andrminated by the Lagos lagoon to the east and bordered by the creek to
the south. The central paris collectively referred to as Islandnd d enot ed T by &1 s
constitutel samples GW8 to GW 19, GW 21, GW 37, GW 38, GW 39 and GW40 (the

Island, lkoyi, Obande, Lekki and Ajah areasJhe eastern parts generaly described as
Etosaandr e pr e s e n t ierade bugthe erBainingdbsamples from GVX0 to GW 45,

except for the occurrence of G4, GW 37 to GW4O0 in the series (the Igbo efon, Awoyaya,
Badore, Avoyaya,and Sangotedap 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 ockarsauth. It is

also worthy to mention that the water samples under investigation are essentially water from
the surficial aquifer colected mostly through ladjameter handiug wells, essentially

<10m deep with the exception ofa few borehole samplesuch as GW7 (BH 1), GW 13

(BH 2), GW 23 (BH 3), GW 28 (BH4), and GW33 (BH 5), with anestimated depth range of

O 1. The shallow dug welsvere more focused on this research being the most vulnerable

to contamination and their relative function (mosipleited) to the dominant lowwncome
inhabitants. A summary of the physicochemical, major ions and bacteriological data from the
groundwater and surface water is presented in Table 7.1Taiolé 7.2, while the detailed
analytical results forthe wet and dy seasons are presented in Appendices E and F. The
summary tables (Table 7.1 andable 7.2) contain statistical results for the minimum,

maximum and mean concentraton
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106



Table 7.1: Summary of physicochemical, majorions, microbial population in groundwater
obtained for the wet and dry seasons in th 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 7.518.5
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 14200 3832.00 |638.9362 1 000
Total Hardness as CaGO 48.00 668.00 199.45 T T T 100
Temperature () 26.00 29.50 27.8 27.60 30.70 28.8
Turbidity (NTU) 0.10 99.80 11.06 T i T 5NTU
Ca™ (mglL ) 0.05 97.13 11.11 8.20 12.80 11.1452 75
Mg*" (mg/L) 1.29 16.77 5.91 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 T
CO;“ (mg/L) 3.00 210.00 51.54 0.80 6.00 3.70 T
NO; (mg/L) <0.001 108.70 22.353 <0.001 0.06 0.025 10
SO, % (mg/L) <0.001 88.00 36.234 0.01 0.21 0.089 200
Faecal coliform/100ml 2.00 20100 17000 T T T Nil

* SON = Standard®rganizationof Nigeria

Table 7.2: Summary of physical, bacteriological and macreelement contents of surface water
(lagoon and” ocean)obtained in the study area

Parameters Minimum Maximum Mean VgHOON(égé%)’
pH 7.83 8.25 7.98 7.58.5
TDS (mg/L) 2000 35040 10260 500¢
EC (uS/cm) 3999 48000 24100.25 1000*
Temperatue ( C) 29.8 32 313
Ca* (mglL) 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' (mg/L) 2327 15582 8965 250
HCOs; (mg/L) 40 365.94 133.49
COs* (mg/L) 30 180 76.5
NO3z (mg/L) 9.6 245 175.65 10
SO% (mglL) 102 1862 1039.25 200
Faecal coliforms/100nl** 34 1733 646 Nil

**Erom present study*SON (2007)
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7.2  PhysicochemicalParameter Evaluation
7.2.1 pH and temperature

The pH values recorded in the analysedugtovater samples rard@jdrom 5.40 to 8.60with

a mean of 7.26and 5.1 to 8.7with a meanof 7.22 for wet and dry seasgnsgespectively.

This suggests that the groundwater in the area ranged betwslghtly acidid neutral pH

and slightly alkaline. Inthe surface water, the pH ranged between 7.83 and &b an
average value of 7.98reflecting near alkaline characteristics of the surface water.
comparison of the pH values for both surface water and groundwater revealed a striking
similarity, paricularly in the wet season, though the surface water average demonstrated to
be slightly alkaline (Table 7,1Table 7.2 and Figure 7.2ac). Ths may be an indication of
mixing between the groundwater and surface water (brackish watetheodissolution of
carbonate rocks. The temperatures of the water at the time of the sample collection ranged
from 26 to 29.5 with an average of 27.8 and 27.630.7 , with a mean value of

28.8 , in the wet and dry seasmnrespectively (Table 7.1; Figure 7.2a and b). This
temperature range is low in comparison with the temperature of 7€cordedby Onwuka

and Anadi (1989)for a boreholeat adepth of 750m in parts of Lagos. Therefore, it may be
deduced thathe temperature of the present study indidate shalow aquifer andhat the
groundwater temperature increases with increasing depth an estimated tergpature

gradient of 0.06 /m.

7.2.2 Electrical conductivity

In the groundwater samples, the EC valuesiedabetween 111S/cm and 3284uS/cm
(average885.35uS/cm) for the wet season, and betwek uS/cmand B324S/cm (aerage
638.93 puS/cm) for the dry season (Table 7.1). The highealues 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, whie the lowest value was documented in the eastern segment (Et) and towards the
south (Figure 7.3 andFigure 7.4). This may be indicating the influence of surface water with
the fresh groundwater through bank infitration, flash fieaat surface rwoff as it flows
towards the ©ean In surface waters, the expected highest occurrence val@00DuS/cm

was recordedor the seawater, whi@ steady value of 399@/cm was documented the

lagoon atP-SW 1, P-SW 2 andP-SW 3 which might be due to the upper specification limit of

the equipment used durintpe field campaign (Tabler.2).
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7.2.3 Total dissolved solids

In the study area, the TDS value vari@dm a minimum of 69ng/L to a maximum of
1642mg/L (awerage 458.85mg/L) in the wet season, whie during the dry seasovaried

from 114mg/L to 1324mg/L (awerage361.45mg/L) (Table 7.1). Th high concentration of
TDS in the groundwater samples reflects that the wates not entirely fresh and may be
related to watérock interaction, rainwater chemistry, ion exchange (clays and sandy clay
lenses) and probably anthropogenic sourted wil be discussed in detall at a later stage.
The TDS exhibiteda similar pattern of higher occurrence in the west and central parte of th

study area(Figure 75).
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7.2.4 Microbial counts

Table 7.1 andTable 7.2 also contain the total viable plate counts obtained for both
groundwater and surface water samples in the wet se@ikenmicrobial content is higher in

the slallow large diameter wells thain the protected boreholeé&ccording to Ocheri et al.
(2014) high faecal coliform is often associated with the sanitary condition of the environment
of the wels. Thus, the sources of polution could be traced to pit l&sinindiscriminate
waste disposal, poor urban plannimnd groundwaterinteraction with contaminated surface
waters. Although both surface water and groundwater were considered podisted on the
microbial counts, the surface watermore poluted tha the groundwater as demonstrated by
the higher averagemicrobial countoccurrence. The ratio of the microbial count in surface
water relative to the groundwateras four times higher This implies that the surface water

aremoreprone to pollution and derioration than the groundwater.

7.3 Major lon Chemistry

Calcium is the predominant cation found in the groundwater of the study EreaCaf*
values varied between 0.0%/L and 97.13ng/L (aweragel11l.11mg/L) for the rainy season
and from 8.2ng/L to 128 mg/L (awrage11.15mg/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 variatitirei€a" concentration recorded

for bath saasons couldbe indicating the differential dissolution of carbonate rocks and ion
exchange process The Mg?" concentration varied from 1.28g/L to 16.77mg/L (aerage
5.91mg/L) for the wet seasomnd from 2.44ng/L to 6.23mg/L (awerage3.7mg/L) for the

dry season. The observed higher magnesium valué*(Mge") exhibited in the wet season

with a Ca"/Mg®* ratio of <1 in 75% of the groundwater sampleswith the exception of
GWIi5, 14, 1618, 30 and 38) may be due to marine influence (AppendlixTHe N&
concentration in the wet season varied between gl and 14.7Mng/L (awrage
2.42mg/L), and in the dry seasorfrom 4.10mg/L to 9.10mg/L (awrage5.47mg/L). The

higher values recorded in the dry season may be attributed to the evapeffationleaching

of salt or ion exchange between the aquifer material (clayey sand) and the solution: The K
values varied from 0.1dhg/L to 23.77mg/L (awerage3.04mg/L) in the wet seasorgnd from
3.89mg/L to 9.01mg/L (awerage5.7mg/L) in the dry seasons. The qtassium concentrations
demonstrated a similar pattern with sodium exhibitaaghigher 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 folowSZ* > K* > Na" > M¢?* and C&*> Mg?* > K* > Na' for the
respective dry and wet seasoffie unusual high average concentration 6ftkan N& in
groundwater may be related to leaching of the clay minerals, since the aquifers are hosted in
the sand and clayey sandeposits essentially characterised by clay matrixes (Yusuf and
Abiye, 2019) or it may also be related to parts of differdarinsportedmaterials brought

from the upstream to saifill the study area during land reclamation (an ongoing process in

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

The dominance of anignn the study area for the seasomas as follows CI > HCO; >

SO* for the wet seasomnd HCQ > CI > SQ;* for the dry season. Bicarbonate was the
dominant anion with concentrations varying from 6rhg/l to 335.51mg/L (awrage
101.68mg/L) for the wet seasorand 17mg/L to 97mg/L (average67.39mg/L) for the dry
season. Simiarly, the GO dissolution varied from &g/l to 210mg/lL (awerage
51.54mg/L) for the wetseason,and from 0.8ng/L to 6.0mg/L (awerage 3.7 mg/L) the dry
season (Table 7.1; Figure 6).. Whie bicarbonate was the abundant anion in al sampled
groundwater, it was, however, in some locations equalled by chloride in the wet season, a
good pointerto the mixture of water from various source$he dominance of HCOis an

indicator of carbonate dissolution and decomposition of organic matter (@ady 2013). It
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was suggested that the groundwater is in contact with rapidly dissolving carboodkte ro
which increases the relative concentration of these ions in solution during recharge processes.
The hardness of the groundwaterich is a function of calcium carbonate reflected in its

value rangg between 48ng/L and 668mg/L (awerage199.45mgL) as CaCQ for the wet

season samples.

Chloride was the principal anion and varied betweemg/l and 720mg/L (awerage
110.65mg/L) and between2.5mg/L and 9.73ng/L (awrage4.76mg/L) for wet and dry
seasons, respectiveifhe higher chloride conceations observed in the wet seasaould

indicate marine impagct 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 and 0.0251mg/L, indicating a higher
anthropogenic contribution to the aquifer in the wet seasonirthdne dry season. This is also

a reflecton of the interaction between the groundwater and highly contaminated surface
water which sen& as a conveyoibelt for all the generateghdustrial and domestigvastes

from the upstream to the d®an in the downstreardirection A comprehensive study of
groundwater qualty of the southeastern parts of Lagos between 1999 and 2000 on the impact
of urbanization, it vas found that in all the samplegkels sulphate, nitrate and chloride were
noted at objectionable proportion (Adelana et al., 2003; 2004; 200%xefore, the presence

of high nitrate concentration particularly during the wet season may be linked to
anthopogenic activities Similarly, the concentration of sulphate was also higher in the rainy
season thamn the dry season (Tablé.l; Figure 76a and b), probably related to marine
impact due tohigh-intensity rainfall that enhances flash fieodnd surfae water movement

to handdug wells or breakdown of organic mattém. addition, an increase in sulphate from
fossil fuel combustion has been observed in precipitation ovel @ (Aderogba, 2012).
Therefore, atmospheric depositon of sulphate throughfallam such an urbased and

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

In surface water, it is important to state t8MW 1, SW 2 andSW 3 are lagoon waters wiih
significant salinity difference, while&SW 4 is the sample from the €ean and represedat only
the rainy season samples. Magnesium is the dominant cation in the brackish water, whie
sodium remains the dominant cation in the ocean. Chloride, as expected, was the predominant

anion in both media (Tablé.2; Figure 76c).
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7.4 Metals

Not untl recently, attention on the qualty of groundsvatwas focused essentialy on

dissolved mineral salts. Among the pollutants, orgaracel metals have been the subject of
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concern because of their lestanding toxicity when exceeding specific thresholds. Trace
elementsgenerally exist in small amountsnia natural water system. The source of metals to
groundwater may be from different natural and anthropogenic sources. Once liberated into
the groundwater, the elememtistribution repeatedly undergoesodification by complex
geochemical and biological presses (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 F&3* PEF*, Cu#', CP', Cf’, Ag', Mn?*, Ni#* and ZA* due to their
constituted harmfueffects not only on human health but alsm 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

Heavy Groundwater Standard Surface water Standard
metals range Mean deviation range Mean deviation
Zn?*(pgll) <0.1-240 8.4 379 <0.1-19.9 6.7 11.4
Cu( ugl) <0.1-1,330 493 214 <0.1 <0.1 <0.1
Mn% (gl <0.1- 149® 3824 2,3544 4-10 2449 3477
Fe 3 (ugl) <0.1-1,580 118 2669 104.5-240 1735 68.2
NiZ*( pg/l) 179567 50.1 1421 <0.1-10 8 14
C (pgll) <0.1-10 0.2 0.6 216-190 70.1 103
Ag (g <0.1-40 2.7 7 24,974.8-24,980 16,6515 14,4206
PE*( pgl) <0.1-30 21 43 <0.1-450 1512 2618
Cr*(ugl) 395 143 143 <0.1-120 65.2 633

The metal occurrence in groundwater and surface water shdwelowing trendsMn®* >
FE3 > NiZ* > CE* > CP* > zrt* > PP > Ag' > CP* andAg' > PF* > FE™3 > Cf >

Ccrt > zrf* > Mn?* > Ni#* > CU". Pollution of thesurface watemvas not surprisingit is the

main recipient of various forms of anthragemic wastesgenerated within thestate from
inland to the coastThe most striking of this result is thatxcept for iron that occurred across
the whole area, all other metalkat had elevated concentrations groundwatersuch as
Mn?*, N#* and CG@" occurred betweenGW 1 (App) and GW 6 (App) an industrial zone
situated at thewestern domain of the study area (Figure7)7. Thus, the anomalous
occurrences othese metals in the western part strongly indicated local anthropogenic input

arising from industal activites such asuntreatedeffuents and wastes from numerous tank
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farms, pharmaceutical compes) and metallurgical plants coupled with municipal and

domestic wastes.
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Figure 7.7: High concentraton of metalsin groundwaterat the westernaxis of the study
betweenGWI and GW7 (Industrial zone)

7.4.1 The heavymetal pollution index

The degree of contamination resulting from metals in water was evaluated using the Heavy
Metal Pollution Index (HPI) methodKim etal, 1998; National Institute of Environmental
Research,2007; Odukoya and Abimbola 2010, Ayoladtial, 2013). The tolerable level is

the elemental concentration in the water considered safe for human consumpticetdl.ee
1998; Ayolabietal, 2013).The WHO @018) and SON (2007) standards were adopted as
tolerable levels for water. The HPI was calculated byfdliewing equationby Mohan etal

(1996):

M./Ty , . ., 2 2 7 2 2 2 2 72 2 2 2
HPI=:_—Leeeeeeeeeeeeee 7.1

m

Where:
M. representshe heavy metal concentration water,
T. = atolerable level and

Nm = number of heavy metals under consideration
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When the HPIlis >1, the water is regarded as being contaminated. More tha% Sff
groundwater in the area is polutedaving an HPIbetween 1.0 and 2.86. Kfhcontributel
the highest percentage (82) to the HPI, followed by F&3* (19 %), and closely folowed by
Ni?* (8 %), Cf* (8 %), CF* (2 %) and ZA* (1 %) (Figure 78).

1%

HZn
ECu
M Mn
i Fe
H Ni

M Cr

Figure 7.8: Percentag contributedby significant metalsto HPI in groundwater

Furthermore,in addition to the metals plot (Figure 7.8), the spatial distribution of EC and
NO3; were plotted to further demonstratethe impact of urbanization,land use pattern and
anthropogenicadivities acrossthe entire study area (Figure 7.9 and Figure 7.10. The EC
valueswere found to be highestin the westernand centralpartsof the study while the eastern
part has the least values thus connotingthe influence of the surface brackishwates on the
nearby shallow groundwater(Figure 7.8). However, with respectto NOs the occurrenceof
elevatedconcentrationof nitrate acrossthe study areais a reflection of an urbanisationimpact

dueto anthropogenicinput that emanatedrom humanwastes.
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7.5 HydrogeochemicalEvaluation
7.5.1 Hydrogeochemical facies

The Piper Triinear diagram is a very useful tool in bringing out the groundwater chemical
relationship in more concise terms (Walton, 1970). In the present study, hydrotluatica

were plotted on the Piper Triinear diagram (Piper, 1944), and Schoeler diagram (Schoeller,
1967) to evaluate the groundwater composition in wet and dry seasons. Furthermore,
according to Hem (1985}he water in which no cations or anion congitas much as 5%

of the total, should be recognised as a 06mi
anions. In this study, a 5®6 minimum benchmark for individual cation or anionic

concentrations nfeqL) in their respective totals has been com®d in formulating the water
type.

The hydrochemical facies of the individual wesampled ispresented in Appendices H
andl while Appendix J shows the summary of f
study area. The piper plot for the wetason groundwater revealed essentialy four distinct
hydrochemical types: ClIg-HCOs;, CaMg-CISO,, mixed CaMg-Cl, and CaCl, and the
predominant types were the G&g-HCOs;, CaMg-CIFSOy, constituting about 37.86 and
32.5 %, respectively, whie the dry ason was composed of CG#CO;, CaMg-HCO;3, Ca
NaHCO; and CaNa-Mg-HCO (Figure 7.9). The CECO; and CaMg-HCOs water types

with 39.5 % and 37.5% were the dominant water types. The dominant occurrence of these
water types gmve credence tothe recent rechage of the unconfined surficial aquifer. The
hydrochemial facies for surface water wadg-Cl for the lagoon samples W 1, R-SW 2,

and RSW 3) and NaCl for the ocean water (SWA). Detailed discussion regarding facies

changes in groundwater with seas@nsliscussed in the next sglction.
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Figure 7.11: Piper plot showingthe typesof water of the LagosCoastalBasinin the
wetand dry seasons

The chloride type watgrespecialy MgCl observed in about 2% of groundwater in the wet
seasonare compositionally simiar to the brackish water facies-@BAgof the lagoon water
P-SW 1, P-SW 2 and P-SW 3 (Appendix H; Figure 71.1). This also indicates possible
interaction between the surface water and groundwate brackish water may be suspected
as the major source of ¥lgin 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 varioubydrogeochemical processes such as precipitation,
dissolution, and cation exchange in an aquifer with increasing residenceateneesponsible
for variation in groundwater compositon as it evolves into different water facies them
recharge area thugh transition to the discharge zone.
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Figure 7.12: Percentagecompositionof meanoccurrenceof major ionsin groundwater

7.5.2.1Dry season water types

The dry season water samples are essentialy chasadteby calcium bicarbonate (Ca
HCO3) type of water (Figure I2). The high concentration of HGOis an indicator of
carbonate dissolution or decompositon of organic mafigle CaHCOs; water type is
generally derived from the carbonate dissolution sashcalcite which contributes Cd and

HCOs to the groundwater. During the process of waterk interaction an increase in the
concentration of G4 and HCQ™ with a consequent reduction in the concentration of ‘Mg

and CI, might haveresulted ina CaHCOs; water type. Calcium carbonate is the major
component of the Tertiary Ewekoro limestpnehich occurred inthe northern parts of the
regional Dahomey basin, the southern end at which the current study area is situated. It may
also occur as cementingatarial in sedimentary rocks. As depicted in Figuré0,7the Ca

HCO; and CaMg-HCOs; t ypes are normally dominated by
weak acids (Karanth, 1987The excess of NaK*/CI ratio in the dry season may suggest
leaching of soil 9 or cation exchange and also reflects the higher concentration of alkalis
from sources other than precipitation (Appendix | and Figui€)7 Furthermore, the high K
concentration could be washéd from the hinterland materials used to séihdhe study

areg especialy considering the very shallow depth occurrence of the surficial aquifer. In
summary,it may be inferred that as €aand Md" are removed fronthe water, Na" and K*

from rock are added to the groundwatédicating the process of cati exchange.
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7.5.2.2Wet season water types

In the wet seasongroundwateroccurs in different faciegAppendix H). The percentage
compositionof the nean for the major iongé the wet seasons also presented in Figure 10.

The series of water types recordedtha wet season is a true reflection of the discharge area
and it rangd from Ca*, Mg?*, HCOs", CI and SQ* dominated water types. The different
facies types could be explained by:

. Leaching and dissolution of saltShe high concentration of chloride noas observed in
the wet season is associated with decreasing bicarbonate concentration aimd efirich
sulphate concentration (Figure 712). This process clearly defnes leaching and
dissoluton of soluble salts through precipitaton and surface-offunduring
groundwater movement to the ocean ,andnsequently resutted in various forms of

HCO3-CLSO, water typesdepending on the dominant cation.

ii. Simple mixing between brackish water and fresh groundwater through flaslts flood
indicated by the relatve achment of magnesium and impoverishment of calcium
with increasing chloride (Figure 12): When carbonate sediments first emerge from the
marine environment, they undergo flushing of seawater by freshwater during which
time the salinty decreases and thgdrochemical facies becomes dominated by Ca
HCOs, and thus the coastal freshwater is dominated b$* @ad HCQ from the
dissolution of calcite such that cation exchanger has essential§* @asorbed to their
surfaces. When seawater charged withi al CI as the dominant ions, intrudés to
or mixes with the fresh coastal water, then the following cation exchange reaction

according to Martinez and Bocanedi2002) may occur:
Na'+% CaX Y -K4abCd'é é é 7.1

As the exchanger site picks up Nahen C&* or Mg’ are released and the hydrochemical
water types evolve from N&I water to CaCl or Mg-Cl. The generaMg?*/ Cr ratio of <1
(Appendix H) characterising the wet seasanay also be a good pointer to the mid impact
of marine on the water tibaquifer. Simply put, an increase tie concentrationof Mg?",

Cl and SQ* and the consequent reduction in the concentraton &f @ad HCQ as
observed in the wet seasofhis process might have resultédte groundwater to evolve to
various watertypes depending on the dominant cation or anion (Appendix H; Figué. 7.

Another possible explanation fothe decrease in calcium concentration could be when
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calcium from carbonate rocks is removed and replaced with magnesium from groundwater

throughoutanion exchange reaction (dolorsiition process).

In addtion, classificaton based on Sclael(1967) pointed out ions enrichment in

groundwater as follows:
THCO;>1SO,é 6 ééeé. é¢ééééeéeé Type |

With longer residence time the relationship stated aboamgels to:
ICI>rHCO; é ééeéeééeéeééeéeé Type |1

With further increase in the residence time, the below ionic phase evolves:
rICI>SO>rHCO;é 6 é € ééééééeée Type |11

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

rCl>rsQy>rHCOscoupled with rNa > rMg > rCa
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Figure 7.13: Schoellerplot showingwatertypesof the LagosCoastalBasinin wetand dry seasons

The evolution in ionic type fronType | to Type IV depends on the residence time of water in
the subsurface and the degree of \Watek interaction. The samples collected from the
present groundwater investigation rashggom Type | to Type Il in the wet seasgn
indicating water with different residence t#neresuling from heterogeneous sources.
However, the dry season can be classifiedTygse | water and it is essentialy homogenous
freshwater (Figure 73). The distinct dissimiarities exhibited by both seasons further
buttress the fact that there isldittor no interaction between surface water and the shalow
surficial groundwater during the dry season in the study, aasaclearly established by the
stable isotope study (Yuseftal, 2018), a situation which may be conceived to be r&sult
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, thanalsed groundwater samples revealed calcium and bicarbonate as the
dominant ions in groundwater, especially during the dry season (Apperdicand G)

suggesting carbonate dissolutiohhe dissolved C€ within the soil and unsatated zone
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produce weak carbonic acid AEl0s) which dissociates and enhances the dissolution of

calcium carbonate.

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

CO+HO Y CBz;ééééé. éééééé 7.2

CaCQ+ H,COY Car2HCO;, 6 é6éééé 7. 3

(Calcite/Limestone dissolution)y¥Y Calciu

Considering the locaih of the study areawhich is in contact with the ocean and brackish
water, the marine influence through flash fiecaind surface ruoff acts as a contributory
factor to the high magnesium occurrence in the groundwater during the wet, sgegn
crecence to Megcalcite [CaMg (COs)] (Appello and Postma, 2005). The Mglcite may be
divided into low and high Mgalcites the low Mgcalcites have <&ol % Mg, whie the %
30mol % Mg is regarded as the high Mlcites (Morse and Mackenzie, 1990). Based o
the above submission, all the groundwater samples in the dry season sathdlds (35%)
from the wet seaspmmay be classified as low Mcplcites with <Gmol % Mg. The remaining
65% from the wet season is under high-8édcites with magnesium values tlween 5mol

% Mg and 12mol % Mg. The magnesiumabundance in the rainy season mayfioen the
marine sourcethrough flash flood triggered by high intensity rainfal which led tan
increase in the volume of the connecting surface wafteithe lagoon and keeks and
subsequent occurrence of riverbank overflow. It is also worthy to mention tmadl36 Mg

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

7.5.3.1Chemical weathering

The rapid dissolution of soluble rocks (carbonates, gypsum, halte)grachlial dissociation

of relatively soluble rock (siicates) resulting frorocki water interaction are part ofthe
chemical weathering that plays role in mineral enrichment and depletion. The measurement
in groundwater of these rock components infornted dominant weathering processat
charactagses a particular aquifer. To gain an insight into the chemical processes that govern
water qualty, the present stugyoposeda new formula or methods for identification and

differentiation between carbonaddd siicate weathering in groundwater.
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The proposed methods acationic contribution evaluatiofCaf+Mg?* vs total cation (T2)],
and ionic rato plots of HC@/Ca&'vs C&'/Mg®* and HCQ/C&* vs C&'/Na’. Al
measurements are inegiL. Cationic contbution in groundwater derived from carbonate or

siicate weatheringcanbe established from the analysed water samples as follows:

1. Cationic evaluation:
i  Calculate the total cationECa*+Mg?*+Na'+K* (TZ")] in solution in meg/L.
. Calculate the sum of calth and magnesium in soluton @&aMg*") in meg/L.

i. The estimatedCa*+Mg*"is relatedto thetotal cations (T2) in meg/L.
The assumptiondelow were proposed for interpretation purpgse

. If the sum ofC&*+Mg?* O 0 . 5 is 5026 and above (T3, thencarbonate weathering

is the dominant process.

i. If the sum ofC&#"+Mg?* <0.5 TZ is less than 5% (TZ"), thensiicate weathering
dominates.

In the present study, the concentrationCaf*+Mg?”, relative to the totatations was 85%

in the wet season and B0 in the dry seasomoth of which are far and above the <G0TZ"

for siicate weathering (Figures 44 and 7.8b). Therefore, carbonate weathering is the
dominant processhat contros the groundwater qualiynithe study area. The?Ralues of
approximately 0.98 and 0.88 for both seasons further supported the valdity of carbonate
dissolution as the dominant process.

Ca + Mg vs Total cations (Wet season) Ca + Mg vs Total cation (Dry season)

7 1.6
Q 6 (a) Rz= 0.9321__‘_,.-_ 14 (b) R*=0.8749 P
= - = 1.2 - a .pi Jad
is .- £ . A%
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Figure 7.14: Ca’*+Mg** vstotal cationsshowing carbonatedissolution

2. lonic ratio plots proposition (HCOs/Ca®* vs Ca?*/Mg?* and HCOs/Ca?* vs Ca?*/Na"
(Appendices H and I)
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The ratios of the related elements to the objective were calculated
The ionic ratios were plottted on the logarithmic d¢rap

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 eagmrsiicates and carbonate

The assumptiondelow (boundary range) were made for interpretation puigose

0.07' 0.1 marks the zone of occurrence for evatasr
0.111.0 is the siicate zone
>1 is the carbonateone

Based on the bivariate plots of ionic ratios presented in Figus, it may be
concluded that carbonate dissoluton is the predominant weathering process
characterising the shallow groundwater system in the study area. However, the few
samples that fel within the siicate zone may be attributed to contributon as the
groundwater cro€s heterogeneous aquifers.
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Figure 7.15: Bivariate plot Ca®*/Na* vsHCO,/Ca’* and Ca**/Na* vsHCO,/Ca’* to identify the
dominantchemicalweatheringin the groundwaterof studyarea

7.5.3.2lon exchange processes

Although there are many proposed methodsdlffgrent authors to assess i@xchangethat
controb the groundwater chemistry, this study adopts th&™ag®*/ HCOs; + SO> ratio by
(Cerling etal, 1989) reported in meg/L for this purpose. The reverse ekchange is
identiied by an excess o€&*+Mg?") over HCOs + SQ;%), whie ion exchange is marked
by a higher occurrence ofiCOs” + SO.%) over Ca&*+Mg?") (Cerlingetal, 1989; Fisher and
Mulican, 1997; Edeetal, 2011). This may be representegl Hyjuation7.4. Here, the aquifer
matrix picks up the Nain soluton in exchange for its adsorbed/attached* C@he
hydrochemical composition thus evolves from-Q8kto CaCl or MgCl. In the case o&n

opposite reaction, thiellowing equation7.4occus (Martinez and Bocanegra, 2002):
1/2C&*+ NaX Y 1 /-R4O\&" (reverse reactionf . 7.4

The C&" ion in solution is taken up by the exchange site in return for dwaits surface. The
former sodiunrich water turnsinto calciumrich water and thus th&aHCOs; water type

evolves tahat of aCaHCOs water type, indicating the freshening process.

In the study area, the calculated ionic ratiaCef *+Mg?*/ HCOs + SO <1 in 90% of the
sampleswas in the wet season. Simiarly, 8% of the samplesiad a ratio of C&?*+Mg>*/

HCOs + SO* <1 in the dry season. This suggests the dominance of ion exchange or
secondary leaching as the source for dissolved salts in the basin. Haviewvergroundwater
samples, 10% and 15% for both wet and dry seasoiisitesiCa’*+Mg?* / HCOs™ + SOy

>1 as the groundwater tesido flush out brackish water to restore its freshness. It is important
to point out here that th@a*+Mg?>*/ HCOs + SQ* >1, as observed in the wet seasmay

be attributed to reverse ioexchange ora mixture of various waters. However, in the dry
season, it does not necessarily imply reverse ion exchémgehigher ionic ratio than unity
may be due to leaching as a source of dissolved salts or evaporation effebtdenti to

enrich thesoil salinity.

Compementarily, the Durov diagran{l948) (Figure 7.5) was employed to substantiate the
assertion observed about the ionic process governing the groundwater in the basin. The fact
that the mixed water type prevais in the wet season wagpated by data plotted in Figure
7.14; where 67.5 % of the samples pkd 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 receyt rechargd water exhibiting simple dissolution or mixing with no
dominant major anion or cation. In addticanfew samples (13%) in Field 4, showing Cl as

a dominant anionindicating that the groundwates related toa mixture through flash floosl
resulting from bak overflow by brackish water. The remaining 1%4%in Field 3 and Field 6
exhibted ion exchange processeshereas in the dry seasaamples plotted ifrield 6 of the
plot along the ion exchange line, slehthat the groundwater is related to ion exgeamvith
CaHCO; water. The remaining 136 belongs toField5 of the plot along the simple
dissolution ofthe rock or mixing line with no dominant aon or cation. In general, it islear
from the above that ioexchange and dissolution of rocks or mixinghwother water types
essentially contribute to the groundwater chemistry, whie rdiskolution and iorexchange
were the dominant exchange processes characterising the wet and dry, Sespecsively.
This may be reflecting the complexity of the baam the main recipient of all water types

from the upstreanside of the area
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Figure 7.16: Durov plot depictinghydrochemicalprocessesvolved

7.5.3.3Evaporation effect

The evaporation effecwas further eluailated with the use of the correlation between
Oxygenl1l8 and Cl and between N#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 thenbass 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 betweenthe wet and dry season. In the wet
season, the relative concentration amdperation in the basin are reflected by an increase in
chloride with oxygeril8 enrichment, and a constant sodium chloride ratio with increasing EC
(Figure 7.T7a and b). In an evaporation environment, the chloride concentration is expected
to remain consta with an increasing EC value (Appello and Postma, 2005). In the study
area,it was proposedhat the evaporatiomwbserved in the wet season may be a result of

mixture of the surrounding highly evaporated surface water with the shallow groundwater
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through flash floodhg, bank infitration and surface rwff. 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 infitration.Several authors have reported tlaatdecrease in Na
compared to Clindicate the influence of other sourceach asleaching of salt from the
surface or recharge due to evaporated water (Chidambatal, 2009; Prasama etal,

2010), where both of themverethe possible cause for the presstudy.

In the dry season, however, théO vs CI showeda horizontal trend line indicating that
despite oxygen enrichment, the chloride content renainstant, whie théNa’/CI  ratio vs

EC scatter diagram showeal trend line that slightly increas in the Na'/CI ratio with an
increasing EC (Figure 774 and b). This may be suggestingn insignificant effect of
evaporation on the shallow groundwater qualty in the dry season. In general, although
relatively higher regression coefficient factaras recorded for the wet season, the lotv R
value oberved for both seasons is a good pointer to thetlfattevaporation may not be the

dominant geochemical process controlling the groundwater quality in the basin.
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Figure 7.17: Showsscatterdiagramindicating evaporationinfluence

Furthermore,the Gibbs diagram (1970) was used to deduce the main mechanisms controling
the groundwater chemisfrynamely the sources of dissolved chemical constisiesut as
precipitaton dominance, rock dominanaad evaporation dominance. The Gibbs diagram is,
however, subject to modification to accommodate the pecularity of a particular region. The

modification was carried out in the present study using the follovamguidelines:

. Based on the deduction of the stable isotope study for the basin @feduf2018)
rainfall is the main source of recharge to the aquifdtGi8, but mixes witholder water

andsurface water.
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ii.  The rechargewvater is subjected tevaporatio prior to infitration due to the flat nature
of the study area that holds water longer at the surface befitratiam. The areais
subjected to evaporation prior to infitraton as observed by the isotope study (Yusuf

etal, 2018) and thus were giveadequate consideration in the modification attempt

ii. The analysis of hydrochemical composition revealed that watsk interaction also
played a notable role in the chemistry of the shallow groundwdtence, the need to
propose a modified Gibbs diagrarthat wil be suitable for the basin under

consideration as presented in Figure87.1

iv.  Although the TDS for pure rainwater (precipitation) is expected to be less than
100mg/L, this might be altered due to various factors sucl asxture of groundwater
with highy charged surface water and rainwater of marine origin that is equaly known

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

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

boundary for the evaporation line was generated.

The present study revedl that most of the groundwater samples from the two seasons (wet
and dry) plotted essentially in the roetominance and partly ithe evaporation fields. The
correlation of the higher TDS value with the correspontlia / (Na*+C&") in Figure 7.8
indicates that cation exchange reactions involving" Nemd C&' may account for the
variabity in groundwater chemistry (letal, 2013, 2016; Sunkaretal, 2019). Besides the
meteoric origin of the groundwatemight have been lost due to waterck interaction

mixture with high charged surface watersl ionexchange reactions

Therefore, the modified diagram as presented in thdysrepresents the real field situation
and it can thus be concluded that the main mechanisms controling the surficial groundwater
in ascending orderare evaporation besides carbonate rock dissolution as presented in Figure
7.18.
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Figure 7.18: Proposedmodified Gibbsdiagram showinggroundwaterevolutionin the basin

In furtherance to justify the modern recharge of the shalow aquifer in the study area, an
attempt to classify the groundwater into moderater (water recharged under present
climatic conditos) and old water (water recharged under humid climatic corg)itiovas
proposed usingn ionic ratio. This research work is proposing a plot of/gC&* + HCOs’

) vs TDS to deduce the classificatiom achieving this objective, the following assumptions

were made:

. That mineral is in contact witthe solution and solubility occurs
ii.  That carboates (calcites) dissolutiodominatethe system

iii. That the longer the recharge of water into the aquifer, thee moharged/saturated the
groundwater hence, the water class is broadly subdiided into two classesely:
modern recharge water andld recharge water based on the degree of aquifer
saturation

V.  The recharge rating assumption values (Rr) rangedeleet O and 1.

lf Rr >0 O0.5 = Modern water (youngest water
(oldest water tends towards 1).
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Ca/Ca + HCOyvs TDS (Wet season) Ca/CatHCOy vs TDS (Dry season)
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Figure 7.19: Showingthe prevalentclimatic condition that recharged the shallowgroundwater
in the studyarea

The plot of CA"/C&* + HCO5 vs TDS (Figure 7.D) revealed samples from both seasans

fell below 0.5 indicating water rechargd under modern climatic conditobased on the
aforesaid assumptions. Howevergrhwere two samples with values greater than 0.5 from

the wet seasgnconnoting recharge under humid climatecondition This may be due to the

mixing of the modern recharged water with deeper humid rechamg@dindwater. This
deduction is in agreementitiv the isotope studpf Yusuf etal (2018) that groundwater of
old/intermediate age for some of the samples inLB& resulted from the mixture of old and
recently recharged groundwater. In summary, this proposed method has been able to identify
and clasify the surficial coastal aquife of Lagos as essentially recentkecharged

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 (Sanchezal, 1998; Barbecotetal, 2000; Kim etal, 2003;
Moujabber etal, 2006; Batayneletal, 2014; Sridharan and Nathan, 2017). Apart from
groundwater chemistry, mineralogy of rocks may also be utilised significantly (Nwankwoala
and Udom, 2011, Masindi and bfe, 2018).1t is well known that no single variable
definitively identifies seawater intrusiprhowever, by considering various analyses we can
ascertain when fresh groundwater mixes with seawatsriier and Gallagher2012). This
research made use afnic plots such as SO/CI, Mg /Cr, N&/CF, and HCQ/CI to
investigate the possible marine infuence on the surficial aquifer of the study area. In addition
to the existing ratios, this research proposes the use Bf+®ag®" vs CI and C&"/Mg**

ratios against Clfor the same purpose. The use of chloride is imperative because it is known
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to be highly conservative in nature. Chloride entgroundwater through wet and dry
depositions during precipitaton and a rainout effect (Hainswetth, 199}, Guan etal,

2010; Oke, 2015). Based on Starinsktal (1983), theNa'/CI ratio is used to indicate
saltwater intrusion where the ratio values are less thmty, and when the ratio igreater

than or equal tounity, it connotesfresh meteoric waterin the present study, al the
groundwater samples in the wet season exhibitdubdess than one for allater samples
(Appendix H), whie the dry season samples havé/@laratio values generaly above unity

(for 92% of the samples}the exception biag the samplesGW4, GW22, GW31 and GW45
(Appendix 1). This may indicatesimple mixing of groundwater with the brackish water
through flash flood or surface ruoff as a major process in the wet seaseimereas the dry
season indicates fresh meteoric watkat probablyoriginates from watérock interaction
where the average value bfa’/Cl 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. Ingeneral, most ions (NaMg**, SQ*, and HCQ) correlated positively with

the Cl in the wet season (Figa 7.2@, ¢, e andg), indicating that such ions were derivatives

of mixing water. The low to modem regression coefiicientR?) indicated slight r®ing or

highly diuted brackish waterA 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 correlatidout almost horzntal with C1 (Figure 7.20, d, f

and h), reflecting equilbration 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 poped by the insignificant Rvalues recorded for the

period.

In addition, according to Sridharan and Nathan (200l®HCOs/CI ratio of 0.0069 suggests
saltwater intrusion. This implies that values higher than this ratio could connotewiésh

The high HCQ'/CI ratio vaging from 1.93 to 21.82 in the dry season are indicative of
freshwater recharge in 108 of the water samples. However, this ratio gradualy decreases
below unity indicating mixing infuence with surface water in 626 of the waer in the wet
season (Appendix H). ThelCOs/CI ratio for all samples in both seasomss greater than
that of the seawater ratio of 0.0Q068nnotingthe absence of seawater intrusion. However,
the low value documented for the wet season was gradaalying towards the ratio

(0.0069) indicating that such water is derived from simple mixing by highly diuted brackish
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water through flash floal or surface ruoff or leaching of salt by precipttation frorie
surface that washed into the aquifer througimfall.

The bw value ofthe SO,*/CT ratio varial between 0.01 and 0.06 in 98, and from 0.1 to

11.06 in 87.5% forthedr y and wet S e a s 0 hraspectivgly @ppendicsa t e r
H and I). The lowSO,?/CI ratio for the dry season indicagelow content of sulphate salts in

the leached sediments thadve been reduced substantially by rock dissolution (Appendix I),
whie a high SO,#/CI' ratio reflects enrichment of sulphate salts in the leached sediments

probably due t@nadditional sourcerdm atmospheric deposition through rainfall.
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Figure 7.20: lonic plotsshowingmarine impactevaluation
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Furthermore,

the evaluation of the marine

impact based on the proposed ions and

interpretation is Herefore as folows: The €&%Mg®* vs ClI diagram reveals a slight

correlation in the wet season, whereas in the dry season it does not show any relationship

(Figure 721a and Figure 7.24). This is indicative of slight mixing between flash floods and

freswater in the wet season and lackiéraction 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 surfaufe asinthe brackish

water flows to the ocean. Simiarly, in the wet season, the ratio BINIgE" vs Cl revealed a

pattern different from other ionic ratios exhibiting agative correlation (Figure 7.@1 This

is possibly reflecting enrichment of Mfgwith increasing Clin the wet season, resuling

from intermixing between surface water and groundwater. In addiion, it may also be deduced

that salinity increases with a more negative correlation, although %healfe might not be

significant depicting minnal marine infuence; however, the negative intercept value (

0.0233) exhibited byC&*/Mg** vs CI in the wet season suggests simple mixing between the
phreatic aquifer and the flash flaodr surface ruroff. The C&/Mg?* vs CI ratio in the dry

seasonfollows a simiar pattern of the preceding iom®nnoting freshwater devoid of

saline/brackish water interactio(Figure 7.2d). This provides additional evidence to the

assertion that there is no interaction between the phreatic aquifer and surfacduiagethe

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 plotsindicating the mixing of seawatexvith fresh water
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Moreover with the estimationof the mixing rate and quantificationof the extent of seawater
intrusion into the aquifer, the seawaterfractions (freshwater) in the groundwatersamples
were undertaken using the popularly known conservatie tracer 6 ¢ h|l @wroinkce nt r ati o

(Appello and Postma2005)with the aid of the formula below:

CCl-sample—CCI- fresh

f Seawater=

,,,,,,,,,,,,,

Cll-sea~CCl-fresh 4 6 666666666667 . 4

Where:
“Cl-sampleis the CI' concentrationof the sample
“Cl-seais the CI' conentration of the ocean(15 582 mg/L)

“Cl-fresh is the CI' concentrationof freshwater(11 mg/L, sampleno. 28). This sample had

the lowest EC value (Appendix E).

It was revealed from equation 7.4 that the contribution of seawaterto the groundwater
(seaw#er/ brackish water fraction) varied from 0 % (GW27) at the easternsegmentaway
from the saline sourceto 17.70 % (GWS8) at the central parts in proximity to the brackish
surface waters areas This connotesfreshnessof the phreatic aquifer in the easterndomain,
while westernand central parts indicated mixing betweenthe brackishwater and the shallow
groundwater. Interestingly, the highest value of feawateffbrackishwater COrrespondswith the
highest measuredvalues of CI' and EC (720 mg/l and 3284 ¢ S/ aaspectively)in the
central parts of the study in proximity to the lagoon (GW 8). Generally, the higher saline
water ingressindicator values were recordedfor groundwatersamplesin the proximity of the
lagoonand creels (GW 1, GW 5, GW 6, GW 8, GW 13, GW 19, andGW 35). This confirms
that interaction occurs betweenbrackishsurfacewatersand the congruentwatertable aqufer.

In addition the maximum percentageof the mixing ratio of 17.70 % recordedat (GW 8)
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further supportedthat salinity of the phreatic aquifer is of brackish water source especialy

from the lagoonandthe creeks.

7.6 GeostatisticalAnalysisof the Results

To faciltate further understanding of the different water types, statisinalysis (factor
aralysis) wasused 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 PRE&GAQge
(version 16.0) for Windows. The use of factor analysis is to sort out hydrochemical processes
and relationships othe analysed groundwater data and it has been successfully employed
over the past couple of years (Lawrence and Upchurch, 1982; &whdlurgeon, 1988;
Amadi , 2011) . The original data matrix 1is
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 ortAbgahich 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 possiolf 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 rotaton with Kaiser Normalization was used for orthogonal
rotation and results in uncorrelated factors (Usunoff and Guzman, 1989, Araadi2012).

The computed factor scores for each observation expressed the importance of eaeth factor
that observation site (Dalton and Upchurch, 1978; Areadil, 2012).

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

Parameterss | Minimum Maximum Mean Sta'nd_ard Variance Skewness Kurtosis
deviation
pH 5.10 8.70 7.40 0.7495 0.562 -.807 1.868
TDS(mglL) 114.00 1324.00 361.42 203.2377 41305.568 2.628 11.549
EC (uS/cm) 142.00 2648.00 638.93 | 400.0473 | 60037.824 3.157 15.117
Ca* (mg/L) 8.20 12.80 11.1452 1.23193 1.518 -0.650 -0.517
Mg* (mg/L) 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/lL) 3.89 9.01 5.6598 1.61099 2.595 1.016 0.206
CI' (mg/L) 2.50 9.73 4.7207 2.07865 4.321 1.492 1.539
HCO;mg/L) 17.00 97. 67.9762 24.60764 605.536 -0.779 -0.082
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COy* (mglL) 0.80 6.00 3.7071 1.46710 2.152 -0.405 -0.179
NO3 (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

Pa{;rgﬁ_t)e s Mi nrlnmu Maximum Mean g’g;ﬁ%ﬁ Variance Skewness Kurtosis
PH 5.40 8.60 7.26 0.62252 0.388 -0.54 1.259
TDS(mg/L) 69.00 1642.00 458.85 337.9012| 114177.208 1.788 4.058
EC (uS/cm) 111.00 3284.00 885.35 700.0847( 490111.695 1.781 3.722
Ca* (mglL) 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" (mgL) 0.15 14.77 2.4235 4.29013 18.405 2.374 3.978
K* (mg/L) 0.14 23.77 3.0422 5.88561 34.640 2.615 5.751
CI' (mg/L) 1.00 720.00 110.6500 143.05684| 20 465.259 2.842 9.227
HCOs; (mg/L) 6.10 335.51 101.6807 89.87256( 8077.077 1.102 0.211
CO5* (mg/L) 3.00 210.00 51.5465 48.85313 2 386.628 1.490 1.950
NOs (mg/L) 0.00 108.70 22.3525 25.31828 641.015 1.684 2.535
SO% (mg/L) 0.00 88.00 36.2355 26.09299 680.844 0.148 -1.136
Zn** (mg/L) <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/l) | <0.0001 149.0000 3.734872 | 23.5573806 554.950 6.325 40.000
Fe* (mglL) <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#* (mglL) <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 7Habled’.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 seeison and bicarbonate, carbonate and
calcium in the dry season. This implies an essential even distribution of data around the
central tendency devoid of dominaton by outlers (Amathl, 2012). The wide standard
deviations and variances observedTRS, EC, bicarbonates (HGQ in both seasons, and
chioride (CI), calcium (C&"), carbonate (C¢¥), nirate (NQ), sulphate (S@&) and
manganese (Mg in the wet season showed their randomly fluctuating concentration levels
in the groundwater and/oruggested that the chemical compositon 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 infitration of pure meteoric water affected by brackish
water thraigh flash flood or surface ruoff. In each case, a normalty 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,lesileand
chromium in the wet season (Table 7.5) indicated aneomal distribution; hence, giving
credence to a possibiity of their enrichment through anthropogenic sources (Atadhdi
2012). Furthermore, factor analysis, being a useful tool fetteb understanding of the
relationship among variables and revealing clusters @he mutualy correlated with the data
was conducted to reveal an overal impression about assemblng the samples in a
multidimensional space defined by the analysed Jasgallhis procedure reducdise 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 originaly correlated
variables (Table 7.6 andlable 7.7). Based on the Lietal (2003) factor, loadings may be
classified into three, namely strong, mediuend weak, corresponding to >0.75, G.050,

<0.50 values, respectively. The main principal component loadings were also presented in

simple statistal diagrams relative to PCAfor ease of assessment.

Table 7.6: Factorloading and communalitie sFactor for groundwater che mistry in the wet
season
Pa(r;rgﬁ_t)e s F1 F2 F3 F4 F5 F6 F7 mf:;'ri'ty
pH 0.556 -0.044 0.138 0.175 -0.355 -0.148 0.518 0.777
TDS(mglL) 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* (mglL) 0.134 0.934 0.018 0.294 -0.011 -0.012 0.083 0.984
CI (mglL) 0.855 0.069 0.170 -0.024 0.065 -0.053 -0.053 0.775
HCO;5 (mglL) 0.903 0.097 0.013 -0.070 -0.126 0.249 0.004 0.908
COs* (mglL) 0.923 0.067 -0.003 -0.062 -0.158 0.178 -0.061 0.921
NO; (mg/L) -0.008 -0.171 -0.040 -0.019 0.909 -0.079 -0.070 0.868
SO* (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* (mglL) 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*** (mglL) -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** (mglL) -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
PE* (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

47.369

56.915

66.262

73.611

79.826

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

Paggﬁ_t)e s F1 F2 F3 F4 F5 F6 mﬁ:;i'ty

TDS (mgh) 0.828 0.093 0.183 20.094 0,026 0.083 0.744
EC (uSicm) 0.884 -0.050 0.113 0.096 -0.060 -0.129 0.825
ca&* (mgh) 20.297 0.024 0.588 20.010 0.551 0.176 0.769
Mg (mgll) -0.028 0.150 0.091 0.033 0,076 0.855 0.873
Na (mgD) 0.015 0.233 0.091 0.178 20.663 20.530 0.817
K* (mg/L) 20.125 0521 0.50 0.289 0.027 0.246 0533
Cr (mgh) 0.121 0.637 -0.055 0311 0.066 0.097 0.724
HCOy (mglh) 20.016 0.155 0.123 0.261 0.702 0.135 0.866
COZ (mgD) 0.125 0.833 0.038 0.381 0.002 0.102 0.815
NO; (mgl) 20.031 0.032 20.025 20.924 0.127 20.004 0.619
SOZ (mglL) 20.023 20.048 0.848 0.105 0.186 0.220 0.770
Eigenvalue 1586 1.690 1.354 1.256 1.123 1077
% Variance 14574 13.508 13.096 11.911 11.838 11.039
% Cumulative 14574 28.082 41.179 53.090 64.928 75.968

For this study, a factor loadingf >0.5 was chosen as the parameters that influenced the
factor. Severfactor and sikfactor components (Eigenvaled) emerged, accounting for in

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

In the wet season the first factor (F1) loadinghvd4.78 % of the total variangeshowed

higher loadings for TDS, EC, M§ CI, HCOs;, COs*, pH and C¥, depicting a large
influence of natural and anthropogenic processes. The high concentration bfg€] TDS,

and EC is an indication that the grdwater was in contact with water of marine origin ,and
thus a high possiiity of intermixing between surface water-afin flash foods and
surficial groundwater of the study area is suggested. The high TDS value with a dominance
of Mg?*, CI, HCO; and COs* is mainly due to the impact of carbonate dissolution and
leaching of salts intoa permeable zone ofhe formation. Also, the pH of the water is
suspected to have been infuenced by calcite dissolution, organic matter, atmospheric

precipitation andanthropogenic activities.

The second factor (F2), which accounts for 22%8of the total variance, showed a high
positive loading for N§ K*, C&*, zrf", N#* and Ag, and may indicate leaching of salts

while the enrichment of Naand K' relative to C&" may be due to the ion exchange process
or derivativesfrom leaching of clay mineralsince the aquifer are essentialy hosted within

the clay matrix of sand and clayey san@he association of zinc, nickel and siver in this
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factor reflects the mixing oflomestic and industrial efiuent 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 varianceThis further indicated an anthropogenic input due to leachate
from domestic waste discharge and decay of abandoned electronics,, \@idclenachine

scrgs

The fourth factor (F4)was represented by iron and cadmium with 9.3% of the total
variance. The strong factor loading of >0.9 associated with both elernggessesd common
anthropogenic sourse The study argabeing an industrial areas characterised byndustrial
efluents disposal, sewage and land fill leachate, gad@nipipes, welding battery and

electoplating all of which arethe possible sources these elements in t groundwater

The fifth factor (F5) that accounts for 7.35 of the total variangeshowed a higher loading
of nitrate. Nitrate enrichment in groundwater indicates anthropogenic sources (domestic,
industriaJ or agricuttural) in thecoastal aquifer because nirate has no known lithological

source.

The sixth factor (F6) associated with manganese, constituted %.2% the total variance.
This suggested anthropogenic sources which may be linked to leachate from domestic waste

discharg and deterioration of abandoned electronics, vehiglead machine scraps.

The seventh factor (F/7with a higher loading for faecal colformaccounted for 5.486 of
the total variance. The presence of faecal colforms in groundwater indicates cdiotamina

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
mineralisaton due to weatherinds the TDS increases with more dissolution of minerals,

the salinity equaly increases and consequently incsetaedEC of the groundwater.

The F2 factor, enriched with GO and Cl, constituted 13.526 of the total variance, with a

low loading of HCQ, Na and Md'. This type of associaton might indicate gradual
leaching of salts from the surface. However, it l@snoderate but negative loading with
respect to K. This may indicatea different source for the potassium which is lkely to be

derived fom the sandiled materials brought from the hinterland.
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Factor F3is represented by SO, C&* and K with a total data variabilty of 13.1%. The

positve loading of S@F and C&*, with a negative loading of K denote their antithetic
covariance. Té positive loading of G4 and SQ* may not necessariy indicate dissolution

or weathering of sulphateearing mineralsuch as gypsum and anhydrite, since the source of
these rockshasnot yetbeen known or reported the study area. d3sible sources ulphate

could be seawaterBesides anaerobic decomposition of organic wastes, municipalty dumps,
and dead plastcould also release 43, which joins the oxic zonend interacts with HO and
dissolved oxygen to generate $0 In the study area, we swgjed atmospheric deposition,
decompostition of organic wastes besides anthropogenic contribution from domestic aerosols

and industrial wastes as the likely sources.

Factor F4, constituting 11.9% of the total variance, was represented by a highly negativ
loading for NQ, indicating an anthropogenic impact from a unique source and substantial

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

Factor F5 showed a higher loading for’Cand HCQ, constituting 11.84% of the total
variance This may be indicatinghe dissolution of carbonate minerals in the presence of soll
CO,. It may also indicatethe leaching of salt and further demonstrate the freshness of the
aquifer. In addition, the significant negative loading betweefi @ad N& may be suggesting

anion exchange process.

Factor F6, constituting 11.0% of the total variance, was enriched in¥¥gvith a negative
loading for N&, C&* and HCQ, indicating ion exchange processes, leading to enhancement
of Mg?™.

In the preent study, the extracted seven factors and six factors for the wet and drysseason
respectively (eigenvalues >1) accounted for 82%7and 75.97% of the total variance,
revealing their significant contribution to the variance of groundwater hydroclyemisthe

area. The remaining 15 and 5 factors with eigenvalues <1 for both the wet and dry seasons
accounted for only 17.8%0 and 24.13% of the total variance that have a negligble influence

on the groundwater. Simiarly, the high communalites ingn@petween 0.556 and 0.984;
0.533 and 0.876 recorded for both wet and dry seasuolisated that most of the variance of

each variable is explained by the extracted factors.

The plot of dominant factors was undertaken in otheagpreciate anddentify the dominant

chemical procegs and common hydragpchemical variable®ased on principal components
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(Figure 722a-e). Figure 7.22 and 7.2D represent the wet seasamhie the dry season is

represented byFigure 7.22-e. Although, geogenic contribution playa major in both

seasons, howevethe anthropogenic influece wasequally prominent in the wet season
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7.7 GeochemicalModelling

The saturation indices ) is useful in predicting the possible chemical reactions and
evolution of groundwater in a particular terrain. The Sl result may be used as an indicator of
rock types that were respinle for the dominance ofchemical constituents in water
chemistry (Belkhiriet al., 2012; Oke, 2015). The state of mineral saturation was calculated
from the analytical data. The SI of a mineral indisdte 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 equilbrium for carbonate minerals is
dependent upon the accuracy of the chemical analysis and pH measurement (Sacks and
Tihansky, 1996).

To assess the dissolution/precipitaton of these minerals, their saturation indices were
simulated using the thermodynamic software PHREEQC (Parkhurst and Appelo, 1999) and
plotted on a graph in Figure B2 and b. The PHREEQC results skiothat water samples

from the study areavere undersaturated and supersaturated variably for all the rock minerals
as presented ifable 7.8. ltwasobserved that gypsum and halte (evaporatee dominated

by negative saturation indiceSaple 7.8; Figues 7.2a and b) implying that the groundwater

was essentially undersaturated with respect to these minerals for both seasons. This gives
further credence tdhe anaerobic decomposition of organic matter as pbesible source of
sulphate to the groundwatein the wet season, the groundwater appeared to be in transition

from anundersaturation to supesaturation statevith respect to calcit€Figure 7.3a).

The positive saturation index for calcite in the dry seasontl@dnajority of the samples in

the wet season (Figure 7BB) suggestd that those samples are saturated with respect to
calcite under present condit®onThe supersaturation exhibited by calcite for both seasons in
most samples under the present condition suggidshger residence times dhe minerals

relative to the undersaturated mineral constituents such as halte and gypsum in groundwater
(Ako etal, 2012; Sunkarietal, 2019) and also indicatethe dominance of carbonate
weathering. Samples with negative saturation indices as elbséwv both seasons connbte
shorter residence time for these minerals in the groundwater and may have been suddenly
precipitated into the water (Sunkaial, 2019).

In addition, the most negative Sl values in groundwater exhibited by halite and gy@sum
also imply an insignificant contributon 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. Furthermoreyas observed that the sourad the chloride
concentrations are not limited by mineral equibrium and thus could not originate from brine
water, therefore, Naand Cl loading may be attributed to ion exchange resulting from mixed
water (Jankowsketal, 1998).In summary, the modieh result agrees with deductions from
various hydrochemical plots (Triinear, Gibbs and Durov) and scatter diagrams that carbonate
weathering and ion exchange are the major processes controling the groundwater quality in

the study area.
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Figure 7.23: The saturationindex of mineralsin wetand 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 (CaCO5) (Cas\{&:Hzo) Halite (NaCl) | ~.co,) (CaSy?)4:H20) Halite (NaCl)
Gwi 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
GwW4 1.43 -2.31 -7.22 2.69 -2.08 -6.02
GW5 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
GW10 1.38 -2.82 -8.35 2.78 -3.33 -5.98
GW11 1.23 - -8.61 2.71 -2.93 -6.4
GW12 1.11 3.4 -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 1.11 -3.14 -8.71 2.36 -3.78 -6.52
GWw16 0.9 -2.9 -8.85 D D D
GW17 0.3 -3.99 -9.9 2.68 -3.24 -6.47
Gwis 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 .

P (CaCOy) (Cagg4:H20) Halite (NaCl) | caco,) (CaSyE)A,:HZO) Halite (NaCl)
GW21 -1.52 -5.32 -8.74 2.59 -2.17 -6.71
GW22 0.53 -3.06 -9.2 2.68 -2.35 -6.08
GW23 0.41 -3.49 -8.48 2.77 -3.43 -6.41
GW24 0.87 -2.96 -8.44 2.61 -3.43 -6.41
GW25 0.85 -3.04 -8.5 21 -2.05 -6.48
GW26 0.19 -3.59 -8.95 2.68 -3.33 -6.4
Gw27 0.28 -3.73 -9.74 2.7 -2.95 -6.54
Gw28 1.14 -4.38 -9.82 241 -2.03 -6.61
GW29 -0.71 -3.92 -11.34 2.68 -2.14 -6.31
GW30 -0.3 -3.31 -9.87 D D D
GWa31 -0.36 -5.25 -10.37 2.63 -3.36 -6.35
GWa32 -0.2 -5.32 -8.77 242 -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 -3.54 -6.17
GW35 0.45 -2.86 -8.12 2.68 -2.25 -6.28
GW36 -0.3 -3.35 -9.4 2.68 -3.42 -6.57
GW37 0.73 - -9.2 2.58 -3.2 -6.52
GWa38 0.06 -3.02 -8.69 2.02 -1.98 -6.43
GWa39 0.54 -3.45 -8.93 2.1 -3.28 -6.54
GWwW40 121 -3.85 -9.89 2.85 -3.08 -6.49
GW41 - - - 2.72 -1.93 -6.37
GW42 - - - 2.83 -2.19 -6.48
GW43 - - - 2.7 -3.18 -6.26
Gw44 - - - 2.83 -2.41 -6.71
GWw45 - - - 2.83 -2.36 -6.06

D =Dry hole
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Chapter 8
HYDROGEOL OGICAL CONCEPTUAL MO DELLING OF
PARTS OF THE LAGOS COASTAL BASIN SYSTEM

8.1 General Statement

A conceptual model is a graphical representation of a groundwater fow system (Aneterson
al, 2002 and it is an essential aspect in the characterisation of growmdesstems. A
typical conceptual hydrogeological model represeatssimplificaton of hydrogeologal
conditons and may be used to determine the hydrostratigraphicanchittheir hydraulic
properties and define the groundwater flow system (Andeesah, 2003. This includes but

is not limited to the identification of model boundaries, aquifer propevariations and the
relationship between groundwater and surface water. The success of any conceptual model
depends on its abilty to represent the actedl conditions. Despitethe lack of data in the
study area, an attempt was made to develop specific-seatisnal and generalised models
for the area based on the avaiable gedddgend hydrogeological data, as well fiedd
observations. The combied knowledge gained from the preceding chapters and
understanding of the hydrogeological settings of the area lkenature played an important
role in the model conceptualisatiohe 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 pgs presentech Chapters.

ii. The combinatin of the aforesaid methods wasgualy usedto establishfreshwatei

saltwater interface, depthnd thicknessand lateral extent of saltwater intrusion.

iii.  The average value of upper and lower saltwater interfaces from geophysical boreholes
for every discerned localty wassed to conceive the paralel model (Table 8.1), while
the choice of borehaeadopted for vertical model prediction was basedheiiocation
of some selected boreholes fitting inlee desire to enable vertical borehole correlation

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

iv.  Water level measurements were emdken to ascertain the local groundwater fiow

directions and its influencing factors.
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v.  Complementarily, the hydrochemical and environmental isotopes result classified the
l ens of water with depth rangersabogeotieser vat

saline zone of intrusion, as essentially freshwater.

vi. Sequel to the guide enumerated above, three distinct models were proposed for the
basin, namely the speciic models constructed parallel and perpendicts dcean in
a west east andnorthi south diections, respectively (Figure 8.2 and Figure 8.3) and the
generated 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 generaly maes from higher regions to lower regions (elevations) and from
higher pressure zones to lower presszopes. The water table elevation and water pressure
surface are known as the hydraulic head in groundwater hydraulics. Groundwater movement
always occursalong 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 congfegtater table (local @undwater

flow direction) maps for the study area (Figure 8.1 and Figure 8.2). The dry season water
level map wa used in this study becaugmundwater would be relatively & hydrodynamic
equiibrium at the time.The maps establgd striking similariies in the flow patern of
groundwaterfor both dry and wet seasons. Contrary to the gemerdfi southregional flow

of groundwater charactang the coastal city of Lagos, the flow of groundwater within the
study area exhibits a complex pattern regulfrom different surface waters that encircle the
terrain and the subsurface topographical features. The main drainage systems are the ocean,
lagoon, and creekswhie others are canals, rivers, and streams. Generaly, the groundwater
direction is principlly influenced towards the surface water wih dominant influence
draining a particular area (gaining stream). The notable zones of influence could essentially
be divided into twozones namely lagoas) creeksand canals zoneand the oceamone The
influence ofthe lagoon, creeks, and canals predominates ftbenwest to theeast of the

study. These watebodies interact with the groundwater by receiving and transmiting water
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to the neighbaring aquifers. Towards theeastern end of the study area a¥300' E to
3°5400" E the groundwater flosvtowards the river adjoining thé&agoon in a soutfi north
direction.

Furthermore, local groundwater mounds, from where groundwater flows in all directions,
essentially innorthwestern to nortteastern and sdutvestern to soutleasterndirections

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 groundiga 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 theubsurface features were part of miogeoclinal depressions formed at the
edge of the riting AtlanticOceanin the Quaternary (Kingstortal, 1983). Finaly, the

nature of recent alluvial sediments constituting the aquifer, enhangeercolation and

infil tration of rainfall to recharge the aquifer.
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Figure 8.1: Groundwaterlevelmap showinggroundwaterflow directionin the studyarea
Dry season
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Figure 8.2: Three-dimensionalview of the subsurfacetopographicalfeaturescontrolling
groundwaterflow directionin the studyarea: Dry season

8.3 GeologicalConceptual Model for the Lagos Coastal BasiiBystem

A hydrostratigraphic model of an area could be foaed by combining several geologic
formations into a single hydreatigraphic unit or a geologicofmation may be subdivided

into aquifers and aquicludes depending on the hydraulic characteristics of the study area
(Anderson etal., 2003. A wel-informed 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 forL@&
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 ek, 2008; Oladapetal, 2013).
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Table 8.1: Model parameters forthe parallel conceptual model

Upper intrusion zone Lower intrusion zone
Average Average Average
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) was conceived paralel to the Ocean and along the coast
and highlighted the latal and vertical extent of seawater intrusion. From the model, it is
apparent that two distinct major saltwater zones wdttying thicknesses, separated by clay
layer, existed beneath the study area between 15 m andn;126d 82 m and 17®.
Generaly, the depth to the top of the first saline intrusion layer varied between asd

68 m, whie the upper interface of the second layer ranged between &% 133n. The
thickness of the frst and second intrusion layers from west to east varied betweean80
30m; and 78n and 29m, respectively (Table 8.1). This is in agreement with the two zones
of saltwater intrusion delineated by Adepelumi et al. (2008 dépth ranging between 10 m
and 30m; and 60 m and 10 in parts of the study area. Howevéte present study
revealed wide spreadhcursion of saline waterinto the groundwater of Lagos coastal basin
connoting possible advancement of salne invasion and further deterioraton of the fresh
coastal aquifer. Besides aquifer geometry and configoratibe greater impact of the
intrusion observed at the western and central parts of the study area may be thee to
location (proximity to saline/brackish water source) and hun@uted actvities. This may

be supported byhe reduction inthe magnitudeof 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 locakaliwater intrusion of the phreatic aquifer above the main zmne
intrusion wedg at Ajah (Fig83) was probably due to owexploitation through excessive

pumping of the limited fresh groundwater resources and thus perturbed the hydrodynamic
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equilbrium in the aquifer and/or reduction in groundwater gradients, thus leading to the
disgacement of freshwater bgaltwater (Adepelumi et al. 2008; Lee and Song 2007; Oyedele
and Momoh 2009). In general, the depth to salne water is shallower in proximity to the
saline sourceexcept where it is constrained by geological featufid®refore, groundwater

users around the study area, targeting high qualty and relable fresh groundwater
accessibiity, may have to dril conservatively to various depths ranging between a60
200m.

. . Contaminated Aquifer
Contaminated Aquifer 1 Uncontaminated Aquifer

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

Figure 8.3: Conceptualcrosssectionmodelparallel to the oceanand lagoon
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Table 8.2: Model parameters for a vertical conceptual model

Location Upper interface depth (m) Lov(\;eerplrr:tze”r]f)a ce 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 perpendiculathécdOcean in the south and the
lagoon in the north to show the variations in the extent of saingsion. The interface
depths from the north (lagoon) to the south (Ocean) ranged between 18 m and 66 m for the
upper interface whie the lower interface varies between 66 m and 135 m (Table 8.2). It is
obvious that the saline incursion into the cdaatpiifer in the central parts of the studsea
is bipolar in nature, i.e. salne incursion from the brackish lagoon water in the north as well
as the Atlantic Ocean in the south.The depth to the salne water zone was found to be
relatively shallow, rcept where it was constrained by a confining bed. Greater thickness of
the saline waterones betweef9 m and 89 nwas observed towards the ocean in Victoria
Island, whie less thick beds rangibgtween 48 m and 68 m separated local clay units
were bund towards the lagoon coastline at Island and .Ikoyi

Local saltwater contaminations were observed at the phreatic aquifer suspected to be
arising from overabstraction of the groundwatdFig 8.4). Unless proactive measures are
taken, overexploitaton of groundwater in the study area may enharnbe possible
occurrence of regionalllocal land subsidenGaerpumping of groundwater can lead to land
subsidence as reported in many groundwater aquifers around the world (Gall@hay980;
Galoway and Brbey 2011).The saline invasion of fresh coastal aquifer as deduced from the
geophysical logs is consistent with the hydrogeochemical study o$hdew groundwater
in parts of thearea under investigatiooy Oyeyemi et al. (2015) who attributed high TAfd
Cl concentration ranges between 10405 mg/l and 12005 mg/l and 432 mg/l and 724 mgll,

respectively to interaction between saline/brackish water and freshwater.
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Figure 8.4: Conceptualcrosssectionmodelperpendicularto the oceanand lagoon

The generaded conceptual model (Figure 58.for the study area explains the possible
interaction between groundwater and surface water bodies. The model was developed based
on the understanding of éhhydrogeolgy of the areaharnessed from previous work and
deductions from geophysical investigationBydroge@hemical studies, groundtea flow
direction, and environmental isotope data from the present study. Based on the model
concepts, the basin was subjectedintcusion fom the lagoon in thenortrwest and creeks

and canals connected thetlagoon in thesouthwest and the oceaim the south. This showed

that saltwater interacted with a freshwater aquifer through several pathways, including lateral
invasion, pward coning and infitration/percolatonfrom coastal water. The model also
revealed as expectedthat the aquifer close to the saline lagoon and creek waters suffers from
acute saltwater intrusion. This suggestadinteraction between the surface wab®dies and

the coastal fresh groundwater. The severity of theisioin is thus prominent at theestern

imt and centralparts ofthe areawhere all the tributaries are connected to the saline parts of
the lagoon linking the Atlantc Ocearnvia a commalore channel. The salinity of the surface
water bodies depesdon the ampltude and direction of the d®@an 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 inlaodn fthe coast evident from the gradual decrease in

EC values of both surface watand groundwater away from thec€an.

Also, another salinity contributory factor worthy of note is the occasional coastal flooding
resulting from climatic change which led ta rise in the sea level and its consequent
transgression ina landward direction. When the sdavel rises, the freshwaiesaltwater
interface is pushed landward, and freshwater zones of the aquifer are displaced by saltwater.
When this occurs, the oceasurge wil inundate the coastal lowlands, erode beaches,
exacerbate coastal flooding and infitrate into the subsurfdbes, as well asexcessive
drafting of groundwater (combined)makes the problem worseln general, the predicted
models were found tobe in tandem with the complementary results from geophysical

investigations,andchemical and environmental isotope studies undertaken in this research.
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Figure 8.5: Generalconceptualmodelfor surfacewaterand groundwaterinteraction
in the studyarea

8.4 Model Limitations

The conceptual models connote the simplified versions of the physical ;sye@efore, it

wil inherently contain eme degree of uncertainty. In an attempt to represent the real world
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conditons or fixng boundary condiions in the conceptual models, uncertaintes may be
introduced to the system through the input parasetdhe main chalengein the
development of thegroundwater model in the LCB has beba scarcity of reliable data for

the study area. The poorly dated borehole logs preveheedbiity to predict the systematic
saline invasion of the fresh groundwater.
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Chapter 9
SYNTHESIS AND CONTRIB UTIONS 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 syste@&ophysical studies which includeES, 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. Dube thigh verical resolution but

imted depth of penetration characterising the VES, it was constrained to the shallow aquifer
while the ERT witha higher and better haantal resolution and borehole logs covered both

the shallow aquifer and the deep groundwatee fiajor ions and trace metal analyses were
carried out for the shallow groundwater and surface waidile environmental isotope
studies were undertaken for the surface water, the shallow groundwatkrthe deep

groundwater systems.

Concerning the shalv aquifer, the qualtative interpretation of VES within the limited depth

of penetrationat <50m in the study area revealedour-layer and five-layer mode and each
distinct geoelectric layer represents alternaton of sand, clayey sand, sandwardlagiay

soils. From the VES, the first layer has resistivity and thickness values ranging from
2.29g mto 19159 m and 0.460 m to 4.55q m, respectively, which is typical of the top
admixture of sandy and clayey soil. The admixture of the topsoil wdsnexh 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 regitigitwas
suggested to bealuvial or transported niarials purposely brought from the hinterland for

sand filing during land reclamation. The observaton from the VES conforms to the
lithological units delineated by the ERT, exhibitng an alternation between sand and clay
from the surface to a maximum depth of 2fi9enetrated by the equipment. drder 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 alternationetween sandclayey sand and clay through deeper depth
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corroborating the existence of alternation in the subsurface Ithological ,lagads the
importance of integrating several methods is further displayed. In additon, al the
geophysical methods agreehat the distinct layers of sand and clayey sand are hosting the
aquifers while the clay and sandy clay are the confining units. Also, the shalow aquifers are
essentially unconfined near the surface and -senfined or confined with increasing depth

and clay occurrence.

Regarding protective capacity and groundwater potential of the shalow aquifer evaluation,
the higher values ofongitudinal conductance (S) and transmissivity) (fecorded for the
second aquifer relative tthe first aquifer, indicatéd that the second aquifer is more protected,
less wvulnerableand more prolific than the first aquifer. This may be judtifiey the increase

in the thickness of clay layet® confine the underlying aquifer, and also an increasthein

sand or clayey sdn thickness with increasing depthat 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 faecalsaoliftten

shallow groundwater.

Furthermore,the occurrence ofa phreatic aquifer almost at the surface level witdepth as
shallow as €0.5m in placesparticularly in the rainy season, was fromed by VES, ERT and

the water table measuremenBased on the VESnd ERT sections, the topmost parts of the
shallow aquifer from the surface to a depth of I®m are suggested to be freshwater devoid
of saline intrusion, whereas the observed surficial low resistivty was suspected to be
contributed by the clay layemsarix or wastewaterIn order to better understand the salinity
nature of the phreatiaquifer, major ionanalysis within the depth range from the surface to a
depth of 10m was carried outThe outcome agreed with the above submission, revealing
essentiy freshwater that is dominated by -EB#0Os; and CaMg-HCOs; water types
particularly in the dry season. This part of the shallow aquifer connotes the leas of
freshwater aquifer overlying the main saline zone of intrusion identfied by Oteri and
Atolagbe (D03) and Adelanatal (2008). However, in the rainy seastime high rise in sea
level and tidal influencehightintensity rainfal, occasional flooding of the saline lagoon and
creeks occurs leading to temporary salinity in the phreatic aquifer in mitgxto the ocean.
The occurrence of CRIg-HCO3;, CaMg-CI-SO,, mixed CaMg-Cl, and CaCl, water types
indicated the mixing of water from various sources. Contrary thke observation of Oladapo
etal (2013) that the occurrence of saline intrusion begmoe fthe surface around the study

area, the present study surmised that highsalinity of the phreatic aquifer in the study area
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particularly in the rainy seasoresulted from simple mixing of brackish water with the
shallow groundwater through flash fid® or surface ruoff during heavy downpours oa

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 directgainst the
general nortli south low 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 {N@nicrobial counts, and s@e trace metals such as
Mn?* and F&* recorded in the wet season for both surface water and groundwater in parts of
the study areaare also a good pointer to mutual contact between the walels/ariate
dtatistical analysis also revealddat mineral @solution and anthropogenic input are the main
sources of physicochemical indices and trace elements in the groundwater. In order to
substantiatethe interaction between surface water and groundwater in the wet season,
environmental isotope analysis svaemployed The occurrence of shallow groundwater and

the lagoon water in the same zpnmarticularly in the wet seasprsuggests rainfal 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%GeMg?* versus Cland
Ca*/IMg** ratios against Clproposed inthis study for marine impact evaluatiomere

equally employed for further deductions of marine infuence on the surficial aquifer. In
general, the iy season demonstrateal lack of intermixing between the brackish water and

the phreatic groundwater, whie the wet season samples revealed simple mixing between the
phreatic aquifer and flash floedor surface ruoff emanated fromhighintensity rainfalland

surface waters. Although geophysical studies revealed localised intrusion occurrence at the
base of the first aquifer indicating stress on groundwater, this was not detaziteer by
hydrochemical notby environmental isotopes analyses. This maydbe to the difference and
variation between the location as wel as the depth at vtlhielvater was sampled (<10n)

and the depth of lodséd saline intrusiorat around 1%n below sea level

Furthermore, the residence time of the water types chasagjetine shallow groundater of

the study area revealed recemiycharged groundwater with mixing characteristics in places.
The proposed ionic plot of GHCa&™+HCOs; vs TDS further supported rechargéeo the
groundwater under modern climatic conditionAlthough the recharge fel mainly in the
modern climaticzone, only a few of the samples for both seasomere closer to the upper

imt of the modern climatic zong0.5), indicating their relative maturity in age. The plots of
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®H and *®0 were well in tanden with the ionic ratip with most of the shalow groundwater
samples plotted in the zone of the shasidence time suggesting recentycharge water,

whie some samples exhisdt and providd credence to mixing characteristics of the shalow
groundwaterwith high residence time (relatively old water) indicated by plots near and below
the inferred boundanin additon, as presented in the relationship betwéeand *“C, it can

be stated that watewith a tritum concentration above TU constitutesa shallow aquifer

with the exception of sampl&sW 13 and GW 25. The occurrence o4 tritium value above

1TU associated with lowt*C water could be indicatinga mixture of recent recharge with
relatively old water preserved within the clay layers /andorokably resulted from over
exploitation of groundwater. The pressure indication on the groundwater was revealed by the
conceptual cross modelss locaed saline upconing. This assertion agrees with the saline
upconing phenomenon documented for the studw dne previous authorsOfyedele, 2001,

Oteri and Atolagbe, 2003; Adepelumial, 2008; Yusuf and Abiye, 2@). The “C values

are relatively higher in shallow groundwater samples witlange from 59.1+2.2 pMC to 88+

2.4 pMC resulting in @ MRT ranging fom 4350+10to 105&10 years giving additional
evidence to mixing of young water with relatively old water. Based on'48e data and
temperature of recharge estimation, groundwater recharge into the shallow groundwater took

place in the Holocene, with lagively warm climatic conditions.

Generaly, groundwater in the LCB issotopicaly enriched relatve to the isotope
compositions of groundwater studied in the northern partbligéria (Kehinde, 1993; Goni
and Edmunds, 2001; Adelana et al, 2003), builasi in isotopic compositions of
groundwaters fromthe basement and sedimentary basin of southwestern Nides@hriert
1988) and surprisingly similar to those reported from other west Afigcauntries such as
Ghana Acheampongand Hess 2000; Jorgenserand Banoeng/akubo, 2001); Cotonou
(Kpegli et al., 2018) and Togo (Akouvi et al., 2014). The observed smuth depletion of
stable isotope compositions in groundwaters may be attributebetaltitude and continental

effect of the incident rain.

Regading the hydrogeochemical processes controling the shalow 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 dhdt this formation conibuted
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 verified using the two proposed methods by this studshéorevalation of thechemical
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processes namely: C&"+Mg®*/ total caton (TZ) and ionic plots of HC@/C&" vs
Ca*/IMg** and HCQ/C&* vs C&*/Na". The observed 0.YZ* and 0.8TZ" values in the first

method for both seasons, and the occurrence of ionis @esentialy 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 processesficial water interaction with groundwater

and anthropogenic contribution as identfied by various factors in the dry and wet seasons.
The geochemical model results reflecting supersaturation of calcite for both sé&atuers
indicated that carbonateeathering and ion exchange processes are the main protesses

control groundwater chemistry, thereby supporting the aforementioned methods.

Concerning the source of carbanh e d e’fA \altes dhichiivaed between-22.95 &

and -12.56a i n dldweuncanfined 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)Ther ef or e, *°€C vaues d¢harpctessingetite shallow
groundwater give credence tthe calcite dissoluton and cation exchange process from
carbonate rock. Although the effect of evaporation was revealed by the isotopéostodih

seasons, itgnpact onthe geochemical process was minimal.

With respect to the deep groundwater, the source of recharge was assediated
precipitation with lite or no evaporation effect. From the plofldfvs 080, the occurrence

of the deep groundwater sampdBGW1 to DGWS5) in Zone 2, explained the nen
association of the rainwater and surface water with the deep aquifers in recent times. The
nonassociaton with modern climatic condiormay be further substantiated with the
recharge temperature arfdC activties, which suggestetiumid (Late PleistoceridHolocene)

as the recharge temperature &tl030+10 to 7400+10 years as the MRT for the deep

aquifers.

As previously pointed out from the ERT sections, traverses taken paralel and perpendicular
to the ocean anthgoon revealed that the zone of saline intrusion domiciled within the second
aquifer and not from the surface. The compdgread pattern of intrusioim north south,
southinorth, southeast and eastermlirections, afirmed the complex groundwater fiow
pattern dictated by the subsurface topography. The saline intrusion occurrence within the
depth range from 18 to 90m, 20m to 60m and 20m to 70m in the central parts of the
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study area as observed in the ERT sections, indicated that the second asuiféghly
impacted. This is simiar to the geophysical borehole logs, which iderdifieidtrusion zone
between 1%n and 152n; and 14m and 137/ freshwatédrsaline water interface alortge A
and B axes, respectively. The thickness of the intrusion as@e fromthe wesern axis of the
study reaching a maximum at theentral parts and eventualy pinches out towards the
eastern end of this study. However, saline intrusion expression at a shalloweofd&btin
may be suggesting an upward leakage from timderlying aquifer. The above suggestion
may be ging credence fromthe isotope study wherea low tritum value and low*“C
activites recorded by some of the shallow groundwater sampidsae a mixture of
underlying upconing older water witta yourger overlying aquifer due to excessive
abstraction of the groundwateG\\V 13, GW 25 andGW 37).

Besides regarihg the deep aquifer, which in this context consists of both second and third
aquifer systems with depthef O 1 8m) constitutes thefive boreholes being used by the
Lagos State Water Corporation to serve biblndomestic and industrial water needs of the
inhabitants around the study area. Aquifers at these depths are devoid of saline intrusion, a
submission tht is justified by the geophysical investigations suchttes ERT section and
borehole logs. Furthermore, the rioteraction 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 zorss 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 fielduation in a simplified pictorial formathe results
described in the preceding chapters were put together to conceive the conceptual models
towards delineating boundaries of the salne water intrusion zones forCBe Erom the
models it was notedhat the western and centrgdarts of the studyarea were the worst
impacted by the seawater incursion, particularly the second aquifereaBtern limits of the
study area essentialy contains freshwaterthia first and second aquifers because of the
increag in distance away from the ocean and increasheirfreshness of the surface water
futher away from the ocearTherefore, it was established from the models that saline
intrusion is a function of distance from the salinity sources, modifieciduffer @nfiguration

and aided by human actvities. The conceptual models were well in agreement with other
methods and confored to the actual situation in the study area. Hencayilitbe useful in

decisioamaking in the search for fresh groundwater aroundstildy area.
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9.2 Research contributions to knowledge

The contributions to knowledge are subdivided into two aspentmely specific
contributions (contributions to the study areahd 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 presetctoral research in the characterisation of the LCB

groundwater systems. These are:

. Pioneer application of thenvironmental isotope studig€hapter § parts of which has
been publshed irthe Elsevier journal Heliyon under thet i t | e : AOrigin an

time of shallow groundwater resources WICB, southwest Nigeria: An isotopic
appr oAppehdx K)

ii.  Application of a geochemical model to the study area delineating boundaries between
freshwater and salne water zones for potential drilers and users (Chapter 7: section
7.7), parts of the work is under review in the Elseyiearnal Heliyon under thetitle:

A Mdrogeochemical and salinty appraisal thfe surficial lens of freshwater aquiter

along Lagos coast al(AppeadixtL), sout hwest, Niger

iii.  The propostionof a general conceptual model for the study area (Chaptera@ of
which had been publishedh ithe Elsevierjournal Heliyon under thet i t | e : AOr i gi

residence time of shallow groundwater resourcesL@B, southvest Nigeria: An

i sotopi c (AmpgngxrKp.ac ho

iv. Derivation of the mathematical relationship between ambient temperature &6d
(O = 054 1 1764) for the region towards deduc
aquifer (Chapte, Equation 6.8 part of which is under review ithe Elsevier journal
Groundwater for Sustainable Developmentunder thet i t | e: AApplica
environmental isotopes in sustainabiity assessment of the groundwater resources of
Lagos coastal basin, southe st , Nigeriao. Thi s has a r ec¢
study area and it may be adopted by all the countries bordering the Dahomey basin
across Waes Africa, among which arethe Benin Republic, Togo and Ghana
(Appendix L).
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9.3 General contributions

These contributions consist of the applicaton of formula or nmeds proposed in this
research forglobal use in the field of hydrogeology. These contributians 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, siicate weathering and evaporate dissolution. The two proposed methods
are:

o Cationic contribution evaluation methd@&* + Mg** vs Total cation (T2)].

o lonic ratio bivariate plots methofHCOs/C&* vs Ca/Mg?" and HCQ/C&*
vs Ca*INa").

ii. Proposed ionic ratio plots TDS to deduce recharge temperatureoflern or humid

climate as written below:
(Cd*/ (C&* +HCO3) vs TDS).
iii. Proposed ionic ratio to evaluate marine impact in an aguifer

(C&* + Mg?") vs Cl and C&*/Mg*" ratios against Cl

The above methods have proved useful for the purpose of which they wereegrapdiis
study. Therefore, they may be applied not only sub-Sahara 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

preented conceptual models and the proposed methods were based on limited available data

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

10.1 Conclusions

Prior to this study, sparse and isolated data regarding geophyg@astatistical and
hydrochemical assessment of the aquifer systems in the LCB were available., Begiifes
assessments based on geochemical modeling and environmental isotopes towards enabling
improved the groundwater characterisation are largehavaiable, if not completely lacking.
Considering the heterogeneous nature of the LCB aquifer systems, it is important to note that
this research was propeled at a local scale and conclusionstiwerdrawn. Simiarly, the

report on intrusion represerits 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 condiions in the LCB. Many findings are well in agreement with those

of prevbus researchers at comparable sites. Having achieved the aim and obgctives
research througlyeophysical and hydrochemical methods in a general sense, the conclusions

are, therefore, presented as follows:

The subsurface lithological units compdsean alternating sequence of clay, sandy
clay/clayey sand, sandnd foreign materials, whie sand and clayey sand are the major hosts
of the aquifer systems in the basin. Four multlayered aquifer systems were reported for the
LCB, two of which were mostlyexploited 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 sheds slight diferences inthe composition ofthe lens of a
freshwater aquifer between the dry and wet seasons di toixing of water from various
sources with the shallow groundwater through flash floods and surfaceff.rumhe
interactions were ufther confrmed ¥ high concentrations of some trace metals, microbial
counts and N@ in the sampled shalow groundwater. The major water types characterising
the phreatic aquifer are &dCO3;, CaMg-HCO3; and CaMg-CIFSO, water types for both
seasons, whie the lagoon awdean waters are characterised by-®Mgand NaCl water
facies, respectively. Interpretation frothe Durov diagram, Gibbs diagram, geochemical

model, ionic ratios and plots, suggested that watecck interactions and ion exchange
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processes are the dommbafactors controling the shallow groundwater hygrochemistry.
The proposed formula revealed carbonate weathering as the dominant chemical process

controlling groundwater chemistry.

Reasons for concern are the saline intrusion and sustainabiite afotistal aquifer systems.
Regarding the occurrence of saline intrusion, the second aqtiferdepth of O 2 1% 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 Iseanmment.
Seawater intrusion above this specified depth {sedace witha depth of <15m) was
attributed to groundwater ovewxploitation. Direct evidence of upward migration of fiuid
reflected by the localised occurrence of saltwater intrusion at the base of the first aquifer as
shown in the conceptual models and borehole, legss a justification for pressure otne

groundwater systems.

The extent and thicknesses of the intrusion revealed by the geophysical models and borehole
logs afirmed thatthe western and centrgdarts of the study in proximity to the salinity
sources stdred more acute salne water intrusions than the eastern region; therefore,
saltwaterintrusion isfound to bea function of distance to the ocean. The spread patterns of
saline invasion as observed in the ERT sections suggested an active saline imtargio

shallow aquifer from the ocean and the brackish waters, respectively. The boundaries
between the freshwateisaltwater interface and zones of intrusion have been clearly
established by this study agneéxcept for minor users, a reliable target lie tquest for
potential fresh groundwater, though veriemay conservatively dril deeper beyoiad depth

of 170m. However, the limted avaiable dats a reminder that the presented models are

only a simplified starting point for improved future modeling

Concerning the sustainabiity of the aquifer systems, which is essential for effective
management of the basin water resourtbe, stable isotope results reled that the LCB
aquifer system contain water fromn meteoric origin. Tie titum analysis sheed that post

1952 precipitation is an important source to the shallow aquifer but did not have a significant
effect on the deep groundwater. The shalow aquifer recharge took place in the Holocene
(modern climatic condition), withraMRT ranging from 435610 to 1050+10 yearsvhereas

the deep aquifers are old water, the recharge of which occurred in the Late Pleistocene
(humid temperature) with na MRT ranging between 12030+10 and 7400110 vyears.

Therefore, the shallow aquifer is beiagtively recharged andhus sustainable, while the
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deep aquifer is being minedr depleted with increased groundwater exploitation due to rare

or nonreplenishment to the aquifer at this horizon.

10.2 Recommendations

Based on the present study, the following recommendations gresech

1

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

The collection of coninuous pezometric and groundwater level measuremeats
least on a monthly or fnonthly basis should be undertaken by relevant government
agenciessuch asMinistry of Environment, Lagos State Watewoi@oration (ISWC),
Federal Environmental protectiongéncy (FEPA)etc. The mapsgenerated from such
data wil allow and improvethe accurate analysis of the hydrodynamic groundwater

flow systems.

There isa need to develop an improved hydrogeological conceptual model for the
study area and the region at @&rgwhich wil take into consideration input factors
such as rate of withdrawal (various water Syseate of recharge, precipitation,
evaporation, evapotranspiration, groundwater outflow to the surface amdesurface

run-off.

The saline intrusion reseti from a combination of climate change and -over
exploitaton of groundwater resourcetence, adequate policies and regulations,
coupled with necessary enforcement, are urgently requicad the governmento

ensure the sustainabiity of coastal fresh wiigrs, otherwise possible mismanagement

might soil the whole study area.

The occurrence of saline intrusion in the shallow aquifers necessitates adequate
measuredo be put in place in the design of borehdgsdrilers in the affected areas,

to shield saltwaterzonesfrom the coastal freshwater zonéghis could be achieved by
adequate delineation of the saltwater zone using geophysical techniques, folowed by
the standardgrouting using cement and bentonite, allows 4days fo soldification

before diing through the grouted saline water zone to the fresh water aquifer. This
procedure is expected to elminate 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 therest to the easind at every one kiometre or less, up to
10km away from the coastine in aorthi south direction, from where periodic
scientific surveys should be carried out to monitor the progression of salne water

intrusion into the fresh groundwater resource around the study area.

The debate on the medof saline intrusion n t he basin on fAwhethe
recent or upconing from the seawater trapp@wnnate water)in miogeoclinal
depressions duringhe rege s s i o n and transgression per.i
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 studs, this research is strongly recommending GMEA stations
to be establshed in Lagdsy the government considering her strategic location along

the West African transboundary coastal basin.

Lastly, it is hoped that this research has contributed tantpeoved understanding of

the groundwater systems in parts of the Dahomey basin and hydrogeology feld at
large therefore, forming the basis on which government, corporate and individual
decisions could be reled upon. Furthermore, future research atbendtudy area
could be buit on this study and the proposed formula may be appled at every
comparable site globally.
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Appendix A:
SAMPLING OF WATER FR OM THE LAGOONS

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

Field photography showing surface water sampling at Lekki
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Appendix C:
CARBON SAMPLING STEP S, STABLE ISOTOPES CF
OXYGEN-18 AND DEUTERIUM

Field photography water sampling focarbon dating
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Appendix D:
|I-GEOPHYSICAL PROFILIN G

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

RESULTS FOR THE PHYSICOCHEMICAL PARAME TERS FOR

Sample ID Site X Y PH | WL EC Hardn. [ TDS ca™ Mg** Na* K* Cl- [ SO# ] NO3 [ CO3* [ HCO3 | f.caoli
GW1 App 06e26[003e19 75 1.2 1563 312 772 78.74 13.28 14.77 23.77 178 31 2.9 135 274.5 >201
GW2 App 06e26|003el19 7.7 0.7 736 332 399 97.13 5.57 11.46 15.65 36 58 16.8 45 91.5 >201
GW3 App 06e27|1003e20 7.6 53 849 196 465 27.76 3.61 13.03 16.49 90 43 29.9 15 30.5 >201
GwW4 App 06e28|003e21 6.7 3 1133 248 589 30.78 6.28 13.83 21.29 156 44 4.5 375 76.25 >201
GW5 App 06e27|1003e21 7.7 1.85 760 240 670 44.72 10.57 14.60 12.08 315 26 3.8 60 122 >201
GW6 App 06e26|1003e22 74 1.3 2172 668 971 7.70 9.56 1.29 1.77 315 3 10.3 165 335.51 >201

GW/(BHL) | App | 06e26|003el19 68 | 22| 1232 | 364 650 8.05 6.7 1.25 1.68 129 78 | 736 | 30 | 61.01 | >201
Gws8 Isl 06e27({003e23 82 | 3.04| 3284 524 1642 11.76 14.9 1.57 1.93 720 88 15.1 [ 1355 2745 >201
GW9 Isl 06e26|003e24 73 2.27| 1076 216 546 4.54 5.9 1.01 1.38 105 72 71.3 45 91.5 201
GW10 Isl 06e27|,003e23 7.8 1 1200 212 602 10.74 7.5 1.23 1.32 134 64 59.9 105 2135 >201
GW11 Isl 06e27|1003e23 738 0.9 1360 188 672 6.74 8.46 0.78 1.06 114 <0.01 2.2 120 244.01 >201
GW12 Isl 06e27|/003e23 79 2 779 236 419 6.17 5.14 0.79 1.17 59 57 221 | 81.34 183 201

GW13(BH2) Isl 06e27|1003e22 75 4.25( 1393 116 704 10.22 8.27 0.70 1.15 110 63 61.1 120 244 >25
GW14 Isl 06e25|/003e24 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 06e26|003e25 7.7 2.62 715 322 380 7.46 5.85 1.11 1.10 62 29 1.4 60 122 36
GW16 Isl 06e26|003e24 7.8 1.3 442 238 252 8.03 3.33 0.84 0.58 58 35 6.5 30 61 >201
GW17 Isl 06e26|003e24 86 0.8 112 92 070 3.27 1.87 0.20 0.19 18 5 5.3 155 32.05 >201
GW18 Isl 06e26|003e28 75 1.6 897 272 448 14.48 6.55 0.90 0.74 42 45 7.7 75 152.5 >201
GW19 Isl 06e26|1003e29 84 2908 304 1454 0.78 16.77 1.65 1.95 533 64 5.7 210 284.67 6
GW20 Eti 06e26|003e31 7.7 0.71 512 196 288 5.47 5.13 1.12 1.55 21 19 58 75 152.5 >201
GW21 Eti 06e25/003e32 6.2 1.4 251 52 160 0.05 2.66 0.71 0.52 85 16 4.5 15 30.5 18
GW22 Eti 06e28(003e34 7 1.9 525 206 296 3.36 4.57 1.03 0.87 21 59 23.3 30 61 >201

GW23(BH3) Eti 06e29(003e34 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 0629, 003e35 7.2 0.5 972 162 502 4.62 9.26 1.26 1.56 105 79 8.7 60 122 >201
GW25 Eti 06e30|/003e3q9 7 0.4 751 246 401 5.34 6.59 0.92 1.02 123 48 6.8 45 91.5 >201
GW26 Eti 06eD7|1 003e3y 7 0.31 417 140 237 3.07 3.92 0.55 0.14 69 15 3.6 15 30.5 70
GW27 Eti 06e27|1003e40Q 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 06e28|003e¢e422 54 | 113| 341 48 170 0.14 2.01 0.46 0.23 11 55 16.8 | 15.02 | 30.54 2
GW29 Eti 06e28|003e¢e48 6.8 0.8 111 72 69 1.10 1.33 0.15 0.16 1 15 3.2 6 12.2 >201
GW30 Eti 0629 003e53 7 0.2 254 120 151 2.27 1.29 0.49 0.21 9 33 6.7 7.5 15.25 >201
GW31 Eti 06e¢e28(003e¢e47 6.7 2.4 258 94 152 2.06 1.85 0.45 0.38 3 0.36 50 6.6 13.42 >201
Gwa32 Eti 06¢28(003e¢38 6.1 3.7 701 110 380 1.26 2.88 0.71 0.92 80 0.65 | 67.7 141 28.67 >201

GW33(BH5) Etl 06¢28(003e¢34 6.3 1.3 300 118 175 1.27 3.53 0.69 0.45 2 0.06 | 11.6 7.8 15.86 >201
GW34 Eti 06e30(003e34 74 0.2 1041 96 537 5.75 7.91 0.68 0.83 106 1.35 13 38.1 77.46 >201
GW35 Eti 06ee29(003e¢e34 6.9 15 1883 116 891 5.04 9.86 1.17 1.59 236 69 108.7 | 21.1 42.9 >201
GW36 Eti 06e28|003e33 73 | 325| 310 116 192 2.33 5.038 0.51 0.67 26 32 36.7 7.8 15.86 >201
GW37 Eti 06e26|003e31 7.2 1 514 76 201 4.00 4.34 0.59 0.63 36 0 0 375 76.24 >201
GWwW38 Eti 06e26(003e31 74 | 075 922 250 480 4.65 2.34 0.81 1.20 86 37 315 9 18.3 >201
GW39 Eti 06e25( 0030843 | 7.2 1 935 132 368 1.88 4.59 0.56 0.74 74 64 13.7 66 134.18 >201
Gw40 Eti 06e26(003e¢e32 74 | 212 183 78 112 1.07 1.3 0.42 0.36 10 18 26.8 3 6.1 >201
P-SW1* Lagoon 7.83 - 3999 - 2000 430 1313.00 1750 44.00 2327 465 245 | 60.00 | 80.00 | 1733**
P-SW2* Lagoon 7.86 - 3999 - 2000 1625 4275.00 6500 163.00 | 8643 | 1728 | 230 | 30.00 | 40.00 -
P-SW3* Lagoon 8.25 - 3999 - 2000 1750 4850.00 7000 175.00 | 9308 | 1862 | 218 | 36.00 | 48.00 34**
SW4 Ocean 84 - 438000 - 35040 | 321.28 | 5036.23 | 8674.52 | 294.67 | 15582 102 9.6 180 365.94 173

*NB: P-SW1 toP-SW3 are rtrieved data from previous studyand all measurements are inmg/L; ** measured by present study
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Appendix F:
COMPLETE ANALYTICAL RESULTS O F HEAVY METAL ANALYS IS IN THE WET SEASON

Sample ID Site Location X Y n*T Cu®” Mn <7 Fe®™ Ni“™ Cd™ Ag” PE*™ Cre™

Gw1 App Coconut 06e26) 003el9| <0.0001| 0.1103 | 0.1588 0.2143 | 0.3937 | <0.0001 0.0349 | <0.0001| <0.0001
Gw2 App Coconut 06e26,) 003e19| 0.0205 | 0.1377 | <0.0001 | 0.2173 | 0.3506 | <0.0001| <0.0001 [ <0.0001| <0.0001
GW3 App Amukoko 06e27)] 003e¢20[ 0.004 0.1359 | <0.0001 | 1.5821 | 0.1493 [ 0.0038 | <0.0001 [ <0.0001| <0.0001
Gw4 App Badia 06e¢e28) 003e21| 0.239 0.0524 | 0.0231 0.2047 | 0.4945 | <0.0001 0.02 <0.0001| <0.0001
GW5 App ljora 06e27 | 003e¢e21| 0.0323 | 1.3343 | <0.0001 | 0.3258 0.566 | <0.0001| 0.0224 0.0266 | <0.0001
GWb6 App Wharf 0O6e26| 003e22| 00011 | <0.0001 149 0.0136 | <0.0001| <0.0001| 0.0015 0.003 0.0218
Gw7 App Kirikiri Rd 06e26) 003¢19| 0.0007 | <0.0001| 0.0044 0.0008 | <0.0001( <0.0001| 0.0021 0.0001 0.021

Gws8 Isl Marina 06e27) 003¢23| 0.0009 | <0.0001| 0.022 0.0292 | <0.0001| <0.0001| 0.0045 0.0026 | 0.0445
GW9 Isl Obalende 06e26 | 003e24| 0.0004 | <0.0001| <0.0001| 0.0021 | <0.0001| 0.0006 0.0023 0.0036 | 0.0179
Gw10 Isl Adeniji 06e27| 003¢23| 0.0014 | <0.0001| 0.0015 0.0021 | <0.0001( <0.0001| 0.0043 0.0059 | 0.0039
Gw11 Isl Olopade 06e27)] 003¢23| 0.0001 | <0.0001| 0.0122 0.0393 [ <0.0001| 0.0001 0.0005 0.003 0.0223
Gw12 Isl Isale eko 06e27) 003¢23| 0.0017 | <0.0001| 0.0058 | <0.0001| <0.0001| 0.0001 0.0007 0.0023 | 0.0299
Gw13 Isl Bankole 06e27 | 003¢22| 0.0011 | <0.0001| 0.0033 0.0046 | <0.0001( 0.0001 0.0016 0.0021 | 0.0104
Gw14 Isl Abdu Smith 06e25| 003¢e24[ 0.0023 0.025 0.003 0.0052 [ <0.0001| <0.0001| 0.0004 0.0017 | 0.0177
GWwW15 Isl Off Ribadu 06e26) 003¢25| 0.0013 | 0.0104 | 0.0102 0.3235 | <0.0001( <0.0001| 0.0003 0.0045 | 0.0297
GWwW16 Isl Awolowo Rd 06e26,) 003 ¢24| <0.0001| 0.0147 | 0.0004 0.0025 | <0.0001| <0.0001| <0.0001 | 0.0001 | 0.0086
GW17 Isl Aboyade C. 06e26 | 003e24( 0.0095 | 0.0259 | 0.0083 0.1851 [ <0.0001[ <0.0001] 0.0015 0.0038 | 0.0247
Gwi18 Isl Lekki Ph1 06e26) 003e28| <0.0001| <0.0001| 0.0078 0.0083 | <0.0001( 0.0007 0.001 0.0032 | 0.0467
GW19 Isl Ikate 06e26,) 003¢29| <0.0001| 0.022 0.0067 0.0002 | <0.0001( <0.0001( 0.001 <0.0001 | 0.0319
GWwW20 Eti Alpha plaza 06e26,) 003 ¢31| <0.0001| 0.0076 | 0.0151 0.0635 | <0.0001| <0.0001| 0.0008 0.0007 | 0.0469
Gw21 Eti Elesan 06e25) 003 ¢32| <0.0001| 0.0256 | 0.0057 0.2776 | <0.0001( <0.0001( 0.0007 | <0.0001| 0.0163
GW22 Eti Good Motor 06eldB | 003 e 34| <0.0001| <0.0001| 0.0038 | <0.0001 | <0.0001| <0.0001f 0.0002 0.0024 | 0.0256
Gw23 Eti Ado Rd 06e29) 003e34| <0.0001| 0.0078 | 0.0075 0.0106 | <0.0001| 0.0006 [ <0.0001 | 0.0047 | 0.0286
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Sample ID Site Location X Y Zn<* Cu** Mn < Fe* Ni< Cd~ Ag* Pb* Cre*
Gw24 Eti Badore Rd 06e29| 003e35| <0.0001| 0.0003| 0.0045 0.0257 | <0.0001( 0.0003 0.0006 0.0036 0.0307
GW25 Eti Badore 06e30] 003e36([ <0.0001| <0.0001] 0.0041 0.0544 | <0.0001 <0.0001| <0.0001 | 0.0014 0.0254
GW26 Eti Abraham 06e27  003e35| 0.0001 0.0001 | 0.0063 0.0881 | <0.0001| 0.0008 0.0004 0.0016 0.0084
Gw27 Eti Abijo 06e27) 003e40| <0.0001| 0.0002 | 0.0059 0.0002 | <0.0001( 0.0007 0.001 <0.0001| 0.0105
GWw28 Eti Awoyaya 06e28| 003e42( 0.0007 | 0.0026 | 0.0052 0.0029 | <0.0001| <0.0001| 0.0005 0.0006 0.0127
GW29 Eti Igando town 06e28 ) 003e48| <0.0001 0.0051| 0.0028 0.0346 | <0.0001( <0.0001| 0.0005 0.0007 0.0104
GW30 Eti Lekki town 06e29( 003eb5 3 0.0001 0.0022 [ 0.0039 0.0034 | <0.0001{ 0.0008 0.0012 <0.0001| 0.0111
GW31 Eti Alatishe twn 06e28 | 003e4 7| <0.0001( 0.0023 | 0.0018 | <0.0001 | <0.00@ | <0.0001| 0.0011 <0.0001| 0.0163
GWwW32 Eti Sangotedo 06e28 ) 003¢e38| 0.0012 | <0.0001| o0.0067 0.0003 | <0.0001( <0.0001| 0.0002 0.0002 | <0.0001
GWa33 Eti Thomas Est. 06e28  003e34| 0.0011 [ <0.0001| 0.0129 0.0104 | <0.0001| <0.0001| <0.0001 | 0.0014 | <0.0001
GW34 Eti Langbasa 06e30  003e34| 0.0007 | <0.0001| 0.0143 0.1735 | <0.0001( <0.0001| <0.0001 | <0.0001| <0.0001
GW35 Eti Addo town 06e29 | 003e34| 0.0016 | <0.0001| 0.0003 | <0.0001| <0.0001( <0.0001| <0.0001 0.002 <0.0001
GW36 Eti Ajah Mosqg. 06e28 | 00 33. § 0.0033 | <0.0001] 0.0001 0.0109 | <0.0001| <0.0001 0.0001 [ <0.0001| <0.0001
GWwWa37 Eti Idado town 06e26 | 003e31| 0.0049 | <0.0001| 0.0113 0.3632 | <0.0001( <0.0001| <0.0001 | 0.0007 | <0.0001
GW38 Eti Igboefon 06e26 | 003e31| 0.0048 | <0.0001| o0.0027 0.0017 | <0.0001| <0.0001| <0.0001 | 0.0002 | <0.0001
GW39 Eti Jakande Est. 06e25 | 003e30| 0.002 0.0007 | 0.0121 0.44 <0.0001| 0.0002 [ <0.0001 | 0.0002 | <0.0001
Gw40 Eti Ikota 06e26) 003e32| 0.0006 | <0.0001| 0.0004 | <0.0001| <0.0001| 0.0001 | <0.0001 [ <0.0001| <0.0001
Swi Lagoon Ebuteero <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 measuremest are inmg/L
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Appendix G:

COMPLETE ANALYTICAL RESULTS OF THE PHYSICOCHEMICAL PARAMETER S IN THE

DRY SEASON

Sample ID Site X Y PH | Temp. | Waterlevel | EC | TDS | Elev. | Ca® | Mg** | Na* | K* | CI" | SO4 | NO3 | CO3* | HCO3"
GW1 Apapa 06e26| 003el19 75 29.2 3 1542 785 32 106 | 4.14 | 5.86| 5.24 | 6.24 | 0.01 | 0.057 4 50
GW2 Apapa 06e26| 003el19 74 28.7 1.69 949 | 536 144 | 11.8( 3.4 42 1635(521| 0.13 | 0.011 4 90
GW4 Apapa 06e28| 003e21f 51 28.7 4.44 1912 | 1020 51 11.6| 3.3 57 (5441 9.73| 0.21 | 0.033 4 70
GW5H Apapa 06e27]| 003e21f 7.3 29 1.71 1880 | 1034 30 11,6 25 | 522 3.99 | 3.33| 0.12 | 0.002 4 92
GW6 Apapa 06e26| 003e22 76 29.8 1.15 3089 1637 25 94 | 345 | 57 (635|512 | 0.12 | 0.024 3 17
GW7 Apapa 06e26( 00 PI™ 7 29.6 6.16 1360 | 728 43 104 | 455 | 416 8.99| 41 0.01 | 0.004| 0.9 97
GW8 Island 06e27| 003e23l 85 30.6 3.06 3832 | 1916 38 86 | 443 | 52 [ 549 5.23| 0.01 | 0.040 2 69
GW9 Island 06e26| 003e24 72 29.2 2.88 1023 | 558 4 10.8| 6.23 | 42 | 6.35| 25 0.21 | 0.011 4 94
GW10 Island 06e27]|] 003e23 76 29 0.65 1681 | 862 65 122 3.3 6.3 | 551]9.65( 0.01 | 0.025 5 70
Gwi1l Island 06e27| 003e23 76 29.4 0.49 1119| 621 59 12.1| 3.2 521901 43 0.03 | 0.015 4 53
Gw12 Island 06e27| 003e23 76 28.6 1.71 1150 641 8 12.3| 25 42 [ 4.75] 3.12| 0.01 | 0.033 1 62
GW13 Island 06e27]|] 003e22 76 30 5 1250 | 685 123 | 109 45 6.4 | 395|335 0.12 | 0.054 4 92
GWw14 \YIl 06e25| 003e24f 76 29 1.84 982 | 537 70 9.6 3.3 831499 | 52 0.13 | 0.015 4 17
GW15 Ikoyi 06e26| 003e25 76 28.2 1.79 643 | 387 20 98 | 411 | 5.7 | 399 3.12| 0.01 | 0.033 2 95
GW17 [ 06e26| 003e24 76 30.1 1.54 418 | 263 82 106 | 3.44 | 5.78] 6.35| 3.33 | 0.02 [ 0.054 4 70
GWwi18 Lekki 06e26| 003e28l 7.7 30.2 2.16 809 | 505 59 12.3| 4.3 | 572 4.99 | 5.12 | 0.20 | 0.003 6 55
GW19 Lekki 06e26| 003e29 85 315 AD 2648 1324 42 122 3.2 | 9.05]1 399 | 41 0.20 | 0.002 4 64
Gw20 Igboefon 06e26| 003e31f 83 28 1.41 620 | 375 51 10.8| 4.11 | 5.25( 6.35| 5.23 | 0.02 | 0.024 4 90
Gw21 Lafiaji 06e8%6| 003e32 87 29.2 2.36 275 | 114 32 119| 524 | 41 |1 899 | 254 | 0.12 | 0.004 3 17
GW22 Ajiwe 06e28| 003e34 75 28.8 2.69 354 | 177 37 126| 4.4 | 515|549 9.65| 0.12 | 0.040 4 95
GW23 Etiosa 06e29| 003e34 86 29.6 AD 693 | 412 170 | 108 3.24 | 42 | 6.35| 4.3 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 06e29| 003e35 7 28 2.22 908 | 528 52 88 | 3144 | 7.24| 551 | 3.13| 0.01 | 0.025 4 94
GW25 Etiosa 06e30|] 003e36[ 6.3 28.9 2.06 588 | 368 55 109 266 | 5.65]9.01| 3.35| 0.21 | 0.015 1 70
GW26 Etiosa 06e27| 003@m5 74 29.2 0.89 266 | 171 19 9.8 43 | 425|544 | 5.2 0.01 | 0.015 4 53
Gw27 Ibeju/L 06e27| 003e40[ 7.6 29.2 3.82 142 | 123 35 121 422 | 5.2 | 3.95| 3.12| 0.03 | 0.033 4 62
GWw28 Ibeju/L 06e28| 003e42 7.2 29.9 2.85 268 | 134 52 119 34 | 425(3.99| 3.33| 0.20 | 0.054 2 69
GW29 Ibeju/L 06e28| 003e48 73 28.3 1.64 338 | 169 38 124 414 | 5.7 | 3.99| 5.12| 0.20 | 0.015 4 94
GW31 Ibeju/L 06e28| 003e4 7 59 28.4 2.16 201 | 132 63 8.2 25 1622(9.01( 4.1 0.02 | 0.033 4 70
GW32 Etiosa 06e28| 003e38l 56 29.3 3.27 553 | 314 67 12.2| 245 | 5.72| 4.75| 5.2 0.12 | 0.054 2 53
GW33 Etiosa 06e28(| 003e34 6.7 29.6 3.13 340 | 225 62 10.8( 3.6 9.1 | 436|254 | 0.12 | 0.003 4 62
GW34 Etiosa 06e30|] 003e34 74 28 0.68 1170 663 42 104 | 3.2 | 412|498 9.65| 0.01 | 0.0@ 6 92
GW35 Etiosa 06e29| 003e34 75 27.6 2.32 1629 | 878 73 9.6 45 | 6.45( 4.04| 4.3 0.12 | 0.054 4 17
GW36 Ajah 06e28| 003e33 84 28.3 4.54 555 | 345 38 12.8 3.3 | 5.13| 5.49| 3.12| 0.01 | 0.015 4 95
GW37 Etiosa 06e26| 003e31 74 29.9 1.37 530 | 323 32 12.3| 336 | 52 [ 6.49| 3.35| 0.01 | 0.033 3 70
Gwa3s8 Etiosa 06e26| 003e31 7.6 30.7 1.95 1051 591 63 119| 345 | 4.1 | 551 | 5.2 0.21 | 0.054( 0.8 55
GW39 Etiosa 06e25]|] 003e30 71 28.2 1.08 951 | 549 37 104 244 | 5.2 | 8.84 | 3.12| 0.01 | 0.003 1 64
GW40 Etiosa 06e26| 003e32 nm 29.5 2.95 323 | 162 58 12.8| 248 | 5.7 | 5.39 | 3.33| 0.03 | 0.002 6 90
Gw41l Ogombo 06e26'1006e36| 75 28.3 1.92 447 | 278 28 12.2| 345 | 4.4 | 3.89]|5.12| 0.20 | 0.024 4 17
GW42 Ibeju/L 06e297003eb53| 86 28.4 3.23 357 | 270 46 116 344 | 48 | 399 ]| 4.1 0.20 | 0.002 6 95
GW43 Elekotown| 06 e 26 003 e5 1| 7.1 29.9 4.25 388 | 247 64 126 3.67 | 6.1 | 409 | 5.23| 0.02 | 0.054 4 69
GW44 Lakowe 06e28'(003e43| 6.8 28.9 1.97 845 | 507 49 11.9| 5.04 | 458 6.59 | 254 | 0.12 | 0.015 6 94
GW45 Awoyaya | 06e281 003e42 69 30.1 3.1 477 | 348 62 9.6 43 | 5.02| 549 9.65| 0.12 | 0.033 6 42

Al measurements are img/L
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Appendix H:
WET SEASON HYDROCHEM ICAL FACIES AND SOME IONIC RATIOS OF A SHALLOW
UNCONFINED AQUIFER I N THE L AGOS COASTAL BASIN

Sample ID Facies ca®* /Mg | ca®*Na’ | Na'/CI'| Mg¥/ICI'| HCOs [ sO.2ICI| HCO3 | Na'+K*/CI ca*'/ Total | ca®™+Mg¥ | Ca**+Mg*/ Na*/
ICl” /Ca?* Ca?*+HCO3 | Cations HCO3 Na*+Ca**
+SO4
GW1 CaCI-HCGs 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
GW2 CaHCOs- SO:-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 CaCl-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
GW4 CaCI-HCGOs 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 CaCI-HCGOs 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-HCGOs 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 Cl-SOy-HCGO; 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-HCGOs 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-HCO;-SOu 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-HCOs-SOu 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 HCGOs-CI 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-SOy 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 HCQO;-CI-SOy 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 CaCI-HCGOs 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;-CI-SOy 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-HCO;-SOu 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 CaMg-HCO;-Cl 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 CaHCO;-CISOy 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-HCGOs 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 HCO;-ClI 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
GW21 CI-HCGOs 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-SO4HCO: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-HCO:s- 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
SO4
GW24 CI-HCOs-SO4 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-HCO;-SOu 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-HCGOs 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
GW27 Mg-HCOz-SOs-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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