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Abstract: This study employed stable isotopes of ©¥O and 9?H in conjunction with other
hydrological parameters to understand the origin, inferred residence time, and seasonal effect of
groundwater in the shallow aquifers of the eastern Dahomey Basin. A total of 230 groundwater
samples (97 in the wet season and 133 in the dry season) were collected from the borehole and
shallow aquifer between May 2017 and April 2018. Groundwater analysis included major ions and
0180 and ®°H, isotopes data in precipitation from three selected Global Network of Isotope in
Precipitation (GNIP) stations across West Africa, Douala in Cameroon, Cotonou in Republic of
Benin, and Kano in Nigeria were used in comparative analysis. Results of the hydrochemical model
revealed Ca-HCOs and Na-Cl as dominant water types with other mixing water types such as Ca-
S04, Ca-Cl, Na-50s, and K-Mg-HCOs;, which characterised early stage of groundwater
transformation as it infiltrates through vadose zone into the aquifer. 8O and d?H precipitation data
from the three stations plotted along with the groundwater samples indicate recent meteoric water
origin, with little effect of evaporation during the dry season. The plot of Total Dissolved Solids
(TDS) against 50 showed clustering of the water samples between the recharge and the
evaporation zone with dry season samples trending towards increased TDS, which is an indication
of the subtle effect of evaporation during this period. Tracing groundwater types along the flow
paths within the basin is problematic and attributed to the heterogeneity of the aquifer with
anthropogenic influences. Moreover, a comparison of the 0O and d?H isotopic compositions of
groundwater and precipitation in the three selected stations, with their respective deuterium excess
(D-excess) values established low evapotranspiration induced isotope enrichment, which could be
due to higher precipitation and humidity in the region resulting in low isotope fractionation; hence,
little effect of seasonal variations. The study, therefore, suggested groundwater recharge in the
shallow aquifer in the eastern Dahomey Basin is of meteoric origin with a short residence time of
water flows from soils through the vadose zone to the aquifers.

Keywords: hydrogen and oxygen isotopes; groundwater sources; residence time

1. Introduction

Rock-water interaction is a process that influences groundwater chemical evolution from
recharge along the flow paths through the vadose zone to the phreatic zones. Aquifers’ mineral
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solubility, residence time, and intrinsic chemical characteristics of original water determine how
quickly groundwater quality changes [1,2]. The origin of water also plays a role before continuous
evolution as it flows from the recharge zone downgradient within the geological unit of formations
[3]. Sedimentary basins play a vital role as sources of water supply to meet water demand, especially
in developing countries in Africa and Asia. Sub-Saharan African countries depend mostly on
groundwater to meet their daily water demand due to infrastructural failure and poor water
management [4,5]. Generally, groundwater resources are under stress from natural and human
drivers. Coastal basins are more susceptible to these pressures due to their proximity to the sea,
increased population, industrialisation, agricultural activities and the effect of global climate change
[6,7]. For coastal basins, the stratigraphical characteristics make aquifers vulnerable to contamination
and pollution [8]. Shallow coastal aquifers in some developing countries have been reported to be
facing various challenges of groundwater quality deterioration, the causes of which are attributed to
both geogenic and anthropogenic influence.

Delineation of the hydrochemical status is usually a complicated and multi-source process. This
is a common challenge in hydrological basins characterised with municipal, agricultural, and
industrial activities. The activities associated with these areas often serve as a source of non-geogenic
ions in groundwater [9]. These anthropogenic ions and metals influence the hydrochemical
characteristics of groundwater. However, the geogenic processes such as saltwater intrusion, sea
spray, and minerals dissolution from rock-water interaction remain the primary source of ions and
metals in groundwater [1,10,11]. In the near-ocean areas of coastal basins, Na—Cl is commonly the
dominant water type, which is attributed to sea spray or seawater intrusion. In light of this, mineral
dissolution and hydrochemical evolution of groundwater can be better understood using stable
isotopes in conjunction with major ions. These will provide an insight into the hydrochemical
transformation and residence time of groundwater within aquifers of such coastal basin [12-14].

Stable isotopes integrated with major ions in groundwater have been employed in regional
groundwater studies at different locations across the world. The works of [2,15-20] have
demonstrated effectiveness of this approach in understanding recharge pattern, origin and residence
time of groundwater from specific sites to basin-scale hydrogeological investigations. Most of these
studies have contributed vital information and knowledge that are useful in global groundwater
resource management.

The eastern Dahomey Basin (EDB) is one of the eight hydrogeological provinces of Nigeria,
providing groundwater demand for about 30% of the country’s population. Urbanisation,
industrialisation, and agriculture, coupled with the dynamic geology of this basin, continue to pose
a significant challenge to the understanding of its groundwater chemical dynamics [21,22]. In Nigeria,
inadequate pipe-borne water leaves individual households to rely on groundwater from shallow
boreholes and hand-dug wells to meet water demand for domestic, agriculture, and other usages
[23,24]. A unique characteristic of this basin is its complex geology and relief with a drainage system
controlled by topography and geology [8]. Most of the major rivers in the basin flow southward
across different geologic units and formations and discharge water into lagoons and the ocean.
During the process of groundwater flow from the recharge area at the northern parts (upslope) of the
Basin to recharge major rivers through baseflow or recharging the aquifers, the water interacts with
aquifer materials which alter the chemistry of the water.

Most of the hydrogeologic studies in the eastern Dahomey Basin are fragmented, primarily
focusing on specific sites and locations, with few including stable isotopes. Using a stable isotope
method that cut across the entire EDB is necessary to advance the current understanding of its
regional hydrogeological system. Groundwater originates from local atmospheric precipitation
[25,26], and seasonal effect and variations in precipitation are dampened during infiltration, mixing
and isotope effects [27,28]. Although, some seasonal variations may exist depending on the
hydrological properties, size and thickness of the vadose zone [20,25]. These variations may cause
distinctions in isotopic compositions of groundwater from precipitation recharge to discharge. The
phenomenon that usually results from selective recharge or isotopic fractionation effects associated
with evapotranspiration and runoff [1,29].
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Understanding the hydrochemical dynamics at a regional level is critical in the development of
a sustainable water resource management regulation [30]. As part of understanding the
hydrogeochemical dynamics of shallow coastal aquifers of the eastern Dahomey Basin (EDB), this
study aimed to apply stable environmental isotopes of 8O and 2D in combination with key
hydrochemical parameters for a conceptual model of how groundwater chemistry changes across
different geological units and formation within the EDB. This model adds to the knowledge required
by water professionals and policymakers to develop an effective strategy for water resources
management and protection for this extensive aquifer.

1.1. Study Area

The eastern Dahomey Basin is administratively located in the South-Western part of Nigeria. It
is bordered to the west, east and north by the Republic of Benin, Okitipupa Ridge, and the
Precambrian Basement Rocks, respectively, while stretching south into the Atlantic Ocean.
Geographically, the EDB is located between Latitudes 2°41'10” and 4°59'59” N and Longitudes
6°21’13” and 7°52'42” E along the coast of the Gulf of Guinea (Figurel). The Nigerian part of this
basin is known as the eastern Dahomey Basin which underlies the three states of Lagos, Ogun, and
Ondo. The study area is low lying, with several points virtually at or below sea level, which is always
saturated with water, and prone to flooding. The highest elevation, 265 m above sea level, is at
Abeokuta town, where the basin thins out into the Precambrian basement rocks [21]. The climate of
the basin is characterised by wet and dry seasons, within the tropical rain forest belt. Precipitation in
this area occurs as rainfall and ranges between 750 and 1000 mm (Figure 1) mostly between April and
October (wet season) and 250 mm and 500 mm between November and March (dry season) [31].
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Figure 1. Spatial distribution maps of (a) climate zones in Nigeria, (b) rainfall across Nigeria (adapted
from [32]).
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1.2. Geology and Hydrogeology

1.2.1. Geology

The area is a part of the Dahomey Basin which extends from Nigeria to Ghana. The lithological
character of the sediments is a result of transgressions and regressions of the sea since the Cretaceous
age, the transgressions coming from the south. The stratigraphic description of the sediments has
been provided by various authors, including [31,33-35] as presented in Figure 2. The Coastal Plain
Sands (recent—Oligocene) constitute the main aquifer of the area which is exploited through hand-
dug wells and boreholes. It forms a multi-aquifer system consisting of three aquifer horizons
separated by clayey layers [31,36]. Quaternary alluvial sediments cover most of the Lagos coastal
areas and river valleys.
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Figure 2. Map of the study area showing sampling points, contour line, rivers and geology.

1.2.2. Hydrogeology

The hydrostratigraphy of the study area has been explained by several researchers [8,31,37-42].
Depth to the aquifer units varies across the basin. The depth ranges from 5-23 m for the primary
unconfined aquifer while depth to three confined aquifers are in the range of 7-80 m, 63-188 m, and
245-261 m, respectively (Figure 3). The respective thicknesses of these aquifers range from 7-26 m,
6—67 m, 20-143 m, and 61-117 m. The description of these aquifers is presented in stratigraphical
sections along profiles AB and CD, as shown in Figure 3. The aquifers are bounded by intercalation
of shale, tar sands, and layers of sandy clay with relatively low hydraulic conductivity. Two main
aquifer units were identified within the Upper Coal Measures. The depths to the top/thicknesses of
the aquifer units are 9.8 m (1.7 m) and 23 m (5.3 m), respectively. The Nkporo Shale had a thickness
and depth to the top of the only identified aquifer unit as 10 m and 16 m, respectively [39]. At the
northern parts of the study area, the sedimentary rocks of the Abeokuta formation thin-out on the
Precambrian basement rocks. Most of the wells and boreholes in this area are drilled through the
upper sandy layers into the weathered profile of the Precambrian basement rocks tapping water
through weathered overburden, and sometimes fractured basement rocks, depending on locations
and the weathering status. The regional groundwater flow direction across the basin is north-south
as shown in Figure 3. Though, local groundwater flow direction is north—east and east-west as it
recharges the tributaries to major rivers (River Ogun, Oluwa, and Ose) as baseflow. These rivers flow
approximately southward and ended up in the ocean (Figure 2).
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Figure 3. Hydrostratigraphic section across: (a) profile line AB and (b) profile line CD, showing
different aquifer layers in part of the study area.

2. Materials and Methods

2.1. Field Physicochemical Measurement

Well-inventories were carried out on a total number of 230 shallow hand-dug wells, shallow
tube wells, and boreholes from the eastern Dahomey Basin (EDB), 96 in the wet season, and 134 in
the dry season between May 2017 and April 2018. The physicochemical parameters were measured
in the field using a Teckoplus 6-in-1 pen-type water quality tester Model 99720 pH/conductivity
meter capable of measuring total dissolved solids (TDS), salinity, temperature, and redox potential
(Eh/ORP). The depth of the wells and static water level was measured with the aid of a water depth
meter while the coordinates of each sampled well were recorded using Global Positioning System
(GPS). The 230 groundwater samples were collected in three separate sets of 50 ml polypropylene
tubes labelled A, B, and IS. Samples labelled A were acidified to a pH < 2 after collection with 0.4 ml
of concentrated nitric acid (HNOs). Samples B and IS were filtered with a 0.45 um filter and preserved
in an ice-packed cooler to keep the samples’ temperature below 4 °C before being transported to the
laboratory for further analysis.

2.2. Laboratory Analysis

(a) Major ions and trace metals analysis: three sets of water samples were analysed. Samples
labelled (A) were prepared by collecting 10 ml of each sample in a centrifuge polyethylene
tube and arranged serially for Inductively Coupled Plasma (ICP-MS) analysis of cations. The
same arrangement was used for the sample set labelled (B) for Ion Chromatography (IC) for
the anions analysis in the Environmental Laboratory, Department of Civil and
Environmental Engineering, University of Strathclyde. Alkalinity (HCO3-) was determined
using a Digital Titrator (Model: 16900, HACH International, Loveland, CO, USA) and 1.6 N
H2504 cartridge.

(b) Stable isotopes analysis in groundwater: samples labelled (IS) were shipped to the Ministry
of Agriculture, Irrigation and Water Development Isotope Laboratory, Blantyre, Malawi
under a temperature below 4 °C for the stable isotope of 82H and %O analysis. The analysis
of groundwater samples was carried out following the same method of isotope water
samples as described in [18] and laboratory analysis was conducted in line with International
Standard Procedures with appropriate quantification and validation of results.
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2.3. Regional Precipitation Data

Regional precipitation isotope data was needed for this study to identify any possible deviation
from the Global Meteoric Water Line (GMWL) to characterise local meteoric conditions better. The
closest Global Network of Isotope in Precipitation (GNIP) data stations to the study location in the
eastern Dahomey Basin are Cotonou (Republic of Benin) to the west and Douala (Cameroon) to the
east. The only station in Nigeria is situated in Kano, at the northern savannah region of Nigeria.
Meanwhile, Cotonou, and Douala, located along the coast of West Africa, share similar climate
conditions with the study area (Figure 4). In light of this, a total of 134 regional and annual
precipitation isotope data of 0O and 6?H were collected from the Douala, Cameroon (50), Cotonou,
Republic of Benin (50) and Kano, Nigeria (33) meteorological stations during 2009-2018. These
isotope data were downloaded from the GNIP and are presented later in this study. The results are
expressed as d-values relative to V-SMOW (Vienna Standard Mean Ocean Water), and the
measurement precision is 0.01%o and 0.2%. for 580 and 62H, respectively.

GNIP Stations

¢ Douala (Cameroon)
¢ Cotonou (Republic of Benin)

{y Kano (Nigeria)

Nigeria

Cameroon

Equatorial

Figure 4. Map showing the regional Global Network of Isotope in Precipitation (GNIP) stations within
West Africa (adapted from Google Earth Pro).

2.4. Data Analysis and Evaluation

Data from the field and laboratory measurements were checked for quality by correlating
selected major ions from randomly duplicated samples, of which the correlation values are all above
0.9, indicating low to insignificant analytical errors. Total dissolved solids (TDS), pH, electrical
conductivity (EC) temperature and major ions were analysed using Geochemist Workbench to
determine groundwater types for the study area. Piper diagrams for both seasons were also plotted
using the same software. Results of water types were used in relation to the major ions for other plots
in Excel. At the same time, the spatial distribution maps of the stable isotopes were generated in
ArcGIS v10.6.

3. Results and Discussion

The result of the physicochemical parameters and stable isotopes are presented in Table 1. The
pH of groundwater samples during the wet and dry season range from 4.0 to 8.1 (average of 5.6) and
3.9 to 8.0 (average of 7) respectively. The pH of groundwater is slightly higher in the wet season
compared to the dry season. TDS ranged from 0.0 to 8500 mg/1 (average of 201.8) and 2.3 to 6750 mg/1
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(average of 236 mg/l) while EC ranges from 0.0 to 12000 uS/cm (average of 295.4 puS/cm) and 5.5 to
10,009 uS/cm (average of 352.4) for wet and dry seasons respectively. The temperature of
groundwater ranged from 25.5 to 34.6 °C (average of 39.4 °C) and 26.6 to 37.7 °C (average of 31.2 °C)
during wet and dry seasons, respectively.

Table 1. Statistical summary of physicochemical parameters and stable isotopes in groundwater.

Parameter Wet Season Dry Season
Min Max Aver Std Dev Min Max Aver Std Dev
Ca? 0.3 374.0 16.5 41.2 0.2 448.5 21.6 55.2
Mg?* 0.0 1377.0 18.4 140.4 0.1 1125.0 16.1 102.2
Na* 0.1 8857.0 106.8 902.8 0.6 10,310.0 112.7 907.4
K+ 0.1 447.1 10.5 46.2 0.1 590.2 10.1 51.6
HCOs 1.0 028.5 142.3 818.7 1.6 8390.0 139.5 767.6
SO42* 0.0 2,210.7  37.0 242.2 0.3 2932.0 39.7 259.8
Cl- 0.1 18,970.2 218.1 1,934.3 09 18833.0 2063 1677.6
NOs 0.0 258.6 31.8 54.1 0.3 311.9 30.1 54.3
pH 4.0 8.1 5.6 1.0 3.9 8.0 5.6 1.9
TDS 0.0 8500.0 201.8 863.6 2.3 6750.0 235.8 672.7
EC 0.0 12,000.0 2954 1219.4 55 10,009.0 3524  1002.0
Temp 25.5 34.6 294 1.7 26.6 99.9 60.1 28.9
02H (%0) -32.5 2.3 -13.1 3.6 -19.7 7.5 -12.4 2.8
0180(%o) -5.2 0.3 -3.0 0.6 -4.0 0.8 -3.0 0.5
D-excess -0.3 13.8 11.0 1.7 0.9 15.0 11.9 1.6

Major ions and Total Dissolved Solids (TDS) are measured in mg/l, electrical conductivity (EC) in uS/cm and
temperature in °C.

3.1. Hydrochemical Characterisation

Analysis of hydrochemical data using Geochemist’s Work Bench revealed eight hydrochemical
water types, Ca—-HCOs, Na-Cl, Na-HCOs, Ca—Cl, B Na-504, Ca-504, K-Cl and Mg-SOs across the
geologic units of the basin as presented in Figure 5 and supported by the piper diagrams (Figure 6).
Na—Ca and Ca-HCO:s water types are the dominant water type among the groundwater samples
from the shallow aquifer of the basin. The groundwater types (Figure 5) along the flow paths within
the basin provide clues to the prevailing hydrochemical processes of mixing as large portion of
samples clustering in the mixing region of the piper diagram (Figure 6), especially in the wet season.
Figures 7 and 8 present pie charts of water type across the geological units to possibly link the
prevailing groundwater characteristics in each of the aquifers mineralogy as it plays a vital role in
this regard.

As these water types reflect the mineralogical composition of the basin sediment and rocks, there
is no observed consistency in their pattern of distribution across the geologic units of the study basin.
The lack of a defined distribution pattern could be attributed to the heterogeneous nature of any
typical sedimentary basin.
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Figure 5. Spatial distribution of groundwater types across a different geological unit of the eastern
Dahomey Basin, (a) wet season, (b) dry season.
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The hydrochemical process is complex and dynamic depending on many factors, ranging from
the groundwater origin rock/minerals weathering status and mineral composition of the aquifer
[9,20]. The residence time between precipitation and aquifer recharge zones and impact from humans
along the flow paths are compounding factors [19]. Meteoric water is generally dominated by Ca—
HCOs or Ca-Mg-HCO:s water types, [29], with Na* and K* additions when water interacts with rock-
forming minerals, as shown in Equations (1) and (2).

Equation (1).
KAlSi;0g + H,CO; + H,0 — Al,Si,05(0H), + 2K* + 4H,Si0, + HCO ™4 @
Equation (2).
2NaAlSi;0g + 2H,C03 + 2H,0 — Al,Si,05(0H), + 2Na* + 4Si0, + 2HCO~ 5 + H,0 )

The precipitation/infiltration water carries dissolved gases as it recharges, resulting in a weak
acid of mainly carbonic with minor nitric or sulphuric acids (depending on anthropogenic pollution).
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Hydrolysis, acidolysis, and oxidation processes take place as aquifers are recharged through the
infiltration of water into soils of the vadose zones [43-45]. Towards the northern part of the eastern
Dahomey Basin, the Precambrian basement rocks are often characterised with highly weathered
overburden, which outcropped in few locations around road cuts and mine sites. The weathered
overburden exposures were documented (Figure 9) during field mapping and sampling, which show
impression of transformed feldspar to kaolinite through the weathering process, as explained in
Equations (1) and (2) above. The thick saprolite layer of this profile is highly rich in secondary clay
mineral such as kaolinite (Figure 9) as confirmed in the work of [46]. This could be the possible source
of geogenicions such as Ca, Na, and K found in groundwater from recharge zones of the basin (Figure
5) and responsible for Ca, Na, and K bicarbonate/sulphate water types observed in this study.

Figure 9. Weathering profile of Precambrian basement rocks underlying the oldest Abeokuta
formation. (At the northern boundary of the basin from which aquifer recharge of the basin originates
(a) road cut along Abiola Way, Abeokuta, (b) a road cut along Ijebu-Remo and Agowoye road. The
weathered profile is known for its richness in kaolinite minerals).

3.2. Oxygen and Deuterium Isotopes of Groundwater of EDB

Information on precipitation, evaporation and origin of water can be deduced from the stable
isotopes of oxygen (6'°0) and hydrogen (62H) values [2,47,48]. The relationship between 5’H and 80
data is usually plotted in relation to the Global Meteoric Water Line (GMWL) defined by the equation:
0?H = 80180 + 10 [20,28]. Stable isotopes of 880 and 52H have been used to understand the origin of
groundwater in the eastern Dahomey Basin and suggested recent groundwater from precipitation
[49]. In this study, 5'80 and 9?H were used to explain the hydrochemical evolution of water as it flows
from the surface as precipitation and infiltrates into the soil through the vadose zone to the aquifers.
Results from isotopes data of groundwater samples during the wet and dry season show %0 values
range from —5.2 to 0.3%0 and —4 to 0.8%. with an average value of -3%, respectively, for both wet and
dry seasons (Table 1). 8?H values range from -32 to 2.3%o0 and -19 to 7.5%0 with an average value of
-13.1 and —12.4%o (Table 1), respectively, for wet and dry seasons. In this study, the 5D/0'%0 diagrams
(Figure 10) show that the groundwater for both seasons plotted along a line of lower slope slightly
deviated from the Global Meteoric Water Line (GMWL) is indicative of evaporation. This implies
recent water from precipitation with a slight influence of evaporation [13,49]. A higher evaporation
influence is observed in the dry season groundwater samples with lower slope and deuterium
intercept values of 5.5 and 4.1 compared to those of wet season with values of 6.1 and 5.2, respectively,
as presented in Figure 10. Figures 11 and 12 show the spatial distribution of 5’80 and 6D for wet and
dry seasons, respectively.
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Figure 10. 5D/0'80 diagram for: (a) wet season; (b) dry season, groundwater samples.
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samples.



Appl. Sci. 2020, 10, 7980 12 of 22

5°H (%) V-SMOW
<-12
-10--12
-§--10
-6--8

>-6

o 00 0 0

| DEM (m)
High - 798

Low - -5

Legend

River

[ Lagoon

B sea

[ sty Boundary Project
*  Major Settlements

Geology

[ Atwvium deposit
[ coastalPiain Sands
I verorotiaro fm

[ Aveokuta fm

[ Precamrian rocks

0 125 25 50
e e (0 Meters

Figure 12. Spatial distribution map of d*H (%o) for the: (a) wet season; (b) dry season groundwater.

The wet season 6D/08O diagram (Figure 10) showed a more extensive range along the Local
Meteoric Water Line (LMWL), which indicated precipitation dominant, with rapid infiltration into
the shallow coastal aquifers of the basin [49]. Compared to dry season samples plotted within a
shorter/narrow range, which tend towards mixed water with significant influence of evaporation
before infiltrating into the shallow phreatic aquifers of the basin. Integrating precipitation d’H and
0180 isotopes data with groundwater results from the EDB can enhance understanding of the origin
of groundwater given hydrodynamic complexities resulting from the influence of multiple factors
from both geology and environment. Unfortunately, the only station of International Atomic Energy
Agency (IAEA)/World Meteorological Organization (WMO) GNIP sited in Nigeria is in the northern
part in the city of Kano in the Sahel savannah. Due to the different climatic condition around this
station, it is not ideal, relating such data with the coastal zones groundwater isotopes data. 0'¥0 and
oD in precipitation from two selected stations, Douala in Cameroon, in the east of EDB, and Cotonou
in the Republic of Benin, and located in the west of the studied basin, were used for evaluations and
analysis. The statistical summary of the isotopes in precipitation data as presented in Table 2, is part
of the continuous temporal record of monthly mean 9*H and 6'%0O for rainfall measurements between
2009 and 2018. The 52H and 9O isotopes in precipitation from these selected GNIP stations are
plotted in dD /00O diagram (Figure 13) with a view to assess the possible influence of climatic and
other effects such as altitude and continental factor on both 8H and 8'%0 enrichment/depletion.
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Table 2. Summary of the stable isotopes data from the three GNIP stations and groundwater samples.

Isotopes Minimum Maximum Average Std Dev
Douala GNIP Station n =50

o180 -6.14 1.77 —2.54 1.57
OH —-38.80 17.68 -9.05 11.89
D-excess 2.60 18.87 11.26 3.70
Cotonou GNIP Station n = 50
o180 -5.53 1.82 —2.86 1.63
OH -36.11 15.76 -11.92 11.74
D-excess 0.30 17.44 10.99 3.30
Kano GNIP Station
o180 -7.70 2.40 —2.92 2.59
OH -58.30 22.30 -16.30 19.36
D-excess -13.38 20.98 7.08 6.69
Groundwater Samples Wet Season n = 97
o180 -5.2 0.3 -0.3 0.6
OH -32.5 2.3 -13.1 3.6
D-excess —0.3 13.8 11.0 1.7
Groundwater Samples Dry Season n =133
o180 -4.0 0.8 -3.0 0.5
O’H -19.7 7.5 -12.4 2.8
D-excess 0.9 15.0 11.9 1.6

The groundwater samples for wet and dry seasons plotted along with the meteoric water line
for Douala (Cameroon), Cotonou (Republic of Benin) and Kano (Nigeria) and presented in Figures
14. The results show the groundwater samples clustering within the boundaries of the three Regional
Meteoric Water Lines (RMWL) with slope values falling below the GMWL (Figure 12). This further
reveals a large number of groundwater samples around the GMWL which indicates that meteoric
water is a significant source of groundwater recharge in the study area. The Regional Meteoric Water
Line (RMWL) characterising coastal precipitation from Cotonou (dD =7 80 + 8.0) and Douala (0D =
7.2 9180 + 9.3) are very close to the Global Meteoric Water Line (Figure 13). However, the stable
isotopes data from the Kano station (dD = 7.10"0 + 4.3) which has a slope closer to the GMWL but
with lower 0D intercept, indicates a climate effect of the region with relatively higher temperature
and consequently higher evaporation rate with deuterium enrichment.

_ RMWL (Douala)
57H = 7.2451%0 + 0.3

—— RMWL (Cotonou)
5% = 76150 + 8.0 40.00

—— RMWL (Kano)
37H — 7.13190 + 4.38

-10.00 -8.00 -6.00 2.00 4.00
3
(o]
2
ey
=n' e -60.00
X
2 -80.00
8180 %o V-SMOW
® Douala (Cam) ® Cotonou (BR) ® Kano (Nig)

Figure 13. 8D vs. 5180 diagram for the selected regional precipitation data.
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The 9°H and 580 data for the groundwater collected during the wet (dD = 6.10180 +5.2) and dry
(0D =5.40180 + 4.1) seasons are presented in Figures 14. Groundwater from the EDB for both seasons
falls almost along the same meteoric waterline with a slight difference in slopes and deuterium
intercepts. The slopes and intercepts of the regression line are lower compared to the GMWL (0D =
8*0180 + 10) indicating the effect of evaporative enrichment on groundwater driven by seasonal
variations in precipitation and temperature.

The results of the stable isotope values of 6D, 5180, and D-excess in precipitation from the three
selected GNIP stations compared with those of the groundwater from the shallow coastal aquifers of
the EDB is presented in Table 2. The results of the wet season groundwater show a range of values
0180 (=5 to 0.3%o), 0D (-32 to 2.3%o), and D-excess (-0.3 to 13.8%o), which are very similar to those of
Douala 880 (=6.1 to 1.8%o0), 0D (=38 to 17.6%o), and D-excess (2.6 to 18.9%o), and Cotonou 580 (-5.5
t0 1.8%0), dD (=36 to 15.8%0), and D-Excess (0.3 to 17.4%o), which could be a result of a similar climatic
condition, especially temperature, humidity, and evaporation. However, the values of stable isotope
of 0D, 080, and D-excess values for the groundwater samples in the dry season show range values
0180 (—4 to 0.8%o0), 0D (—19.7 to 7.5%o), and D-excess (-0.9 to 15%o) with slight deviations from the wet
season data. The observed slight variation is an indication of the evaporation effect, which is also
responsible for the relatively enhanced values of TDS in a dry season’s groundwater samples.

* RMWL (Douala)

H = 7.245"*0 + 9.3

RMWTL (Cotonou)
&H =730 + 80

g 80 4 —— RMWL (Kano)
s 5H = 7.150 + 4.38
“ 40 — Groundwater
> 8°H=615"0+5.2
B
[=]
a r T 1

10 8 6 -4 -2 2 4

20 1 RMWL (Douala)
 ——a 40 4 o°H = 7.246%0 + 9.3

RMWL (Cotonou)

-60
&°H =750 + 8.0
) -80 - —— RMWL (Kano)
5180 %o V-SMOW &'H = 7.151%0 + 4.38

Groundwater
eCa-Cl »Ca-HCO3 sNa-Cl Na-HCO3 sNa-SO4 $H=545"0+4.1

Figure 14. 5’H vs. 880 diagram for selected precipitation data and the groundwater samples: (a) wet
season; (b) dry season.

The precipitation isotopes data from the Kano GNIP station in the northern part of Nigeria
(Table 2) with range values of 580 (-7 to 2.4%o), dD (-58.3 to 22.3%o), and D-excess (-13.4 to 21%o)
showed a wide variation from those of Douala and Cotonou (Figure 13). This variation is probably
due to the elevation effect in addition to the relatively higher elevation and evaporation rate in the
northern part of Nigeria, which is characterised by low annual precipitation, as shown in Figure 1.
The clustering of the groundwater samples around the Douala and Cotonou Regional Meteoric Water
Line (RMWL) and Global Meteoric Water Line (GMWL) (Figures 13 and 14) affirm meteoric water
that infiltrates the aquifer within a short time
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3.3. Tracing the Origin of Groundwater within the EDB Using Deuterium Excess

Deuterium excess (D-excess) is a useful measure to understand the source of groundwater. The
D-excess is defined as D-excess = 82H - 800 [20,28,50]. The D-excess is a function of prevailing
conditions during primary evaporation, including variation in humidity, ocean surface temperature,
wind speed and, thus, gives information on the sources of water vapour. The D-excess does not
change with the change in equilibrium processes for any of the phases while non-equilibrium
evaporation leads to a decrease in the D-excess, which is an indication of an increase in the vapour
phase [18,20,28].

In this study, the D-excess values for groundwater in the wet season is slightly lower than that
of the dry season. The higher D-excess in the dry season (Figure 15), is for samples collected between
February and April 2017. During this period, a dry southward wind leads to the recycling of moisture
from the continental recycling along with the rapid evaporation over warmer seawater responsible.
This compares with plots of 0180 vs. D-excess in Figure 16, which also showed the clustering of D-
excess in relation to rain, sea and brackish water plot from the basin. The diagrams showed that most
of the groundwater of the wet season plotted closer to the precipitation, which is the source of the
groundwater recharge and forms a trend towards the brackish point as evaporation increases.

The 080 vs. D-excess diagram shows most groundwater samples plot in a region between the
recharge and evaporation zones reflecting young water of meteoric origin at an early transformation
stage through evaporation. This suggests precipitation water moving towards groundwater storage
through the vadose zone is rapid. That post-precipitation evaporation along these paths is a
prolonged process, probably due to higher humidity and precipitation that characterised this region.
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Figure 15. Spatial distribution map of D-excess (%o) for the: (a) wet season; (b) dry season
groundwater samples.
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Figure 16. A plot of 8'80 vs. D-excess for the groundwater samples: (a) wet season; (b) dry season.

3.4. Description of Conceptual Design of Hydrogeochemical Characterisation of the Shallow Coastal Aquifer
of EDB

The results from this study have established the hydrochemical dynamic and process prevalent
in the eastern Dahomey Basin, which shows a subtle transformation as water moves from the
recharge zones in the northern part towards the discharge area in the downstream along the river
channels and flood plains. The clustering of groundwater samples between evaporation and recharge
and along the seawater line 6'80 vs. D-excess diagram (Figure 16) confirmed young groundwater in
the basin. The slight variations in the distribution of the dD and 0O values and clustering along the
regional meteoric water line (RMWL) and Global Meteoric Water Line (GMWL) with a slight
deviation of the dry season groundwater further confirmed the recent water’s short residence time
within the soil and vadose zones before recharging the shallow coastal aquifer of the basin. The
information from (a) the geological field observations, (b) groundwater levels, (c) elevation data, (d)
aquifer geometry, (e) hydrochemical evolution, (f) spatial variability of 5'%O, dD, and D-excess, (g)
river and static water level, and (h) line of a cross-section along representative profile were collected
and integrated to develop a conceptual outlook for the prevailing hydrogeological processes within
the eastern Dahomey Basin, with well-defined boundary conditions of impermeable basement rock
at the north, and the ocean line of the Gulf of Guinea in the south, enclosed by the flow boundary of
the Okitipupa ridge in the east, and extended sedimentary deposits [49]. The flow systems within
this area can be categorised into mainly local, driven by gravity due to the topography of the basin
[38]. Some regional flow relates to the major rivers which cut across the entire basin, with several
tributaries and discharge water into the ocean through the delta plain. The hydrochemical model
shows Na—Cl as a dominant water type followed by Ca-HCOs with other mixed water types, such as
Ca—Cl, Na-SOs, Na—-Cl-HCOs, and Ca-SOs, which typifies an early stage of rock-water interactions
and possible anthropogenic influence.

This conceptual view explains the lateral and vertical variations in groundwater 5¥0, 6D, and
D-excess concentrations, controlled by factors such as high humidity, static water level within the
basin, and significant anthropogenic influence from urbanisation, industrialisation, and agricultural
irrigation in most parts of the study area. For example, the D-excess results show comparatively
shorter residence time for groundwater moving through the vadose zone to the shallow aquifers of
the basin, especially within the alluvium and coastal plain sands geologic units (Figures 16-18).
Observed hydrochemical characteristics across the basin generally reflect the geology and
mineralogy of the area, while the lack of consistencies in groundwater isotope values and water type
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distribution could be attributed to heterogeneity and anthropogenic impacts along the flow paths.
Furthermore, as illustrated in the schematic diagram in Figure 18, water recharged in the northern
parts of the basin has to travel deeper as the vadose zone thickness is higher in this area. A certain
amount of this infiltrated water recharges local rivers as baseflow while the remaining one recharges
the groundwater in the shallow aquifers of the basin.

e Major settlement
River "
—— Static water level |

|:] Study boundary

o4 [ Alluvium deposit
[ coastal Piain Sands
- Ewekoro/llaro fm

[ Abeokutafm

:] Precambrian rocks

T 4o

Figure 17. Map of the eastern Dahomey Basin showing contour line of static water level and rivers
drainage with profile line AB along which the geological profile section was generated for the
conceptual description of hydrogeochemical characterisation of the shallow aquifers underlying the

eastern Dahomey Basin.

-12.45 Ewekoro/Ilaro Formation
’ [] Abeokuta Formation

Precambrian rocks
tatic water level

Legend
* [ Alluvium deposit
-2.98 C [ Coastal Plain Sands

200 - -3.18 Precipitation
-13.25

2 3.13 5180
& -12.94 2
§ Transition zone -1.3022 -2.93 o
B 100 o 11.59
E§ 1. -2.96
River Ogun S5
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— Re —_—
Na- HCO; +Na-Cl ) Na-C1 Ca-Cl
100 | , N\ . N -l
25 50 75 125 150
A Distance (km) B

Figure 18. A sketch of a conceptual description of stable isotopes of d°’H and 90O in groundwater
samples along profile line A-B in North-South direction of the eastern Dahomey Basin.
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3.5. The Implication for EDB Groundwater Resources Management

Sustainable management of groundwater is critical to achieving access to potable water supply,
food security, ecosystem/environmental protection and economic growth in sub-Saharan Africa
countries [51]. Effective groundwater resources management relies on sound hydrogeological
knowledge and ultimately on the quality of available data and information necessary for accurate
judgement and planning.

In light of this, our study has advanced the available data, information and knowledge required
to understand better the hydrogeology of the eastern Dahomey Basin, Nigeria. A combination of
isotopes, geology, and hydrogeochemical approaches have revealed the groundwater is at an early
stage of geochemical evolution with short residence time. However, the basin has a large volume of
water with variable aquifer hydraulic characteristics. It is therefore pertinent to emphasise the threat
to its water quality as short residence time, and rapid recharge will allow rapid ingress of
contamination. The shallow aquifers of this basin are, thus, described as having a low resilience and
high vulnerability to contamination and pollution from surface water, leakage from septic tanks,
waste sites, industrial pipes, and leachates from agricultural waste. Groundwater quality
degradation has been identified in part of this basin, especially the urban and agricultural areas by
[21,52]. It is, therefore, necessary to ensure enforcement of a proper waste disposal management
strategy that will protect groundwater within this basin. Policies and urban planning that provide
best practice from industries and agricultural industries are necessary to protect these vital resources.
A review of the existing Integrated Water Resource Management (IWRM) system is needed to include
threats imposed on groundwater resources through technological development in the modern
economy.

4. Conclusions

This study was a hydrogeochemical study covering the major towns and cities underlying the
eastern Dahomey Basin using stable isotopes of %O, dD, and geochemistry. Static water levels were
used to identify the recharge sources and zones, and also characterise groundwater dynamics in
relation to stable isotopes in the shallow coastal aquifers of the basin. Na—Cl is the dominant water
type followed by Ca-HCO3, Na-HCO3, Ca-504, and Na-SO4 with other mixing water types, such
as Ca—Cl, K-Cl, and Mg-SO4. The dominant of the Na—Cl water is thought to have two origins,
namely sea spray and saltwater intrusion. Although these water types reflect the mineralogical
characteristics of the aquifers” units within the basin, the lack of consistency distributed across the
geologic unit is attributed to the heterogeneity within the aquifers and possible impact of human
activities. Relationship between %0 and OD revealed the wet season groundwater data plots closer
to the Global Meteoric Water Line, while those of the dry season showed deviation towards
evaporation. The relationship between the D-excess and d'¥O clustered between the recharge and
evaporation zone. Comparing the results with the regional precipitation data collected from the
selected station of GNIP at Douala (Cameroon), Cotonou (Republic of Benin), and Kano (Nigeria)
showed groundwater in the region is dominated by localised young water recharge with short
residence time (with a slight influence of evapotranspiration), as expected with observed high static
water tables. The variation of 580 and ©?H has no consistent pattern along flow paths is an indication
of the influence of multiple effects of altitude and temperature on the isotopic composition of the
groundwater other than the normal evaporation. This study can help in both understanding aquifer
resilience and vulnerability for developing a groundwater quality monitoring strategy for sustainable
groundwater management in the eastern Dahomey Basin.
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