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Abstract: This study employed electrical resistivity tomography (ERT) in characterising the shallow
groundwater aquifers of Eastern Dahomey basin in southwestern Nigeria to assess the possible
occurrence and distribution of saltwater within the aquifers. Electrical resistivity tomography (ERT),
induced polarization (IP) and borehole logging were carried in locations with relatively enhanced
electrical conductivity (EC) within the coastal zone of the basin through 97 groundwater samples
from shallow wells and boreholes; 500 m-length ERT and IP sections were carried out along three
traverses A-B, C-D and E-F in directions perpendicular and parallel to the coastline. Three
geoelectrical layers were identified along traverse line A-B which comprises cross-sections 1, 2, 3
and 4 located around Ugbonla, Aboto and Igbokoda with layers’ resistivity and chargeability values
ranging from (1-1000, 33-200 and 1-1700 Om), and (-50-200 Qm, -30-200 Om and -50-120 OQm,
respectively, from the top to the bottom layer. These values indicated unconsolidated sand/lateritic
silty clay, underlain by a sandy/silty clay layer with underlying fine-grained sand with
disseminated clay lenses. The average thickness of the first two layers was 16 and 53 m while that
of the third layer was undetermined. Resistivity and chargeability results from ERT and IP cross-
sections along profile C-D exhibited characteristics similar to that of profile A-B with
unconsolidated sands which were underlain by intercalation of sandy/silty clay and fine-grained
sands with suspected clay lenses saturated with saline water. Profile E-F revealed a geoelectrical
layer with low resistivity which ranged from 1-30 Om with the corresponding chargeability
between -150-400 ms. This indicated a saline water-saturated layer of fine-grained sand and silty
clay which is overlaid by the unconsolidated unconfined freshwater aquifer. Correlation of selected
ERT results with borehole logs further affirmed the suspected lithology from the sections. Two
scenarios of saltwater intrusions into coastal freshwater aquifer were suggested which include the
presence of trapped salt-saturated clay lenses within aquifer lithology and seawater incursion
induced by over-drafting of groundwater in this basin.Therefore, it identified the need for further
investigation which will involve a combination of hydrochemical and isotopes to further

understand the paleowater hypothesis.
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1. Introduction

Seawater intrusion is gradually becoming an inevitable problem of the coastal aquifer, especially
in coastal zones of the world [1]. Coastal regions have been described as the area of the world that is
fast becoming home to high and growing populations which are consequently undergoing
environmental degradation [1,2]. High population contributes significantly to this environmental
decline. As at the year 2003, approximately three billion people, about half of the world’s population,
lived within 200 km of the coastline, a figure which will likely double by the year 2025 [2]. Coastal
areas account for approximately 40% and 45% of the world’s and Nigeria’s population, respectively
[3,4]

Rural-urban migration associated with economic, industrial and agricultural opportunities
among other factors leads to this rapid population growth. In most of the developing countries
around the world, there is associated infrastructural deficiency which includes erratic pipe-borne
water supply among others. This, therefore, puts significant pressure on coastal freshwater aquifers
which remain the only alternative source of water, to meet water required for domestic, agricultural,
industrial and recreational purposes.

Eastern Dahomey Basin in Nigeria comprises two major inland river basins which include the
Ogun-Osun and Benin-Owena river basin, with the addition of the coastal aquifer. This basin
contributes significantly to the water resources of Nigeria and is also the major source of freshwater
supply to various households. There are several reports from different sectors, ranging from
government agencies, non-governmental organisations, research and academic institutions to “ad-
hoc” and uncoordinated individuals and private companies, on the alarming degradation and the
threat to groundwater quality, especially in the coastal area. Here, the groundwater level is generally
higher, which permits constant interaction with the polluted surface water. The daily water demand
in Lagos, the most populous city in Subsaharan Africa underlain by this basin is about 724 million
gallons with production standing at 317 million gallons, this leaves a gap of about 407 million gallons
which is complemented through the groundwater from shallow hand-dug wells and boreholes.
Worse still, some of the pipe-borne water never reached households due to constant defects from

burst transmission pipes and old trunk lines [5]. This further emphasises the importance of this

invaluable resource to the economic and health status of inhabitants of the country’s southwest coast.
Indiscriminate waste disposal and management also pollute surface water which recharges the
groundwater. This direct interaction of contaminated and polluted surface water with groundwater
degrades the quality of groundwater in the unconfined top aquifer in this coastal area as observed in
the work of [6-8]. In the search for potable freshwater, most wells and boreholes in this area are
drilled to the second aquifer, which is a confined aquifer (Figure 1) underlying the coastal area of the
basin which is most densely populated, in order to meet their daily water demand. This development
has put pressure on groundwater and led to saltwater intrusion in the freshwater aquifer through up
conning wedge shift resulting from over-abstraction of groundwater [3,9-12]. Proximity to the sea
also encourages saltwater intrusion into the freshwater of the coastal aquifer due to sea-level rise
(SLR) [13]. Another school of thought has also suggested possible dissolution of evaporite minerals
trapped within the basin lithology during a past event of ocean transgression and regression into
groundwater causing their enhanced salinity and electrical conductivity [14,15]. The work of
[3,7,9,10,16-21] have employed different methods such as electrical resistivity tomography (ERT),
induced polarization (IP) and hydrochemistry on groundwater in some selected and specific
locations within this basin. Some of these studies which have identified saltwater intrusion in the
upper aquifers mainly in the eastern coast of Lagos, such as Lekki, Ajjah, Victoria Island, Sagontedo.
The deterioration of water quality in parts of Lekki phase 1 and Oniru environs of Lagos metropolis
due to saltwater infiltration in the freshwater aquifer has become a significant concern [10]. Despite
all this, the report still shows that systematic and detailed groundwater quality assessment and
monitoring are insufficient for sustainable management of groundwater in the face of the menace of
salty water. This challenge results from a combination of factors, such as costs associated with water-
quality monitoring, the relatively low levels of funding for research in Sub-Sahara Africa over the
past decade and limited national regulation of high-intensity rainfall events which pose a risk to
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shallow and poorly protected groundwater sources [9,22]. Also, groundwater is a dynamic resource
whose quality requires constant regimented monitoring for early detection of contamination and
pollution to ensure a sustainability and health safety measure of life, and possibly plant and animals
which depends on it for survival. Moreover, there is a vital need to monitor the possible risk of saline
water intrusion of the coastal aquifers because, once saline intrusion into coastal aquifer has occurred,
it is challenging to overcome and to improve the management of the water resources based on long-
term strategy. Within this location, several boreholes have had to be abandoned, and other water
sources sought, often at a high cost. Furthermore, subsurface data are generally scarce because
invasive methods such as borehole drilling and associated aquifer tests are expensive and time-
consuming. The current lack of hydrogeological information of the existing commercial boreholes is
also a factor. Therefore, non-invasive hydrogeophysical methods of subsurface data acquisition
provide an alternative, or a complement to, direct observations. Protection of groundwater resources
in coastal areas and their sustainable management, in conjunction with other water resources (e.g.,
surface water, seawater), require an understanding of the coastal aquifer hydrogeology.

This study, therefore, focuses on the delineation of origin and distribution of saltwater intrusion
in the coastal freshwater aquifer of Eastern Dahomey Basin using a physicochemical approach
through the electrical conductivity (EC) and geophysical method of ERT and IP complemented with
borehole logs with the objective of identify saltwater bearing lithological units that are responsible
for salinisation of freshwater. Complementary use of these methods improves the extensive coverage
of hydrogeological investigations due to the difference between their characteristics and capability.

1.1. Study Area and Geomorphology

The Eastern Dahomey Basin lies in the southwestern part of Nigeria, which is the eastern part of
Dahomey Basin (also called Benin or Keta Basin in Nigerian literature). It is a transboundary basin
that extends from Ghana through Togo and Benin to Nigeria. This basin is bounded by Okitipupa
Ridge, which is the boundary it shares with Niger Delta basin [23]. It lies between latitudes
2°41'10.00” and 4°59'5900” N and longitudes 6°21°1300”" and 7°52’42.00”" E along the coast of the Gulf
of Guinea (see Figure 2). The basin is bounded in the south by the Atlantic Ocean, west by the
Republic of Benin, and thins out at the north by the Precambrian basement rocks. The area of
investigation towards the south is low lying with several points virtually at sea level which are prone
to flooding. The highest elevation is found around the city of Abeokuta in the northern parts of the
study basin. Two major climatic seasons can be recognised, a dry one from November to March and
a wet one which starts in April and ends in October with a short break in mid-August. Major rivers
such as the Ogun, Ose, and Oluwa drain the basin into the delta and the Atlantic Ocean. The basin
hosts two major administrative water basins authorities in Nigeria which include Ogun-Osun and
Benin-Owena river basins, and accommodates about 40% population of the country’s residents
including the metropolitan city of Lagos, which signifies it is essential to the economy of Nigeria and
West Africa.

1.2. Geology and Hydrogeology of Eastern Dahomey Basin

The lithological character of the sediments was dictated by the regime of transgressions and
regressions of the sea since the Cretaceous age, and the transgressions are found to have been coming
from the south. The stratigraphic description of the sediments has been provided by various authors,
including [23-26], as presented in Table 1. Some of these authors have proven the area to be composed
of the following stratigraphic units from youngest to the oldest. The Alluvium Deposits and coastal
plain sands consist of soft, very poorly sorted clayey sands, pebbly sands, sandy clays and rare thin
lignite of Oligocene to the recent age. This is underlain by Ilaro formation which consists of massive,
yellowish, poorly consolidated, cross-bedded sandstones, which are fine to medium-grained and
poorly sorted [23]. This is followed by the Ewekoro formation which consists of predominantly
Paleocene fossiliferous limestone which becomes arenaceous towards the base [26] and the Abeokuta
formation which consists of lower Cretaceous sandstone and grits with interbedded mudstone
unconformity overlain the basement complex fine detrital sandstone, siltstone and shale overlying
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the formation in the upper parts. The youngest sets of strata are marginal to fully marine sand and
shale of the Maastrichtian Age.

Table 1. Stratigraphic sequence in the Eastern Dahomey Basin (modified from Adelana et al., 2004).

. Approximate Depth of
Formation Age Rock Type Base (m.b.s.)
Coastal Plain Tertiary (Oligocene— .
1 Ity Cl d 1
Sands Pleistocene) Clays, Silty Clays, Sands 30
Ilaro Tertiary Eocene Clays and Shales 280
Ewekoro Tertiary Paleocene Shales, limestone and sands 550
dst iltst hal
Abeokuta Upper Cretaceous Sandstone, Siltstone, Shale, 350-600
Conglomerate
1l Pal i
Crystalline 2 eozom. to Granites and Migmatite >400
Basement Precambrian

The Coastal Plains Sands represents the main aquifer in the southern parts of the basin which
most of the well and boreholes exploit. This has resulted in a multi-aquifer system consisting of three
aquifer horizons separated by silty or clayey layers [16]. The aquifer shows high thickness at the
northern part of Abeokuta, through Ewekoro, Ilaro, and thins out into the coastal plain sands, in
locations closer to the coast in the south. The percentage of sands in lithology also increases towards
the south [16]. The geological map of the basin is presented in Figure 2, showing the distribution of
rock units within the basin.

The coastal plain and alluvium deposits of the Eastern Dahomey Basin are characterised by a
multi-layer aquifer, which is classified into three types [16]. The first aquifer is a water table aquifer
which is prone to pollution because of its nearness to the ground surface. The second and third are
confined aquifers composed of an alternating sequence of sand and clay. They are harnessed through
boreholes and are the basis of mini water-works in the Lagos area and other parts of the Basin. These
aquifers belong to the continental Ilaro Formation. The third aquifer seems to be the most productive
and faces the highest level of groundwater exploitation within which most boreholes terminated.
Within it, groundwater exists confined to the semi-confined condition [16,19,27]. Generally, the
water-table ranges from 2.0 to 15.0 m below ground level (b.g.]) in the area. Also, the study area is
well drained by rivers and streams that flows southerly into the lagoon and the Atlantic Ocean. The
average annual precipitation is above 1700 mm and serves as a primary source of groundwater
replenishment.
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Figure 1. Generalised aquifer description in parts of Eastern Dahomey basin, modified from [28].
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Figure 2. Geological map of Eastern Dahomey Basin.
2. Materials and Methods

2.1. Field Physico-Chemical Measurement

The physicochemical field measurement of electrical conductivity, salinity and water level are
groundwater parameters that are critical to water quality regarding the saltwater intrusion.
Monitoring a change in conductivity could provide a clue to the early stage of saltwater intrusion
into the freshwater aquifer [12,16]. This was employed as a preliminary approach to the selection of
locations for geophysical investigation. This was also necessary to save time and cost. The
physicochemical parameters were measured in the field using a Model 99,720 microprocessor
pH/conductivity meter capable of measuring total dissolved solids (TDS), salinity, temperature and
oxidation and reduction potential (Eh/ORP). The depth of the wells and static water level were
measured with the aid of a water depth meter while the coordinates of each sampled well were
recorded using a global positioning system (GPS). Conductivity from 6.7 to 12,000 pS/cm. were found
in water samples from wells in locations around Igbokoda, Ungbonla, Ibeju-Lekki and Okun-Ajjah.
(Figure 3 and Table 2). It was challenging to select a continuous length of resistivity profile due to the
marshy nature of the coastal area. Also, the isolated and drained sandbars which could have served
as the survey are built-up for residential use, especially in part of the coast near to the metropolitan
city of Lagos. Hence, the selection of the profile lines is mainly controlled by the available space
(Figure 3).

Table 2. Regional electrical conductivity.

Parameters Min Max Average Stdev Variance
Elevation (m) -1.00 230.00 46.30 39.80 1584.32
pH 3.97 8.10 5.57 1.00 1.00
EC (uS/cm) 6.7 12,000.00 295.40 1219.42 1,486,983.46
TDS (mg/1) 0.00 8500.00 201.83 863.57 745,754.20
ORP (mV) -136.00 330.00 222.90 74.88 5606.54
Salinity (mg/1) 0.00 5000.00 136.79 508.98 259,062.52
Temp ("C) 25.50 34.60 29.44 1.72 2.96
Alkalinity (mg/l) 0.20 96.40 9.05 15.59 242.98
SWL (m) 0.20 67.00 18.27 15.36 235.98

Well Depth (m) 2.10 125.00 26.62 18.85 355.16219
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Figure 3. Map of the Eastern Dahomey Basin showing well sampling points, borehole points and
geoelectrical profile and spatial distribution map of electrical conductivity (EC).

2.2. Hydro-Geophysical Approach

Electrical near-surface-geophysical methods used in this study, such as ERT and IP, have been
employed in various areas in the field of Hydrogeology for groundwater studies [29]. This method
was chosen over vertical electrical sounding (VES) because, the latter only presented a limited vertical
overview of resistivity distribution below the survey point which does not capture the lateral
stratigraphic relationship of the different layers [30]. The IP and ERT are integrated in this study
because of the common ambiguities and challenges posed when lithology such as clay and sand units
or other factors such as contaminants and saltwater which are characterized with low resistivity
values are faced during the interpretation of electrical resistivity data. IP method is very important
since it measured chargeability of lithology which is a key parameter that differentiates clayey and
sandy units within similar resistivity range.

The principle of the ERT method is based on the measurement of the soil apparent resistivity,
using a large number of electrodes placed along the profile or in the area. The electrodes are
interconnected by a special cable that enables connection to the electrodes as current and potential
electrode step by step. This allows measurement of a large number of variants of a 4-electrode array
with differing geometry and penetration depth. The measurement proceeds automatically and is
controlled by a computer/laptop. Details of this method can be found in the work of [31-34].

The IP method targets electrical resistivity and chargeability of the subsurface lithology, which
applies to delineate the zones of freshwater and saltwater contact, permeable sands aquifers and
impermeable clayey aquitard and their overall geometry. Groundwater applications of this method
include delineating aquifer depth and thickness, mapping aquitards or confining units, identifying
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fluid migration paths such as fractures and fault zones, and mapping contamination of the
groundwater such as saltwater intrusion [3,17,35-37].

2.3. Geophysical Field Data Acquisition

Ten geoelectrical profiles (L1-L10), each of 500 m length with electrode spacing of 6 m, were
carried out for both ERT and IP using an Advance Geophysical Instrument (AGI) SuperSting R8/IP8
Earth Resistivity meter, an eight-channel Memory Resistivity and IP Meter with inbuilt processor for
84 multi-electrodes systems. Resistivity profiles were carried out around Igbokoda, Ungbonla,
Araromi Eleko, Lakowe and Okun-Ajjah within the coastal area of the Basin. The selection of the
location of the profile was based on both enhanced EC results (Figure 3) and accessibility, as observed
during the groundwater well inventory. The sections were conducted along two directions, North—
South and West-East respectively A-B, C-D and E-F as shown in Figure 3. Traverse A-B, which
consists of ERT and IP profiles sections 1 and 4, were carried out around Ugbonla, Aboto, and
Igbokoda, and perpendicular to the shoreline. Traverse C-D consisted of profile sections 2, 3, 5, 6 and
7 with 2, 3 and 7 ran parallel to the shoreline profile sections while 5 and 7 ran at an angle almost
perpendicular to the shoreline around Abule-Ipare, Abule-Obi and Araromi Figure 3). The third
traverse is E-F which consists of profile section 8 and 10 ran at an at almost perpendicular to the
shoreline while profile section 9 ran parallel to the shoreline in location between 8 and 10. The
traverse E-F which ran parallel to the shoreline was carried out around the Eleko, Lakowe and Oku-
Ajjah area of the metropolitan city of Lagos. There was constrained to the length of the traverse line
due to the high water level which is above the ground surface in most of the area. Details of the
profiles and coordinates are shown in Figure 3.

2.4. Geophysical Data Processing

The ERT and IP data acquired were processed and analysed using the AGI EarthImager 2D
software. The results presented were inverted using the standard method of inversion (L2-norm
approach) after the 5th iteration. For all sections’ results, a root mean squre (RMS) model error below
96.7% was obtained. On the IP, the resistivity and chargeability variations as contoured pseudo-
sections that give rough visual impressions of the variability of resistivity and chargeability with
depth below the profiles. The acquired ERT and IP data were inverted to produce sections with
vertical scales in depth, which give significantly improved pictures of actual resistivity and
chargeabilities variations.

In addition to ERT and IP measurements, data from borehole drilling and geophysical well
loggings were correlated with information from ERT and IP results for validation. These borehole
logging points were selected in locations along or sufficiently close to the ERT sections. The respective
sections were, therefore, interpreted using resistivity classifications of groundwater types as shown
in Table 3 below.

Table 3. Classification of aquifer based on resistivity value after [11].

S/N Resistivity Value (Qm) Description
1 0-55 Saline water
2 55-90 Brackish water (Interface)
3 >90 Freshwater

3. Results

3.1. Results of Well and Borehole Field Inventories

Results of some physicochemical parameters such as electrical conductivity (EC), total dissolved
solids (TDS) salinity static water level, well depth and others parameters which could serve as a
fingerprint to saltwater intrusion were carried out on 93 shallow boreholes, and hand-dug wells
across the Eastern Dahomey basin are presented in Table 2. The respective ranges of EC, TDS, salinity,
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static water level and well depth are 6.7-12,000 puS/cm, 3.2-8500 mg/1, 2-5000 mg/1, 0.2—-67 m and 2.10-
125 m (Table 2). EC, TDS and salinity increase from the north towards the shoreline, which shows the
influence of seawater. These two parameters also decrease with the depth of the well and static water
level (SWL) which could increase the influence of surface and groundwater interaction causing
pollution and contamination of groundwater and positively altering these values [12,38-40].
Enhanced EC showed by the value of standard deviation and variance (Table 2) were observed in
some wells around Igbokoda, Ode-Mahin, Ugbonla, Ogombo, Okun-Ajjah and Lekki.

3.2. Results of Electrical Resistivity Tomography (ERT) and Induced Polarisation (IP)

The 500 m long ERT-IP sections from some selected locations based on enhanced EC revealed
different geoelectrical layers across the profile sections with maximum depth probed ranging
between 105 and 118 m. Traverse A-B consists of 1, 2, 3 and 4 ERT and IP profile sections which out
of P1 and P4 are perpendicular while P2 and P3 are parallel to the coastline. On the ERT and IP section
P1 (Figure 4), located at the front of the palace of the Olugbo of the Ugbo Kingdom in Ode-Ugbo,
three geoelectric layers were delineated with resistivity values /chargeability range between (1-30
Om /-50-45 Ms), (70-200 Qm/-30-20 Ms) and (1-30 Qm /-50-70 Ms) Figure 4, with respective
average depth of 23, 47 and 70 m (Table 4).

Profile Length{m)

12 136 204 252 300 Ohm-m
; " . ; 134508

6432

3
Inverted Resistivity Section Iteration=3 RMS=7418% 12=60281 Electrode Spacing=6

Depth(m) Saline water Lense Clay Lense Mixed water Unit

324

78 -138

103 418

Inverted IP Section Iteration =1 EMS=102032(ms) Electrode Spacing =6m

Figure 4. Inverted resistivity and induced polarisation (IP) cross-sections Ugbonla (Profile section P1).

Table 4. Lithological interpretation of geoelectrical sections from Profile A-B.

Ugbonla Geoelectrical Section

Depth (m) Resistivity (2m) Chargeability (ms) Lithological Description

0-23 1-130 -50-45 Unconsolidated dry-sand (Top soil)
23-70 70-200 -30-20 Clayey sand

70-105 1-130 -50-70 Fine grain sand

Aboto Geoelectrical Section

Depth (m)  Resistivity (2m) Chargeability (ms) Lithological Description

0-14 300-700 5-75 Unconsolidated sand (Top soil)
14-118 1040 -5-100 Saturated fine grain sand with clay lenses.
Igbokoda Geoelectrical Section

Depth (M) Resistivity (2m) Chargeability (ms) Lithological Description

0-13 700-1000 15-30 Unconsolidated dry-sand (Top soil)
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13-55 33-50 1-128 Clayey sand

55-105 10-20 -12-100 Fine grain clay with clay lenses
Okitipupa Rd Geoelectrical Section

Depth (m)  Resistivity (2m)  Chargeability (ms Lithological Description
0-13 60-300 100-200 Lateritic clay (Top soil)
13-36 300-1700 80-200 Sandy clay

36-105 200-700 300-120 Fine-grain Sands with clay lenses

These ERT and IP section P1 (Figure 4), values are delineated to be silty sand and clay which
represent the topsoil, sandy clay and underlain by fine-grain sands which have the impression of
saltwater saturated clay lenses. This could be attributed to low resistivity within this unit, hence the
saline water that characterised abandoned deep boreholes in this area.

The ERT and IP section P2 (Figure 5), located at Aboto village, revealed two geoelectric layers
with resistivity/chargeability values between (300-700 QOm/10-40 ms) and (5-75 Qm /-5-100 ms).
These values indicated silty sand topsoil and fine-grain sand with clay lenses saturated with saline
water with respective depths of 14 m and above 104 m. The presence of clay lenses is responsible for
low resistivity values within the layers. Three geoelectric layers were delineated along ERT and IP
section P3 (Figure 6), located at the south-eastern part of Igbokoda along Aboto Road.
Resistivity/chargeability of the layers from top to bottom ranged between (700-1000 Qm/15-30 ms),
(33-50 QOm/1-128 ms) and (10-20 Om and -12-100 ms) which were indications of silty sand topsoil,
clayey sand/sandy clay and fine-grain sands with respective average thicknesses of 25 m, 42 m and
more than 25 m. The low resistivity with corresponding high chargeability within the layers indicated
clay lenses saturated with saline water which characterised the second and third layers.

Profile Length({m)
] 48 96 144 192 240 288 336 384 432 480

hm-
0+ X
30 :
59 f
89 .
ERT
118 :

Inverted Resistivity Section Iteration=3 BEMS =97.67% 12=72436 Electrode Spacing=6m
Depth(m) Sandy Clay  Saline water Lenses Freshwater Unit

30

59

80

118

Inverted [P Section Iteration=1 BEMS = 72530 (ms) Electrode Spacing=6m

Figure 5. Inverted resistivity and IP cross-sections Aboto (Profile section P2).
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Profile Length(m)
144 192 240

ERT

Inverted Resistivity Section Iteration =3 RMS = 68.64% L2 = 518 41 Election Spacing = 6m

h(m) Sandy Clay Brackish Unit Saline water Lense

Inverted IP Section Iteration=1 BRMS =3532.66 (ms) Electrode Spacing = 6m

Figure 6. Inverted resistivity and IP cross-sections of Igbokoda (Profile section P3).

Table 4. (Figure 7) at the northern end for profile A-B were carried out along the Igbokoda
Okitipupa road. These sections revealed three geoelectrical layers with resistivity/chargeability
values ranging between (60-300Q2m/100-200 ms), (300-1700 QOm/80-150 ms) and (200-700 Qm /30—
120 ms) suspected to be lateritic topsoil, sandy clay and fine grain sand with clay lenses. The
resistivity values indicated a freshwater aquifer with depth ranges between 13m to 36 m underlying
the lateritic clay topsoil which serve as a protective layer for the aquifer. Hence the relatively good
groundwater quality observed in wells around this area. The overall results on this profile showed
an improved water quality along the northern part of the study area away from the coast, which is
due to hydraulic properties of the lithology.

Profile L h
qule en%m] 25

5
Inverted Resistivity Section Iteration=3 RMS +61.51% L2=412.26 Electrode Spacing = 6m

Depth(m) Clayey sand Aquitard Saline water lense

Inverted IP Section Iteration= 1 RMS=647.27 (ms) Electrode Spacing=6m

Figure 7. Inverted resistivity and IP cross-sections of Okitipupa road (Profile section P4).

Profile C-D (Figure 1) is parallel to the coastline and consists of three ERT, with their respective
IP sections (2, 3, 5, 6 and 7) carried out at Aboto, Abule-Ipare, Abule-Obi and Araromi towns,
respectively. ERT and IP section P5 (Figure 8) revealed three geoelectrical layers with
resistivity/chargeability values ranges between (50-496 (Om/-100—-40 ms), (32-300 Q2m/0-100 ms) and
(40-180 Qdm/—40-20 ms). These results revealed unconsolidated wet sand, sandy clay and fine-grain
sand with clay lenses. The average thickness of the first and second layers are 25 m and 35 m,
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respectively, while the second layer has thickness beyond 58 m. Saline water intrusion was observed
around some lensoid shape clay with low resistivity, and high chargeability observed within the
layers. Sandy clay with an average thickness of 35 m formed a semi-aquitard layer. A lensoid shape
area within the geoelectric section with a resistivity of about 4200 Om and chargeability of 400 ms
was suspected to be buried hardpan of ferruginised clay or mudstone found at a very shallow depth.
Profile Length
192

Ohm-m
62889

Dn£ Sand Unit
36 384

0 i

0 6371
59
89

113

Inverted Resistivity Section Iteration =3 RMS=92.51% L2=694.34 Electrode Spacing=6m
Depth(m) Saline water Lense Clay Unit Mixed water (Brackish)

(ms)

-121

=334

Inverted IP Section Iteration=1 RMS=1497.31 (ms) Electrode Spacing=6 m

Figure 8. Inverted resistivity and IP cross-sections Ebute Ipare (Profile section P5).

At Abule-Obij, integrated ERT and IP sections P7 (Figure 9) also delineated three geoelectrical
layers with resistivity and chargeability value ranges between (10-130 QQm/80-300 ms), (1-70 Qm/20-
120 ms) and (1-50 Qm/10-60 ms) which were indications of silty clay topsoil, sandy clay and fine-
grain sand with clay lenses similar to Abule-Ipare section. The average thickness of these layers was
15,27, and 63 m. Low resistivity and chargeability of the third layer indicated saline water intrusion.

Profile Length {m)
192 240

48 96 144

288 336 384 432 480 Ohm-m
- : 60416

26 - 4249

52 4 209

78 - 210
ERT
103

13

Clay lense Brackish water

0 3 '3 air =

Inverted IP Section Iteration =1 RMS =1237.28 (ms) Electrode Spacing=6 m

Figure 9. Inverted resistivity and IP cross-sections Abule-Obi (Profile section P7).

ERT and IP Section P6 (Figure 10) carried out around Araromi village delineated only two
distinct geoelectrical layers with resistivity values range between (1-20/-200 Qm-10 ms) and (5-150
QOm/80-20 ms) which was an indication of a silty sand topsoil and fine-grain sand with silty/clay
lenses with 23 m and >76 m thick respectively. The second layer, though predominantly clay, had a
portion of sandy clay which can be classified as the freshwater aquifer in the area which was well
protected by the first layer of sandy clay, thus responsible for the relatively improved water quality
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in this zone compared to Ugbonla and Igbokoda salt lenses trapped within the clayey layers (Figure
11). The general low resistivity observed in the form of salt lenses in most of the sections could be
due to the effect of the ocean transgression and regression which occurred along this coast in past
ages (Cretaceous to Tertiary), responsible for the deposition of the sediments that formed the strata
[41-43]. Both resistivity and chargeability interpretations of these section with depths are presented
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in Table 5.
Profile Length {m)
0 192 240 288 hm-m
0 319134
2% 20330
52 1205
78 5]
ERT
105 53
Inverted Resistivity Section Iterated=3 RMS = 105.57% L2=1228.75 Electrode Spacing = 6
Brackish water unit
Depth(m) Clay Uni Saline water Clayey Sand
(ms) 268
104
60
= -
10 . 388
Inverted IP Section Iteration =1 BMS=1903.77 (ms) Electrode Spacing=6m
Figure 10. Inverted resistivity and IP cross-sections Araromi (Profile section P6).
Table 5. Lithological interpretation of geoelectrical sections from Profile B-C.
Ebute-Ipare Geoelectrical Section
Depth (m) Resistivity (2m) Chargeability (ms) Lithological Description
0-25 50-496 -100-40 Unconsolidated sand (Top soil)
25-60 32-300 0-100 Sandy clay
60-118 40-180 —-40-20 Fine grain sands
Abule-Obi Geoelectrical Section
Depth (m) Resistivity (2m) Chargeability (ms) Lithological Description
0-15 10-130 380-300 Silty cay (Top soil)
15-42 1-70 20-120 Sandy clay
42-105 1-50 10-60 Fine-grain sands with clay lenses
Araromi Geoelectrical Section
Depth (m) Resistivity (Qm) Chargeability (ms) Lithological Description
0-23 1-120 -200-10 Saturated fine sand (Top soil)

23-70 5-150 -80-200 Fin grain sandy with silt and clay
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North South
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Figure 11. Lithological description of profiles A-B and C-D.
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Profile E-F (Figure 1) is located parallel to the coastline of Lagos and very close to areas with
wells with enhanced electrical conductivity (EC) values suspected to be a fingerprint of saltwater
intrusions as presented earlier in Figure 1. Locations such as Eleko, Lakowe and Okun-Ajjah were
selected along profile line E-F.

Three (3) geoelectrical layers delineated under ERT and IP section P8 (Figure 12) with
resistivity/chargeability ranging from (300-6000 {2m/-100-301 ms) -300 and 300-400 Qm/, 1-20 and
10400 ms respectively. These lithological units were suspected to be dry loose sand, ferruginised

clayey sand and sandy clay with the depth ranging 0-6, 645, and 45-118 m, respectively.

Profile Length (m)

Inverted IP Section  Iteration=1 RMS=155§§96(ms) Electrode Spacing=6m

Salty clay lenses

384

(ms)

-1319

-1984

Figure 12. Inverted resistivity and IP cross-sections Eleko Profile E-F (Profile section P8).
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The ERT and IP profile section P9 (Figure 13) at Lakwe revealed three layers with resistivity and
chargeability (470-1605 Qm/10-30 ms), (100200 Om/-80-10 ms) and (200-500 QQm/-100-110 ms)
respectively. These layers were suspected to be dry loose sand topsoil, sandy clay with lenses of
brackish water and fine grain sands saturated with freshwater with a respective average depth of 8,
23 and 79 m.

Dried loose sand topsoil
Profile Length (m)

1603

118

Inverted Resistivity Section  Iteratiord=2 BRMS=39351% L[2=35145 Electrode Spacing=6m

Depth
epth (m) Brackish water

144 2 2 3 3 2 (ms)

8
Inverted [P Section  Iteration=1 BMS=463503 (ms) Electrode Spacing=4m

Figure 13. Inverted resistivity and IP cross-sections Lakowe (Profile section P9).

ERT and IP profile section P10 at Okun-Ajjah (Figure 14), like the previous ones, delineated three
layers with resistivity/chargeability values ranging between (100-1000 QOm/-10-60 ms), (50-200
Om/-150-1 ms) and (7-30 QQm/50-143 ms) from the top to the third layer. These values indicated
loose dry sand and fine-medium grain sand and clay/sandy clay, with an average thickness of 15, 28
and 79 m. The first layers contained freshwater, while the underlining layers were saturated with
saline water which could be attributed to the enhanced conductivity observed in water sampled from
wells which were below 15 m at Okun Ajjah and Ogumbo. However, most of the wells in this zone
are shallow wells which are generally below 20 m which were vulnerable to contamination and
pollution from the surface water, while deeper wells are around Lekki, Victoria Island and Okun-
Ajjah were tapping saline water. The interpretations of the three sections along this profile line is
presented in Table 6 with lithostratigraphical sections presented in Figure 15.

Profile Length
240 288 33 3 32 Ohm-m

118

Inverted Resistivity Section  Iteration=3 RMS=13239% 12=40561 Electrode Spacing=6m

Depth (m)

1 e

]
Inverted IP Section  Iteration=1 BMS=4341.73{ms) Electrode Spacing=8§m

Figure 14. Inverted resistivity and IP cross-sections Okun-Ajjah (Profile section P10).
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Table 6. Lithological interpretation of geoelectrical sections from Profile E-F.

Eleko Geoelectrical Section
Depth (m) Resistivity (Qm) Chargeability (ms)  Lithological Description

0-6 300-6000 -100-30 Lateritic clayey sand
645 1-300 1-20 Clayey sand with clay lenses
45-118 300-400 10-400 Sandy clay

Lakowe Geoelectrical Section
Depth (m) Resistivity (2m) Chargeability (ms) Lithological Description

0-13 470-1605 10-30 Dry-loose sand
13-30 100-200 -80-10 Sandy clay
30-118 200-500 -100-110 Fine grain sands

Okun-Ajjah Geoelectrical Section
Depth (m) Resistivity (2m) Chargeability (ms)  Lithological Description

0-30 100-1000 -10-60 Dry-loose sand
15-40 50-200 -150-1 Fine-medium grain sand
40-118 7-30 50-143 Clay-sandy clay
West East
Depth (m)  okun-Ajjah Lakowe Eleko

Unconsolidated Sand
Sandy clay
Fine grain sand

[~——-1 W  Static water level

-1004

Figure 15. Litho-log from electrical resistivity tomography (ERT) and IP from Profile E-F.

3.3. Correlation of the Geoelectrical Sections with Borehole Logs

Challenges result from complex geo-electrical and hydrogeological characteristics such as
electrical conductivity/resistivity and porosity/hydraulic conductivity of coastal lithology. This is
commonly attributed to cumulative error from data acquisition and processing; it is necessary to
apply this method together with other direct tools such as borehole logging for the subsurface
investigation to increase confidence in results and outcome. The result of the ERT was, therefore,
correlated with two borehole logs from both ends of the basin along profiles A-B and E-F in a bid to
confirm the lithological surface boundary as established from ERT and IP. Gamma and ERT profiles
alongside lithological log description are presented in Figures 16 and 17. The results confirm the
presence of lower hydraulic conductivity in the second layer of sandy/silty clay which separated it
from the top unconsolidated sandy to the silty sand unconfined aquifer and the third layer of
confined fine-grained sands with clay lenses aquifer around Igbokoda and Ugbonla which experience
enhanced conductivity in a few of the sampled boreholes. Also, correlation of sections with a borehole
log (Figure 17) along with profile/traverse line E-F revealed a thick layer of saltwater saturated fine-
grained sands, and silty clay around the Okun-Ajjah area of Lekki. The layers are overlain by
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unconsolidated loose sand which is common to entire Cretaceous to the recent coastal plain sand of
the basin.

NGAM (cps) Depth (m) ‘ON (ohmm)
0 100 200 1 10 00 W0 FRT Ohm-m Litho-description
0
Saline water saturated
-?_‘—‘“z__ +H RS loose sand
20 /
— N
_I— Freshwater sandy/silty
— a0 ﬂ) clay
= | .
—= 60
:E‘ Saline water saturated
| —F a0 fine-grained sand
_
— 100 .
P — {
'__;___,_::. 20 4
=
— |
140
=
S
— 160
==
<L
180
200 {
— Y
‘%:‘_
— 220
240

Figure 16. Correlation of borehole log (BH-1) with ERT along Profile A-B.

NGAM (cps) Depth (m) © N {Ohmm)
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0 e
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20
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E:T s Sa]?ne water saturated fine-
iﬁzb s grained sand
60
80 Salne water saturated Silty
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100
== |
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=]
= 140
=
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——— =
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"—i 180 '- I
=
200
=
— 220 <
240

Figure 17. Correlation of borehole log (BH-3) with ERT along Profile E-F.
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4. Conclusions

This study has conducted investigations to characterise the hydrostratigraphy of the shallow
coastal aquifer of the Eastern Dahomey Basin, Southwestern Nigeria. Enhanced electrical
conductivity revealed from field physicochemical measurements across the basin, the geophysical
method of ERT and IP and a few borehole loggings were carried out in locations around Igbokoda,
Aboto, Ugbonla, Abule-Ipare, Abule Obi and Araromi, Okun-Ajjah, Lakowe and Eleko across the
coastal communities of the basin.

These approaches have demonstrated a high level of efficiency and effectiveness in delineating
lithological layers underlying the coaster aquifers and detected clay lenses which are possible sources
of saltwater intrusion into the freshwater aquifer in the area. The results of the ERT and IP revealed
intercalation of sand and clay underlying the coastal area. However, the maximum depth delineated
along the traverses were 105 m and 118 m from which 3 to 4 geoelectrical layers were mapped and
from which the resistivity and chargeability values indicated lateritic topsoil, unconsolidated sand,
sandy clay/clayey sandy, fine grain sand with clay lenses.

Unconsolidated sands at the top constitute the unconfined aquifer which is underlain in most
areas by sandy clay /clayey sand, which serves as a semi-aquifer unit with depth ranges between 13
m and 45 m, while the third layer represents the fine-grained sands with clay lenses in some areas
which characterised the Ondo-State axis of the coast. The results reveal the clay lenses in the second
and third layers, which could be the trap of saltwater attributed to evaporite deposited within the
basin during the ancient transgression and regression that produced deposition sediments. Some clay
lenses suspected to contain saltwater also were delineated under the sections in Lakowe while a thick
sandy aquifer with an average thickness of 25 m saturated with saline water was observed in the
Okun-Ajjah profile sections. There is a thin layer of freshwater overlying this unit which is the source
of freshwater recharging the shallow wells less than 20 m deep. This layer is highly vulnerable and
sensitive to saline water intrusion if groundwater exploitation exceeds the current state. This type of
intrusion is responsible for the enhanced electrical conductivity in most wells in the area which are
drilled beyond 25 m. This situation is wholly unsustainable since most of the freshwater units in this
area generally reside within the unconfined or semi-confined aquifer which is vulnerable to
contamination from polluted surface water and leachates from industrial and municipal waste that
characterise this densely populated coastal zone.

Finally, the methods used have identified two possible sources of saltwater intrusion into the
coastal freshwater aquifer of Eastern Dahomey Basin; namely, dissolution of evaporite/salt lenses
within the clay layer and direct (flow boundary) connection between the sea and the coastal aquifer
in areas very close to the sea due to lack of a hydraulic boundary. For a further understanding of the
saltwater within the coastal areas of this basin, it is, therefore, necessary to use another method such
as hydrochemical and isotope analysis. Finally, a detailed saltwater vulnerability map of the area is
necessary to develop a sustainable groundwater management strategy to protect this fragile resource
from further deterioration
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