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Abstract: In the present study, a three-dimensional SEAWAT model was developed to generally
simulate the impact of climate change and anthropogenic activities on seawater intrusion (SWI) in
the coastal region of Benin by the end of 2050. The model was calibrated and validated from 2015 to
2020, considering groundwater head and salt concentration measured in 30 wells. After calibration,
a sensitivity analysis was performed with the model parameters (hydraulic conductivity, recharge,
storage coefficient and boundary conditions). For the calibration, model computed and observed
values displayed good correlation, approximatively 0.82 with a root mean square error (RMSE) of
0.97 m and 13.38 mg/L for groundwater head and salt concentration, respectively. The simulation
results indicate that freshwater head had declined by 1.65 m from 2015 to 2020 (taking reference
from the average groundwater head in 2015: 27.08 m), while the seawater intrusion area increased
in the same period by an average of 1.92 km? (taking reference from the seawater intrusion area in
2015: 20.03 km?). The model is therefore used to predict groundwater level decline and seawater
intrusion area increase by the end of 2050, considering the predicted sea level rise (SLR) and estimated
groundwater pumping rate. Furthermore, the interface fresh groundwater-saltwater change was
studied using the SHARP interface developed by USGS in 1990. The interface variation was found to
be influenced by the distance from shoreline, sea level, groundwater level and geological formation
hydraulic conductivity. Finally, the 3D model was used to simulate the effect of a managed aquifer
recharge system on reducing SWI rate in the study region.
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1. Introduction

Groundwater resources represent more than 30.1 percent of worldwide freshwater
resources. In coastal areas, this precious resource is strongly affected by seawater intru-
sion (SWI). SWI is causing hydrologic concern all over the world [1]; Italy [2], Libya [3],
Tunisia [4], Israel [5], Mexico [6], Palestine [7], Lebanon [8], United States [9], South Ko-
rea [10]. In recent decades, this issue in coastal regions has been intensified by climate
change, sea level rise (SLR), groundwater over pumping and land cover changes, leading
to groundwater quality degradation and, consequently, groundwater quantity diminution.
In Benin, more than 3 million Beninese are living in the coastal region, and this is gradually
increasing; groundwater usage due to agricultural development and drinking water supply
is also increasing proportionally to the increasing population [11]. As a result, groundwa-
ter overexploitation and pollution are becoming a widespread problem resulting in the
important degradation of groundwater quality and quantity. Due to the importance of
this resource and its vulnerability to seawater intrusion in the coastal region, numerical
modeling is useful in helping hydrologists and decision-makers to understand and predict
seawater intrusion scenarios in the region for better groundwater resource management.

SWI1 is a density-dependent problem between both fresh groundwater and saltwa-
ter [12,13]. To tackle the SWI problem in coastal regions, it is important to understand
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coastal aquifers system and predict their behavior under different scenarios of natural
occurrences and human interventions. The SWI modeling process needs to couple the
groundwater flow equation with the contaminant transport equation [14]. Considerable
efforts have been put into developing a numerical modeling tool for groundwater analysis
that can represent the physical complexity and the spatio-temporal variations in coastal
systems. The developed numerical models have been successfully and widely applied
to simulate seawater intrusion into coastal aquifers: SEAWAT [15-18], FEFLOW [19], SU-
TRA [20].

The impact of climate change and anthropogenic activities on SWI has been studied by
many researchers using various models. El Hamidi et al. [21] used computational ground-
water and solute transport models to determine how climate change, SLR and overpumping
affect SWI in the Rmel-Oulad Ogbane coastal aquifer (Morocco). Ranjbar et al. [22] used
a coupled transient density-dependent finite element model to simulate SWI in the Gaza
aquifer considering the individual and combined effect of SLR and groundwater over
abstraction. Tiruneh et al. [23] coupled the rise in sea level and associated pumping to
investigate the advance of the saltwater—freshwater interface further inland using a three-
dimensional numerical code SEAWAT. All these previous researchers have proved and
demonstrated that the numerical modeling method is an important key in the successful
management of coastal aquifer. Sea level rise reduces the land surface and significantly
impacts groundwater resources [24]; the sea level is expected to globally rise from 0.09 to
0.88 m by 2100 in relation to the level in 2000 [25]. SLR affects groundwater by increasing
the hydrostatic head of the sea, which results in the saltwater—fresh groundwater interface
inland movement. Overexploitation of groundwater coupled with SLR has been proven to
be a key factor in the extension of the transition zone in unconfined aquifers [26-29]. With
the increasing groundwater use and climate change, which is expected to be severe in the
coming years all over the world, we contend that it is urgent to investigate and explore
saltwater—freshwater interface migration in coastal aquifers in response to the changing
sea level. Werner and Simmons [1] used a conceptual framework to assess SWI changes in
coastal aquifers in response to SLR. The study tested two conceptual model: the first model
is a flux-controlled system in which groundwater persistently discharges to the sea despite
the SLR, and the second model is a head-controlled system in which groundwater head
in the aquifer is maintained constant. Priyanka and Maheshab [14] simulated the effect
of freshwater draft and predicted SLR due to climate change on saltwater intrusion in a
conceptual coastal unconfined aquifer using MODFLOW, MT3DMS and SEAWAT.

Since SWI was suspected in the south of Benin, numerous studies have been con-
ducted including laboratory-scale investigations and analytical and numerical modeling.
Sognon et al. [30] studied seawater intrusion depth in the study area using Archie’s law
and the resistivity map obtained from field work. Hounsinou [31] has produced spatial
seawater intrusion map of Abomey-Calavi, which is part of our study area, to show the
potential seawater intrusion in Abomey-Calavi using only groundwater major ion con-
centrations; the results confirmed SWI into the aquifer of the study region. All these
studies have assessed the actual seawater intrusion in the coastal area of Benin using salt
concentration and resistivity methods without considering both SLR and pumping rate,
but the present study uses a 3D model (SEAWAT) to simulate the actual and future SWI,
considering the predicted SLR and groundwater pumping rate increase. The goals of this
paper are to evaluate the general expansion of saltwater intrusion into Benin’s coastal
aquifers by modeling the region using the SEAWAT engine in Visual MODFLOW and to
simulate the saline distribution in 2050, considering climate change impacts and change
in pumping rate. Furthermore, this study contends that it is important to understand
the vertical migration of the saltwater—freshwater interface, which is in function of verti-
cal coordinates and time; therefore, the SHARP interface model developed by USGS in
1990 was used to simulate the vertical migration of the interface in the coastal aquifer of
Benin. In earlier research, numerical models are used to develop solutions to retard and
reduce SWI; a variety of methods have been suggested, such as the relocation of pumping
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wells [32], desalination and recharge approach [33], artificial recharge [34,35] and reducing
the groundwater pumping rate [36]. Taking steps from the previous research, the present
study has investigated a managed aquifer recharge approach (artificial recharge using wells
and pond) to retard the saltwater intrusion in the coastal region of Benin in the coming
30 years.

2. Materials and Methods
2.1. Study Area

The study area is in the Gulf of Guinea in West Africa. The coastline 121 km long
and bounded to the north by the crystalline peneplain of central Benin, to the south by the
Atlantic Ocean, to the east by Nigeria and to the west by Togo. Manufacturing industries
and urbanization are expanding in the area, making it the most populated and high-
groundwater-use region in Benin. The climate over the area is known as a subequatorial
climate characterized by four seasons: main dry season (from December to mid-March),
main rainy season (from mid-March to mid-August), small dry season (from mid-August
to mid-September) and small rainy season (from mid-September to November). The annual
average precipitation within the area increases from the west (900 mm/yr) to the east
(1400 mm/yr). The land use ranges from large metropolis developments (Cotonou) to
small rural settlements. Significant parts of the land surface inside Cotonou have been
modified, resulting in less local recharge and more runoff. This is leading to major surface
flooding in the metropolitan zone’s southern sections during the rainy season. Its vegetation
is made up of a coastal maritime grassland, dense humid semideciduous forests, savannahs,
mangroves savannahs, mangroves, swamp forests, fallows and plantations.

The area is relatively flat with an increasing slope from south to north (maximum 5.5).
The geological units found across the area are classified in three groups [37]. The geological
units belong to the Guinea Gulf sedimentary, shared by four West African countries (Benin,
Ghana, Togo and Nigeria). Quaternary sand is widely distributed across the area, along the
coastline, east and northwestern region. Sand-gravel formations are found in the center of
the study region at a few kilometers from the shoreline, and the sand with high infiltration
rate deposits are mainly located in the western region of the study area (Figure 1).

Mainly two aquifers are captured by hand-dug wells and boreholes within the area:
Continental Terminal and Quaternary aquifers. Except the borders, the Continental Ter-
minal aquifer is buried in Miocene-Pliocene-Pleistocene continental layers and is charac-
terized by direct rainwater infiltration recharge [38]. It begins with a glauconite-bearing
clayey sand layer, on top of which lie the continental deposits of sand followed by sandy
clay, clay and sandstone. The thickness of the Continental Terminal aquifer ranges from
40 m to about 280 m, with groundwater flowing from north to south. Its transmissivity
ranges from 4 x 1073 to 14 x 1073 m?/s [37]. The Quaternary aquifer is found near rivers,
streams and coastline (Figure 1). It is made up of alluvial deposits (coarse and fine sands
that alternate with silt and clay materials). The Quaternary deposits’ thickness gradually
increases from north to south and is generally less than 50 m. Its transmissivity values
are ranged between 1072 and 3 x 1072 m?/s. The area is potentially exposed to seawater
because most of its geological units extend below the bight of Benin. The aquifer system in
the region is assessed via a number of hand-dug wells and boreholes, mainly the stations
of Ouedo and Godomey (located in the south few kilometers from Nokoué lake). The
two big stations each have more than a dozen pumping wells and represent the source
of water supplying megacities (Cotonou, Abomey-Calavi and surrounding regions); this
makes the aquifer system in the region very important, and models are required for better
understanding and management because megacities in the south of Benin rely on the study
area’s groundwater resources for their water supply.
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Figure 1. Geographic location and geological formations of the coastal zone of Benin.

2.2. Model Configuration

The numerical simulation model of solute transport in groundwater flow (SEAWAT)
was used in this study to simulate groundwater flow and solute transport in the coastal
aquifer of Benin. The model was created in various steps: model setup, grid creation and
importation of pumping wells, importation of observation wells for groundwater head and
salt concentration, hydrological properties and boundary conditions assigning.

2.2.1. Conceptual Model

The model domain was discretized as a rectangular area that covers the coastal region
of Benin, approximating an area of 3000 km?. The model setup was initiated in Visual
MODFLOW where SEAWAT was assigned as the numerical engine, and the parameter’s
units were defined as follows: length (m), time (day), conductivity (m/s), pumping rate
(m3/ day), recharge (mm/yr), mass (kg) and concentration (mg/L).

The grid used for the model discretization was set to 350 m x 350 m with three
layers; the maximum depth was set to 280 m considering the Continental Terminal aquifer
maximum thickness. The model grid elevation was prepared in ArcGIS using the digital
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elevation map (DEM) with a resolution of 30 m x 30 m. The other parameters in the next
dialogue page were set to default values to be modified during the calibration.

To create the three different layers, more than 200 borehole digging log data were
analyzed and sorted. The borehole log data describing the vertical lithologic structure of
the study area were collected from DGEau Benin (Direction Générale de I'Eau du Benin).
The top of the first layer was set to the ground elevation using the DEM map, top and
bottom of the second layer were estimated using the borehole digging log data and the
borehole depths within the study region were between 21 and 307 m. The active area is in
white color and the inactive area is in green color (Figure 2a).
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Figure 2. (a): Geographic location of pumping wells imported to the model and used for simulation
in Visual MODFLOW; (b): spatial distribution of monitoring wells.

2.2.2. Hydrogeologic Parameters and Observation Wells

The groundwater abstraction rates used in the study were collected from SONEB; the
values ranged from 0.016 to 1881 m®/d/well. The location of pumping wells is shown
in Figure 2a. Groundwater abstraction from the unlicensed wells was estimated using
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population, daily water use per capita, population growth rate, historic and actual pumping
rate and number of wells. The abstraction rates estimated for unlicensed wells ranged
between 21 and 41% of the licensed abstraction rate per township. Using the estimated
abstraction rate, licensed and unlicensed pumping rates were integrated to the model.

Groundwater level and salt concentration collected from 30 wells across the area
were used for the observation. Figure 2b shows the location of monitoring wells used
for the model calibration. The data contains well’s location, groundwater head in the
well, electrical conductivity (which has been used as indicator of SWI), taken time of
the sample and the screen elevation. Five years data from 2015 to 2020 for groundwater
head observation and salt concentration were gathered and imported to the model. The
discharge data used for the model calibration was estimated in ArcGIS using the collected
groundwater head and specific storage. The discharge estimation process used in this study
is described by Dunlop et al. [17], and calculated using Equation (1):

Q=A; xSs x As/At @

where Q is the discharge, A is the area of influence of the well—which was estimated using
Thiessen polygon in ArcGIS—Ah is the head change in well and At is the time period of
the observed head change.

2.2.3. Boundary and Initial Conditions

Groundwater head data in 167 pumping wells within the study region for year 2015
were collected from DGEau, interpolated in ArcGIS using the inverse distance weight
method and imported into the model to be used as initial head. To avoid initial artificial
correction, the initial salt concentration was set to an earlier time (2014) than the period of
interest (period of calibration and validation from 2015 to 2020). Alassane et al. [38] used
multivariate factor analysis to study the chemical evolution of the Continental Terminal
aquifer in the study region in 2015; the salt concentration measured in wells and boreholes
presented in the research was collected and added to the available database. The data ere
interpolated in ArcGIS and used as the initial concentration for the transient state.

The conceptualization of the model considered four main boundary conditions: con-
stant head, rivers, constant concentration and flow boundaries. The south border of the
model domain, which represents the coastline, was defined as constant head boundary
based on the mean sea level (MSL) values observed in Nigeria and Ghana in the past
five years (www.psmsl.org, accessed on 10 December 2021)), and a constant concentration
boundary set to 35,000 mg/L for salt concentration (value used for the Atlantic Ocean).
The river boundary depicts the various tributaries of the rivers that run through the model
domain. This step is critical for simulating the impact of surface water body on ground-
water flow. River stage, river bottom, salt concentration and river width are all required
data for a river boundary. For the river stage, the average river level value was used,
and the river bottom elevation was calculated by subtracting the average river level with
respect to MSL from soil surface elevation. Few rivers widths are known and reported
by previous research on the study region; the unknown river width was estimated using
two different locations on each side of the river, and the distance between the two points
was estimated using Google Earth and was used as average width of the river. Ground
elevation map with a resolution of 30 x 30 m, river level, river depth and salt concentration
data were all collected from DGEau and SONEB. The soil surface elevation at each river
level gauge point was estimated by projecting the point on the digital elevation map using
ArcGIS, and by applying the “add surface information” tool, the soil surface elevation at
each concerning point was determined. Nokoué lake is connected to the Atlantic Ocean in
the south by the lagoon of Cotonou, which makes the lakes” salinity considerably season-
ally variable. The lagoon salinity observed from 2018 to 2020 is between 16,000 mg/L to
25 mg/L, where the highest value is observed in the dry season when water level decreases.
In this study, the average salinity of 18,000 mg/L was used for the lagoon in the south. In
the southeast of the study region, the lagoon of Grand Popo has a salinity varying from
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2000 mg/L to 16,000 mg/L. All other rivers’ and lakes’ salinities were set to zero for the
model configuration.

The water balance equation, illustrated in Equation (2), was used to estimate the yearly
groundwater recharge from 2015 to 2020 [39,40]. The methodology used in this research is
described by [41,42]:

P=L+F+Q forP>1, 2)

where P is the total amount of precipitation (mm), I, is the initial abstraction (mm), F (mm)
is the actual infiltration and Q is the direct runoff.
Equation (3) was used to calculate direct runoff:

Q= (P — 0.25)%/(P + 0.85) ©)

The initial abstraction is equal to 20 percent of the soil’s maximum water retention
capacity S (mm). It is illustrated in Equation (4):

I, =0.2S 4)

The Soil maximum retention capacity S was calculated using CN values with the

formula below:
S = (25400/CN) — 254 (5)

The soil map of the study area was classified into three hydrological soil groups
(A, C, and D, as shown in Figure 3), which referred to the soil’s infiltration potential
after prolonged wetting. Soil map, DEM map and LuLc map were used to generate the
CN grid of the study region and are shown in Figure 3. The study area’s topography is
relatively low, with an altitude range of 0 to 173 m and a slope range of 0 to 5.5. Yearly
groundwater recharge from 2015 to 2020 was estimated using the CN grid and rainfall data.
The estimated recharge was then imported to Visual MODFLOW as a shapefile polygon,
which was prepared in ArcGIS.
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Figure 3. DEM, HSG, LuLc and generated CN grid map used to estimate groundwater recharge
within the study region.
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2.3. Model Calibration

Model calibration is accomplished by changing the model’s parameters until an accept-
able fit between model-computed and observed groundwater head and salt concentration
is observed. In this study, the model was calibrated and validated over a period of five
years, starting in 2015 and ending in 2020. The horizontal hydraulic conductivity (Kx, Ky:
hydraulic conductivity in the direction of the model X-axis, Y-axis) was assumed to be ten
times the vertical hydraulic conductivity (Kz: hydraulic conductivity in the direction of
the model Z-axis). Average observed groundwater head and salt concentration in each
year of the calibration period were set as target for the calibration. PEST software of Visual
MODFLOW classic interface was used to assist during the calibration for parameters opti-
mization, and the sensitivity of the model to each parameter was studied by decreasing
and increasing the parameter value by 20%.

2.4. Impact of SLR and Pumping Rate Increase in 2050

The main climate hazard that Benin’s coastal area faces is SLR, which is likely causing
coastal erosion. The IPCC [43] has predicted that SLR would have a negative impact on
the coastal system, particularly in the Gulf of Guinea, where the average scenarios (IPCC
scenario 1S92a) have predicted that the sea level would rise by 20 cm in 2050 in the region
of Cotonou, in the coastal region of Benin. In this study, only the average scenario was con-
sidered, after calibration and validation; the average sea level rise was used to simulate the
impact of SLR on SWI for a 35-year period, taking reference from 2015. Boukari et al. [44]
have studied the change in the groundwater pumping rate at the station of Godomey
(south of the study area). The research concluded that the groundwater pumping rate in
the region has been increasing since approximately 1970; from 1.7 x 10® m3/yr in 1970 to
over 17 x 106 m3/ yr in 2006, which is ten times higher. Over the period 1996-2006, the
annual rate of increase was constant at 0.9 x 10° m?/yr; considering the constant increasing
rate from 1996 to 2006, the pumping rate in 2050 was estimated and then used to simulate
groundwater head and the saltwater intrusion area in 2050.

3. Results
3.1. Model Calibration

The main goal of the calibration is to produce results close to the field data by modi-
fying the model parameters. It consists of adjusting the aquifer parameters until model-
computed groundwater heads and salt concentration match with the observed values.
Groundwater head and salt concentration collected in 167 pumping wells within the study
area were interpolated using the inverse-distance weight method and used as the initial
head for the model calibration. The run solver used was set to geometric multigrid solver
(GMG); max. outer iterations and max. inner iterations were set to 50 and 20, respectively.
The head change criterion was set to 0.0001 with a residual criterion of 10 and relaxation
parameter of 1. Due to the scarcity of field measurement data, default dispersion param-
eters were chosen, where longitudinal dispersivity, horizontal /longitudinal dispersivity
and vertical/longitudinal dispersivity were set to 10 m, 0.1 and 0.01, respectively. The
model was set to run from 1 January 2015 to 31 December 2050. During the calibration
and validation, each year from 2015 to 2020 was set as a target where the root mean square
error (RMSE) and correlation coefficient were calculated between the model-computed
and observed values from thirty wells in order to evaluate the performance of the model.
The first run of the model produced a moderate correlation between the observed and
model-computed hydraulic head, approximately 0.53 and very low correlation for the
concentration, which was about 0.21. In order to get a better result with optimal calibration,
PEST software of Visual MODFLOW was used for the model’s parameter optimization,
considering the scale of field data. The PEST module was conceived to assist in model cali-
bration; it works by adjusting the model parameters and disturbance until the fit between
model outputs and field observations is optimized. Hydraulic conductivity, aquifer storage
and specific yield were chosen for the optimization. PEST can change the parameters in
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such a way to minimize the objective function. It was configured considering that Kx, Ky
are ten times Kz (logKx — logKz = 1) and bounded between 1 x 107® m/s and 1 m/s,
and the boundaries were set considering the initial range of values calculated from the
pumping test. All thirty observation wells were used for the objective function during
the parameter optimization process. After a successful run, hydraulic conductivity values
considerably changed and ranged from 2 x 107 m/s to 4 x 1073 m/s. The optimized
hydraulic conductivity values in the south of the study area were lightly lower than the
initial values; at a few kilometers from the coastline and near the Nokoué lake, optimized
hydraulic conductivity values were five to ten times higher than the initial. PEST modifies
the hydraulic conductivity without considering the geological units; this could lead to an
optimized value of hydraulic conductivity that does not correspond to the actual geological
formation. Therefore, after a successful run, the optimized values were analyzed; in areas
where the hydraulic conductivity values did not correspond to the geological units and /or
were not included in the range of values calculated from pumping test, the initial values
were maintained for the calibration. Ss and Sy were also modified after optimization,
and the optimized values are summarized in Table 1. The optimized value of Sy was
not considered for the calibration because the value increased from 0.21 to 0.33, which is
likely high for the Continental Terminal aquifer of Benin. After reviewing the optimized
parameters, they were manually updated to the model and ran again. The model run
with optimized parameters produced a better result: the RMSE between the observed and
model-computed groundwater head at the end of calibration was 0.97 m with a correlation
coefficient of 0.82; the best fit was achieved when the standard deviation of the computed
and observed head was less than 0.79 m. Furthermore, the solute transport calibration and
validation produced acceptable results for the purpose of this study; RMSE, mean error
and correlation coefficient between observed salt concentration and the calculated values
were 13.38 mg/L, 13.01 mg/L and 0.79, respectively. Figure 4 shows the scatter diagram
of groundwater head and salt concentration calibration result at the end of 2020, issued
from the calibration in SEAWAT. The results indicated that the errors had been minimized
and, generally, the simulation of groundwater head and salt concentration within the study
area was closer to reality. The interval of statistics values obtained were compared to the
results from El Hamidi et al. [21], and our model showed a similar match. The acceptable
fit between the model-computed and observed values was reached based on the available
data (5 years data), but due to the short length and monitoring data points scarcity, more
evidence on data points and more field measurement are needed in the future for a better
calibration and seawater intrusion wedge depth studies.
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Figure 4. Scatter diagram of groundwater head and salt concentration at the end of calibration
showing the match between observed and model-computed values.
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Table 1. Parameters’ initial and optimized values.
Parameter Initial Value Optimized Value
Hydraulic conductivity 2x107°-7 x 103 m/s 2x 10704 x 1073 m/s
Specific storage 2x 10749 x 1074 5x 1073 x 1074
Specific yield 0.21 0.33

From 2015 to 2020, the model simulation shows that groundwater head decreased
from 27.08 to 25.43 m, an average drawdown of 1.65 m in the period of calibration and
validation, while in the same period, seawater intrusion area increased by 1.92 km?; taking
reference from seawater intrusion area in 2015, which was estimated at 20.03 km?, the area

increased to reach 21.95 km?. The spatial representation of SWI area in 2015 and 2020 is
shown in Figure 5.
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Figure 5. SWI area estimated in 2015 and 2020 using Visual MODFLOW.
3.2. Zone Budget

The model simulations show that the area is over recharged from 2015 to 2019 because
the annual inflow is lightly higher than the annual outflow. In 2020, the difference between
input and output was negative, indicating that the outflow was higher than the inflow due
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to groundwater recharge decrease, which was caused by the annual rainfall decrease in 2020.
The major sources of aquifer recharge are precipitation and river discharge. The amount
of recharge varies from 2.91 million m3/d to 5.68 million m®/d, and the groundwater
recharge peak was reached in 2019, the year of high precipitation. Zone budget results
indicate that the aquifer storage lightly increased from 2015 to 2016, and dramatically start
decreasing from 2017; this decreasing trend was mainly caused by the increasing pumping
rate, because the government of Benin built more infrastructure and pumping stations in
2016 in order to satisfy the demand of drinking water (SONEB 2018). The difference in
aquifer storage at the end of simulation was relatively small, indicating that the model
reached the steady state.

3.3. Parameter Sensitivity Analysis

The sensitivity analysis was used to understand the role and importance of each single
parameter in the model output assessment. It was studied by modifying each parameter at
a time. The model sensitivity to groundwater recharge and boundary conditions was evalu-
ated by increasing and decreasing each parameter by 20%. Aquifer hydraulic conductivity
and storage coefficient were not used for the sensitivity analysis because the sensitivity of
the simulation results to these parameters was proved during the calibration process, as
they were repeatedly modified until the model gave a better result. The aquifer system in
the study region is mainly recharged by infiltration of rainfall, which makes groundwater
recharge an important parameter that can have greater impact on groundwater flow and
solute transport simulation results. The annual groundwater recharge of each year during
the calibration and validation period was firstly increased by 20% and secondly decreased
by 20%; the results indicate that groundwater recharge slightly affected the simulation
results when the values increased by 20% and when the values decreased by 20%; only
the RMSE has slightly changed. In case of boundary conditions, river levels and MSL also
increased or decreased by 20%; the increase and decrease in river level and MSL in both
ways affected the model output, but their low impact on the model proved that the model
is less dependent on boundary conditions.

3.4. Fresh Groundwater—Saltwater Interface (SHARP Interface)

In a porous coastal aquifer system, fresh groundwater and saltwater are separated by
a sharp interface when the freshwater-saltwater transition zone’s width is smaller than the
thickness of the aquifer. In this study, the interface elevation variation of this transition
zone under the influence of sea level fluctuation and groundwater pumping, which causes
groundwater level fluctuation, was studied using the computer model SHARP, which is a
quasi-three-dimensional numerical finite-difference model that simulates freshwater and
saltwater flow separated by a sharp interface in layered coastal aquifer system; it was
developed by USGS in 1990 [45]. The model was used to simulate the transition zone
elevation variation in five years based on the observed data of groundwater level and
seawater level. The model array dimensions were set to a vertical distance of 1000 m and a
depth of 80 m, with an observation point located at 655 m from the coast.

The SHARP interface model has a variety of inputs such as groundwater level, aquifer
hydraulic conductivity, aquifer thickness, effective porosity, specific gravity of freshwater
and saltwater, viscosity of freshwater and saltwater, seawater level and seabed. The model
was run for five years, and the transition zone elevation variation is shown in Figure 6.
The simulation results show that the transition zone depth is between 20 and 80 m. Two
different points, A and B, with different geographical locations were considered to study
the interface elevation variation (Figure 6). At point A (about 250 m from the coast), when
groundwater level declines about 1.06 m, the interface elevation has increased by about
7.22 m (from an initial elevation of —30.22 to —23 m) in a period of 5 years. At point B,
which is located at 859 m from the coast, the groundwater level has declined by 0.5 m,
causing an increase of 3.87 m of the freshwater—saltwater interface.
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Figure 6. Fresh groundwater-saltwater transition zone elevation variation in function of groundwater
level and sea level fluctuation.

The sensitivity of the model to sea level rise was also studied by maintaining all other
parameters and modifying only the sea level. The initial sea level was raised by 0.2 m
(IPCC 2007 scenario), and the stress of the model was evaluated. When sea level rises by
0.2 m, the interface elevation rises by an average of 0.84 m, which means that a sea level
rise of 0.2 m would intensify the process of seawater intrusion into the coastal aquifer of
Benin, resulting in a migration of the transition zone. When groundwater level declines or
seawater level rises, saltwater intrudes into the aquifer, resulting in the rise of the initial
freshwater—saltwater transition zone, while moving away from the coast, the transition
zone becomes deeper.

3.5. Impact of SLR and Pumping Rate Increase in 2050

In order to evaluate the future trend of SWI, the 3D variable density model was
used to predict SWI in 2050. The model inputs and settings were maintained from the
previous run, and only groundwater abstraction rate and sea level were modified. The
effect of the pumping rate increase, sea level rise and the combination of sea level rise
with pumping rate increase were studied. The model predicts that in 2050, an average
SLR of 20 cm would lead to additional intrusion of 21.2 km? relatively to the intrusion
area in 2020 (Figure 7); the intrusion would be observed up to 1 km, 150 m inland, where
townships such as Cotonou, Abomey-Calavi, Grand-Popo, Ouidah and Seme would be
more affected by the SLR. Considering the yearly groundwater abstraction rate increase
of 0.9 x 10° m3/yr, the model has predicted that SWI area would increase by 19.66 km?,
mainly in the town of Cotonou, where the inland distance is estimated at 1 km, 60 m. The
effect of combined SLR and groundwater pumping rate increase would result in the most
severe SWI, leading to an additional intrusion area of 35.53 km? in a period of 30 years,
taking reference from 2020 (Table 2). The severe effect would mainly affect the townships of
Cotonou and Abomey-Calavi, where the intrusion would expand about 2 km, 750 m inland.
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Table 2. SWI area in km?.

Inland SWI Area in km?

Groundwater SLR + Groundwater
. SLR .
Pumping Increase Pumping Increase
2015 20.03
2020 21.95
2050 41.61 43.15 57.48

3.6. Effect of Countermeasures

It is necessary to recognize that SLR and anthropogenic activities will cause, in the
future, a severe salinization of coastal aquifers. Groundwater salinization takes time to
be observed because it requires an enormous volume of fresh water to be replaced by
brackish water or saltwater. The approach of solutions is important to prevent, compensate
and/or retard the salinization process. Various countermeasures are used around the world
such as freshwater injection, groundwater pumping rate reduction, saline groundwater
abstraction, underground barrier by creating a foreland to delay saline groundwater flow
and artificial recharge increase. Artificial recharge is a well-known, common approach
used to increase the total available groundwater resources; it has been successfully used in
many countries such as Israel [46]. Artificial recharge methods are carried out for many
reasons: to use the aquifer as temporarily storage, to prevent or retard seawater intrusion,
to conserve surplus water during a low-demand period and to increase the water storage of
the aquifer. In this study, artificial recharge was investigated using a 3D conceptual model
to retard the saline intrusion in the coastal region of Benin. Two techniques of artificial
recharge were studied: water spill onto the surface using an infiltration pond and water
injection through a multipurpose well or single-injection well. These techniques were
chosen based on the realization cost, the availability of a source of water and the geologic
units of the study region; the hydrogeological formations of the study region were largely
described by [37,38,47-49]. The three-dimensional model developed in this study was used
for the simulation, injection wells were implanted at a few kilometers from the coastline
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in the most severe salinization area and the water injection rate was set based on the rate
suggested by national report of DGEau, [50]. The infiltration pond installation area was
chosen considering the topographic condition, land availability, the proximity to a river
and the bed geological unit. The technique of freshwater injection through deep wells
has been used in several countries [51,52], using surface water and/or rainfall. This study
has performed a simulation using ten injection wells with 200 m3/d/well. The suggested
location for managed aquifer recharge facilities is shown in Figure 8 (figure showing only
the cells” location). The model sensitivity to injection wells was studied by adding a single
well at once; the results proved that the model is less sensitive to injection wells, and
the impact was observed only after adding five injection wells at a total injection rate of
1000 m3/d. After increasing the total injection volume to 2000 m?/d, this lightly retarded
the seawater intrusion by reducing the SWI rate (Table 3). The pond used for the simulation
has a volume of 250,000 m3, and the location grid cells are shown in Figure 8. After adding
a pond, the model was run for 12,775 days, and the results show that seawater intrusion
rate was retarded by reducing the intrusion area by about 4.20 km?. The pond, combined
with the recharge wells, has reduced the intrusion area by about 4.24 km? for the simulation
period (Table 3).

ZOOIonE 2030.0"E 300!0"E
1 1 1
. N
= l ) I Pond -2
r~ ~
‘ < Artificial recharge wells installation zone

- 173

0510 20 30 40
Km
1 I 1
2°0'0"E 2°30'0"E 3°0'0"E
Figure 8. Recharge wells and pond cells location for the simulation.
Table 3. Impact of countermeasures on SWI area variation.
SWI Area (km?)
SLR + Groundwater Pumping Increase
Storage SWI Area (km?) in 2050 SWI Area (km?) in 2050
8 Without Countermeasures Countermeasures Applied
200 m>/d
Artificial recharge well 400 m3/d
3 57.48
600 m°/d
800 m3/d
1000 m3/d 57.48 57.47
2000 m®/d 57.45
Pond 250,000 m? 53.28
Fond + Artificial 250,000 m® + 2000 m?/d 53.04

recharge well
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4. Discussion

SWI and groundwater flow in the coastal region of Benin were modeled considering
several key parameters such as the pumping rate, hydraulic conductivity, groundwater
recharge and the surface water—groundwater interaction. The model was calibrated and
validated over a five-year period and used to simulate the seawater intrusion in 2050
under the influence of SLR and groundwater pumping increase. The model accuracy
was evaluated using RMSE and coefficient of determination between the observed and
model-computed values. The validation parameters were in agreement with the values
produced by Dunlop et al. [17] and Mastrocicco et al. [18].

The acceptable match observed between the calculated and observed values is based
on the small length of the data used in this research. For further research and in order to
improve the calibration from this research, a long length of accurate data, more observation
points and field measurements, such as data related to the estimation of dispersivity and
seawater intrusion depth, are required. The model results show that groundwater head
decreased from 2015 to 2020 by about 1.65 m. Groundwater head decline in the study
area has been previously highlighted by Kambiri [53] and Angelo [54]; both researchers
have proved the occurrence of groundwater level decrease in hand-dug wells in the cities
of Ouedo and Kpomasse in the southern region of our study area. Amoussou et al. [55]
have reported rainfall diminution in Benin, which has literally led to groundwater recharge
decrease, mainly in the south, while the population keeps increasing with a yearly growth
rate of 2.7%, resulting in the increase in groundwater abstraction in public, hand-dug and
private wells for domestic, agricultural and industrial use. The groundwater level decline
is a result of groundwater recharge decrease caused by the diminution of precipitation
and the overexploitation of groundwater resources; the overexploitation has advanced
the groundwater level depletion at the biggest pumping station of Godomey and its
surrounding areas. The overpumping of groundwater at the pumping station of Godomey
is causing groundwater level decline in the region, which is consequently leading to an
intrusion of brackish water from Lake Nokoué [30].

In a five-year period, the SWI area increased by about 1.92 km?; the intrusion area
increase is the result of groundwater level depletion leaving place for saltwater to move
inland. For a preliminary check purpose, the results of our research were compared to
the results of a geophysical survey performed in the Continental Terminal aquifer at the
southern edge of Lake Nokoué by Sognon et al. [30]. The geophysical survey estimates
the average depth of the saline intrusion to 20 m away from the Lake Nokoué, proving
the occurrence of SWI into the aquifer from the salted lagoon in the southern edge of Lake
Nokoué, which connects the lake to the Atlantic Ocean. The results from the geophysical
survey were confirmed by the previous studies of Boukari et al. [44], which use only
electrical conductivity to reveal an effective salt intrusion from Lake Nokoué at the pumping
station of Godomey. The results from the present research come to confirm the previous
research and show an advanced seawater intrusion in the pumping station of Godomey
from the ocean as well as Lake Nokoué; about 200 m away from the lake, the model showed
high salt concentration in the groundwater. From the model results, the advanced seawater
intrusion in the cities of Cotonou, Abomey-Calavi and Ouidah is in good match with the
results of Yang et al. [56], who used a modified GALDIT method to classify these cities as
area with very high vulnerability to seawater intrusion.

Fresh groundwater—saltwater transition zone migration was simulated using the
SHARP model. The goal of the use of the SHARP interface model in this section is to show
fresh groundwater—saltwater transition zone vertical profile variation in the function of the
groundwater level and sea level fluctuation in the coastal region of Benin. The transition
zone is heavily influenced by the groundwater level decrease and sea level rise. In a period
of five years, when groundwater level decreased by 1.06 m, the transition zone elevation
increased by about 7.22 m at an observation point located at 250 m from the coast. From
2015 to 2020, the groundwater level decrease was spatially varying between 0.45 and 2.98 m;
based on the model results, this led to the interface rise between 1.65 and 7.22 m. The effect
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of groundwater level decrease on the transition zone is severe compared to the SLR; the
results proved that the problem of groundwater level decline in the coastal region of Benin
is severely emphasizing the SWI.

In order to study the future trends of SWI, the 3D variable density model was used to
predict SWI for the next 30 years from 2020 to 2050. The previous model parameters were
maintained, and only the groundwater pumping rate and sea level were modified. The
effect of SLR, groundwater pumping rate increase and the combination of groundwater
pumping rate increase with the SLR were studied. The model simulations show that
saltwater may mostly intrude into the south middle of the domain, into the cities of
Cotonou, Abomey-Calavi, Ouidah and Allada, about 57.48 km? would be affected and the
saltwater intrusion would move to approximately 2 km 750 m inland. Some cities such as
Cotonou and Abomey-Calavi would be more affected by the SWI, with an almost 1 km
500 m additional intrusion. The combination of increasing the groundwater pumping rate
and SLR would lead to severe seawater intrusion, which will affect the population living in
the region by decreasing the available freshwater. People living at a distance less than 2 km
from the coast would be more vulnerable because the water salinity in hand-dug wells
would also increase.

Climate scenarios have predicted that by 2100 the annual precipitation will decrease
in Benin [57]. Similarly, Batablinle [58] used climate change scenarios RCP4.5 and RCP8.5
to forecast future changes in evapotranspiration and rainfall in the south of Benin (basin of
Mono). Both scenario results predict a decrease in rainfall, while evapotranspiration will
increase. These conditions, combined with the SLR and a groundwater pumping increase,
could be disastrous for the coastal region of Benin. Therefore, it is important to develop
solutions to increase the groundwater level and retard SWL

The 3D variable-density groundwater flow model of the study area built in SEAWAT
was used to simulate a managed aquifer recharge system, which aims to retard the SWI
and balance the variability in supply and demand. Little research has worked on SWI
control using the SEAWAT model. Abd-Elhamid et al. [59] presented a solution to mitigate
seawater intrusion in coastal aquifers with coastal earth fill, considering future sea level
rise, using SEAWAT model applied to a real case study of the Biscayne aquifer, Florida,
USA. Abd-Elhamid et al. [60] studied a new methodology to control seawater intrusion
in the Nile Delta aquifer, Egypt. The study used the SEAWAT model to simulate the
effectiveness of TRAD (treatment of wastewater and recharge to the aquifer, abstraction
of brackish water and desalinization) to control SWI in the Nile Delta aquifer of Egypt.
Taking steps from this research, the present study used SEAWAT to simulate a managed
aquifer recharge system in the study region in order to control the SWI. The mitigation
measures attempted in this research have showed acceptable results, but their practicability
must be discussed. The first scenario applied is the injection of freshwater through deep
wells. A daily injection of 2000 m?/d lightly impacted the SWI by reducing the affected
area from 57.48 to 57.45 km? (about 0.03 km?) and decreasing the inland intrusion distance
by about 2.5 m in the region of Abomey-Calavi. The sensitivity of the model to deep
freshwater injection proved that a minimum daily injection of 1000 m? is required, and the
effectiveness of this method requires an important amount of water. The low effect of the
deep injection wells is probably caused by the difference between the injection rate and
the abstraction rate, as the pumping rate is extremely higher than the daily injection rate.
Harvested rainwater and/or surface water could be the source of water for deep wells
injection. The second scenario applied a pond to retard the SWI. The volume of the pond
was estimated considering the nearest river head and the model cells’ size; the pond will
be installed in area allowing easy percolation and will collect storm water and rainfall. The
pond installation aims to ease both shallow and deep infiltration, with boreholes installed
at the bottom of the pond. South Korea has adopted a practical case in Jeju, where wells
are installed in the pond’s bed to facilitate deep infiltration; the facilities have increased
groundwater recharge by 3.8% from 2010 to 2015 [61]. In this study simulation, the pond
has increased the groundwater level in the surrounding region and reduced the SWI area
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from 57.48 to 53.28 km?, resulting in the movement of the fresh groundwater/saltwater
interface towards the sea by about 190 m in the township of Abomey-Calavi and 160 m in
the township of Cotonou. The third scenario combined the pond with recharge wells, which
showed a better result on SWI control by reducing the intrusion rate and consequently
retarding the SWI.

The effect of each countermeasure on groundwater head was studied, and all the
scenarios have showed low increase in groundwater level. The impact of managed aquifer
recharge facilities on groundwater head is less effective than the effect on the SWI area
because the artificial recharge facilities are installed near the coast where the saline dis-
tribution is severe. For future research, accurate data, more observation wells and long
length data are required to improve the model calibration and validation, as well as SLR
prediction from recent scenarios to include recent climate change conditions.

5. Discussion and Conclusions

The present study focuses on the coastal area of Benin where groundwater is per-
sistently used. Taking steps from previous research, the study evaluated by means of
modeling tools the moderate SWI area in the coastal region of Benin and conducted an
application of simple conceptual mitigation measures by installing artificial recharge wells
and a pond. The model was built using SEAWAT in Visual MODFLOW), and it was cali-
brated and validated from 2015 to 2020 using 30 observation wells’ data for groundwater
head and salt concentration in groundwater. The calibration result showed an acceptable
match between the model-computed and observed values for both hydraulic head and salt
concentration, with acceptable statistical results for the purpose of this research; therefore,
the model is close to the reality. Based on the model’s results, groundwater hydraulic head
dropped from 2015 to 2020 (about 1.65 m) while SWI area increased by about 1.92 km?
(taking reference from 2015). The area increase was evident due the decrease in precipita-
tion and the increase in the groundwater pumping rate, because the government of Benin
has recently, in 2016, constructed more groundwater pumping facilities to respond to the
increasing water demand. SWI was not only from the ocean but also an intrusion from
the salted bevel in the southern edge of Lake Nokoué. Considering the predicted average
SLR at Benin’s coast and the increase in groundwater use, the model forecasted the impact
of climate change and anthropogenic activities on salt distribution in the coastal aquifers
in 2050.

Finally, the research has attempted to retard SWI by suggesting pond and artificial
recharge wells installation. The model prediction for the recharge pond showed a consid-
erable reduction of the SWI area in the year 2050. Research results show that, because of
SLR due to climate change combined with the groundwater pumping rate increase in the
coastal area of Benin for agricultural, domestic and industrial use, the region aquifers are
more vulnerable to SWI, and the SWI intrusion area keep increasing while groundwater
head keep decreasing. Based on the results from this study and previous research, it is
urged to take actions from the countermeasures proposed. This is expected to be the basic
standard in future studies; furthermore, data length, long-period-monitored groundwater
head and observed salt concentration data, dispersivity and salinity vertical profiles” obser-
vation from field measurements are required in the future to improve calibration and the
reliability of the model. The effectiveness in the application of each mitigation measure
is important for groundwater resource protection and management in the coastal area of
Benin; in addition, basin-wide water conservation measures and the restoration of natural
ecosystems that slow surface water flow and promote percolation, such as wetlands, will
be carried out in future research.
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