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ARTICLE INFO ABSTRACT
Keywords: This study used the SEAWAT model to investigate the potential of using mixed physical barriers (MPB) to control
A‘}“ifer des'fﬂinaﬁon. SWI under pumping conditions in typical homogenous and layered heterogeneous coastal aquifers. The nu-
Mixed physical barriers merical models were based on controlled two-dimensional (2D) laboratory tests and field studies in the Biscayne
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aquifer, which is situated in the Cutler Ridge region close to Deering Estate, Florida, USA. The modelling results
revealed critical insights into SWI behaviour under pumping conditions. Specifically, it was observed that the
intrusion wedge extended significantly further inland in layered heterogeneous aquifers and homogeneous
aquifers compared with the base case without pumping. Results showed that coastal aquifers with bottom low-
hydraulic conductivity have smaller SWI compared with top and middle-layered aquifers. The SWI repulsion
reached 27% by installing the MPB, while the groundwater salinity increased to 3%, 38% and 121% by
increasing the abstraction well rates by 10 m>/day, 15 m®/day and 20 m®/day, compared with no pumping after
using the MPB. The current study results are very interesting for coastal aquifer management and require eco-
nomic study to ensure the feasibility of using this method.
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Notations
IMT Integrated MT3DMS Transport
HFE Hydrochemical Facies Evolution

MODFLOW United States Geological Survey modular finite-
difference flow model

MT3DMS Modular Transport Three-Dimensional Multi-Species

MSL: Mean Sea Level

MPSB mix physical barriers

PSB Physical Surface Barriers

SWI Saltwater Intrusion

SUTRA A three-dimensional, variable-density solute-transport
model

SWAT  Soil and Water Assessment Tool

SEAWAT Three-Dimensional Variable-Density Groundwater
Flow

2D 2 Dimensions

3D 3 Dimensions

USA: United States of America

VDF Variable-Density Flow

1. Introduction

Saltwater intrusion (SWI) management becomes necessary to protect
coastal groundwater resources from salinisation (Abd-Elaty et al., 2024).
Around 95% of the world’s coastal areas will be severely affected by sea
level rise by 2100, increasing the risk of flooding and SWI (Agren and
Svensson, 2007). Climate change and overpopulation are increasing the
water demand annually and growing, which draws worldwide attention
to the freshwater saline water crisis (Abd-Elaty et al., 2021). Many re-
searchers studied saltwater intrusion in coastal aquifers. Badan Ghyben
(1889) attempted the first SWI model, known as the Ghyben- Herzberg
model. This model assumes that fresh and saltwater are immiscible and
separated by a sharp interface. Henry (1964) developed the first
analytical solution for steady-state conditions, including the effect of
dispersion in a confined aquifer. El Fleet and Baird (2001) developed a
2-D sharp interface model to investigate the impact of overabstraction
on SWI. The model was also applied to a coastal aquifer in Tripoli, Libya.

Ojeda et al. (2004) used the SUTRA code to simulate the saline-fresh
water interface in the Yucatan peninsula aquifer. They found the
interface position was very sensitive to the pumping well depth and
distance from the coastline. The SWI problem was successfully studied
by Frind (1982), Cheng et al. (1998), Taylor et al. (2001) and Fahs et al.
(2018). The numerical models were applied to the problem, including
(Abdoulhalik et al., 2017, 2024), who first introduced and applied the
MPB, which consists of a semi-permeable subsurface dam and an
impermeable cutoff wall. The results showed that the MPB effectively
controls SWI more than the traditional single barrier, such as cutoff
walls or subsurface dams. Pisinaras et al. (2021) simulated groundwater
salinisation due to SWI using a combination of the Soil and Water
Assessment Tool (SWAT) and SEAWAT model. They found that high
variability in groundwater recharge diminished the quality and quantity
of aquifer water supply. Panthi et al. (2022) showed that coastal aquifers
are an active research area in the contiguous United States. The results
showed that the drivers of SWI are increasingly better understood and
quantified, and the need for increased monitoring is also recognised.
Also, the number of monitoring sites has not increased significantly over
the review period. Goswami and Rai (2024) indicated that the seawater
mixing index reveals that ~34.5% of samples are of relatively fresh-
water types, while ~61% of samples appear contaminated to some
extent, presumably due to the mixing of seawater, or anthropogenic
activities such as mining and agricultural activities, Also, analysis of the
Hydrochemical Facies Evolution diagram showed that ~23% of samples
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are directly affected by SWI. Mueller et al. (2024) showed the adverse
impact of using saline drinking water and that people are at greater risk
of high blood pressure and potentially other adverse health outcomes.
The study showed that the first is any coastal areas with projected inland
saltwater intrusion of >1 km inland, the second is more than 50% of the
population in coastal secondary administrative areas with reliance on
groundwater for drinking water, and the third is high national average
sodium urinary excretion (i.e., > 3 g/day). Moreover, the study identi-
fied 41 nations across all continents (except Antarctica) that will be
within >1 km of inland saltwater intrusion by 2050.

Mitigation of SWI in coastal aquifers has been carried out through
different methods to make a balance between the fresh groundwater and
saline water hydrostatic heads. The first method is the hydraulic
method, which reduces pumping rates, relocates pumping well systems,
and increases groundwater recharge by both natural and artificial
techniques. Hydraulic methods also include the abstraction of saline
water and recharging of desalinated water or treated wastewater
recharge (e.g. Pool and Carrera, 2010). The second method is physical
barriers, including cutoff walls, subsurface dams and mixed physical
barriers (e.g. Abdoulhalik et al., 2017, 2024). Combining the physical
subsurface barriers and well recharge to minimise the evaporation from
a storage dam and an artificial lake in semi-arid and semi-humid could
reduce the SWI considerably (Manga et al., 2012; Mays, 2010; Zheng
et al., 2021).

Gao et al. (2022) recently investigated the influence of using cutoff
walls dynamic mechanisms of nitrate accumulation and denitrification
in a stratified heterogeneous aquifer. The results showed that the
stratification pattern greatly disrupted groundwater flow and signifi-
cantly increased nitrate accumulation. Abd-Elaty et al. (2022) simulated
the management of coastal aquifer salinity using inclined physical
subsurface barriers. The results showed that the most positive impact
was achieved for a wall slope of 1/4, indicating that a moderate vertical
inclination of the physical subsurface barriers better preserved coastal
groundwater resources. Wang et al. (2023) showed that the installation
of a mixed physical barrier (MPB) resulted in an exacerbation of nitrate
concentration and the area of nitrate contamination within the aquifer.
However, they demonstrated that, regarding SWI control, the MPB was
46-53% and 16-57% more effective than traditional subsurface dams
and cutoff walls, respectively. The construction of the MPB resulted in
more severe nitrate pollution accumulation. Specifically, the MPB
induced 14-27% and 2-12% more nitrate accumulation than conven-
tional subsurface dams and cutoff walls. Their findings highlight the
importance of careful design selection in constructing MPB to limit the
accumulation of nitrate pollutants without compromising its perfor-
mance in controlling SWI. Emara et al. (2024) applied the SEAWAT code
to assess the impact of aquifer stratification on MPB effectiveness and
their response to structural variations in coastal aquifers. The results
showed that MPBs efficiently decrease SWI wedge length by up to 65%
in all cases. Abdoulhalik et al. (2022) studied the protective effect of
cutoff walls on groundwater pumping against saltwater upconing in
coastal aquifers. The results highlighted that the penetration depth of
the cutoff walls may not necessarily need to exceed the depth of the
pumping well to ensure effectiveness, which is of great importance from
construction and economic perspectives. Abdoulhalik et al. (2024)
studied the effects of layered heterogeneity on mixed physical barrier
performance to prevent seawater intrusion in coastal aquifers. The re-
sults showed comparable performance when the high K layer was
confined between two low K layers or when the aquifer presented a
monotonically increasing/decreasing K pattern.

The investigation of saltwater intrusion in coastal aquifers under the
pumping conditions in homogenous and layered heterogeneous aquifers
using MPB needs to be evaluated. The current study aims to apply MPB
to mitigate SWI using numerical simulations by using SEAWAT. The
numerical study was carried out based on the laboratory experiments
conducted on a 2D-laboratory scale and developed by Abdoulhalik et al.
(2017). The ability of MPB was examined for heterogeneous layered
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aquifers, with the top and bottom layers having high permeability and
the middle layer having low permeability interlayer. The model was also
applied for the field study of the Biscayne aquifer, Cutler Ridge area near
Deering Estate, Florida, USA, to validate the laboratory experiment
results.

2. Materials and method
2.1. Lab-scale case

As presented in Fig. 1, the model setup was 38 cm long, 15 cm deep,
and 1 cm wide. The freshwater boundary head was 13.57 cm, while the
saline water boundary head was 12.97 cm. This imposed a head dif-
ference of dh = 6 mm on the system, which corresponds to a hydraulic
gradient of 0.0158.

Abdoulhalik et al., 2017 listed the lab case hydraulic parameters and
the boundary conditions as in Table 1. There are two scenarios for the
lab-scale problem presented here: a homogeneous scenario, referred to
as case H with k = 85 cm/min, and a layered aquifer scenario, referred to
hereafter as the HLH case. In this latter scenario, there are three layers
with equal thickness, where the hydraulic conductivity of the top and
bottom layers was k = 85 cm/min. In contrast, the middle layer had a
lower hydraulic conductivity of k = 17 cm/min.

2.2. Biscayne aquifer

The finite difference SEAWAT code was applied to the Biscayne
aquifer, Cutler Ridge area near Deering Estate, Florida, USA, as a case
study to simulate and manage SWI in coastal aquifers influenced by
aquifer pumping and saline water abstraction. The aquifer generally is
composed of gray, shelly, lightly to moderately cemented limestone with
abundant shell fragments or carbonate sand, abundant skeletal moldic
porosity, and minor quartz sand. The gray limestone aquifer comprises
the Ochopee Limestone of the Tamiami Formation, and, in some areas,
the uppermost permeable part of an unnamed formation principally
composed of quartz sand. The thickness of the aquifer is comparatively
uniform, generally ranging from 30 to 100 feet. The unnamed formation
part of the aquifer is up to 20 feet thick (Reese and Cunningham, 2000).
The permeability coefficient of 69.44 cm/min. for horizontal and 6.944
cm/min. for vertical hydraulic conductivity were taken. The effective
and total porosity of 0.20 and 0.25, respectively, were considered. The
longitudinal and transverse dispersivities a; and ar were taken as 1000
cm and 100 cm, respectively. The dispersion coefficient in x-direction D,
and y-direction D) are considered velocity-dependant. The net recharge
is 38 cm (i.e., annual recharge from rainfall), and a constant freshwater
flux at this area in the Biscayne aquifer is 5 m°>/day (i.e., per meter of

Pumping well
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Table 1
Hydraulic parameters and boundary conditions of the experimental procedure
and Biscayne aquifer.

Parameters case study Dimension
lab-scale case  Biscayne aquifer
Configuration value
X, Z;Y 0.38; 0.15; 2165; 34; 1 m
0.01
Aquifer Hydraulic Parameters
Freshwater density (pf) 1 1 g/L
Saltwater density (ps) 1.025 1.025 g/L
Specific Storage 10°° 10°° em™!
Porosity 0.30 0.20 -
Longitudinal dispersivity (o) 1 100 cm
Transverse dispersivity (o) 0.05 1000 cm
Molecular diffusion coefficient 0 0 cm/min
(D%)
Hydraulic conductivity (k) (top 85 69.44 cm/min
and bottom layers)
Hydraulic conductivity (k) 17 - cm/min
(middle layer)
Aquifer Boundary Condition
Saltwater head (hg) 0.1297 34 m
Initial freshwater head (hy) 0.1357 0.22 m
Sea side concentration (Cg) 36.16 35 g/L
Land side concentration (Cq) 0 0 g/L
Cutoff wall configuration
Distance from sea side 0.66 270 m
Opening depth 0.016 4 m
Wall thickness 0.02 0.30 m
Hydraulic conductivity (k) 1x107° 1x107° cm/min
Dam configuration
Distance from sea side 0.02 81 m
Dam height 0.07 17 m
Dam thickness 0.024 0.30 m
Hydraulic conductivity (k) 0.000017 0.000017 cm/min
Pumping well configuration
Well distance, (Ly) 0.19 775 m
Well depth, (Z) 0.085 21 m
Pumping well rates (Qpumping) 0.09; 0.19; 115.74; 173.60; mL/s
0.29; 0 231.48; 0

shoreline). The densities of freshwater p; and seawater ps; were set as
1000 and 1025 kg m 3, respectively. Detailed information and other
relevant data related to the geologic and hydraulic aspects of the aquifer
at Deering Estate were reported by Langevin (2001), as in Table 1.

Fig. 2a illustrates the location map of the Biscayne aquifer that
covers an area of 184,500 m? with an average depth of 33 m below mean
sea level. The Figure also shows the hydrostratigraphy of southeastern
Florida, the USA, characterised by the shallow surficial and deeper
Floridan aquifer systems.

150 B

Aquifer freshwater head

Cutoff wall

Sea hydrostatic force

Land side

Sea side

A

380

A

Fig. 1. Schematic design of the MPB configuration. The dimensions are in mm.
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A fundamental problem in the simulation of karst ground-water flow
and solute transport is how best to represent aquifer heterogeneity as
defined by the spatial distribution of porosity, permeability, and storage
(Cunningham et al., 2006). This highly permeable aquifer principally
consists of porous limestone dating from the Pliocene to the Pleistocene.
Fig. 2a shows the map of the aquifer cross-section location at the Cutler
Ridge area (Langevin, 2001).

A rectangular domain was considered to represent the Biscayne
aquifer. The domain had an average length of 2165 km, a thickness of
34 m below the mean sea level (MSL), and a width of 1 m (see Fig. 3).
Eighty columns, 1 row, digitised the simulated model domain for the
Biscayne aquifer using SEAWAT 4 code, and 34 layers corresponding to
a cell dimension of 1 m x 1m x 1m in (AxxAzxAy), respectively. A
constant head of 0.22 mm and concentrations of 35 kg m~> were set
along the seaside. A fixed flux boundary condition and a null concen-
tration were set on the land side.

2.3. SEAWAT model

A combined MODFLOW-2000 (Harbaugh et al., 2000) and MT3DMS
(Zheng and Wang, 1999) simulations were developed to build a 3D
SEAWAT model. The third version of SEAWAT-2000 is documented by

D Unconsolidated - Semi-consolidated

@ Submarine groundwater discharge
@ Seawater intrusion or landward gradient

| |
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(Langevin et al., 2003). The current study used SEAWAT V4, which was
designed to compute fluid density and viscosity (Langevin et al., 2008).
The model is to examine the performance of freshwater abstraction on
SWI in the coastal aquifer for the experimental scale aquifer and the field
scale Biscayne aquifer.

SEAWAT V4 has two new processes, including the Variable-Density
Flow (VDF) process for solving the variable-density groundwater flow
equation according to the equivalent freshwater head written by Guo
and Langevin (2002). Eq. (1):

I am running a few minutes late; my previous meeting is running over.
I am running a few minutes late; my previous meeting is running

over.V {p*%"‘K ( *hy +p pf*VZ)} =p* Sso(aho>

Py ot
NCAYES £\
+o(38) (55) - ro'a
@

The other process is the Integrated MT3DMS Transport (IMT), which
solving the advection-dispersion equation (Zheng and Wang, 1999), Eq.
(2):
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Fig. 2. Biscayne Aquifer, Florida, USA a) near Miami (Renken et al., 2005; Prinos et al., 2016) (Florida), a shallow carbonate aquifer (Biscayne) has experienced
seawater intrusion, likely exacerbated by the construction of leaky canals (Jasechko et al., 2020) and b) study site location adapted after Langevin (2003).
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Where pq: fluid density [ML™3]; p: dynamic viscosity [ML™' T ~11; hy:
hydraulic head [L]; Ko: the hydraulic conductivity [LT ’1]; Ss,0: specific
storage [L_l]; t: is time [T]; 0: porosity [—]; C: salt concentration
[ML’B]; q’s: is a source or sink [T ’1]; of fluid with density pg; pp- is the
bulk density [ML*3] ; Klé: distribution coefficient of species k [L3 M ’1];
C*: concentration of species k [ML™%]; D: hydrodynamic dispersion co-
efficient tensor [L2T ’1] ; q: specific discharge [LT ’1] ; and C]S‘: source or
sink concentration [ML 3] of species k.

3. Results and discussion
Both models for the test case and the real case of the Biscayne

aquifer, Cutler Ridge area near Deering Estate, Florida, USA, were
simulated in the current study.

3.1. Impact of mixed physical barriers on SWI (no pumping well)

The experimental test case has the cutoff wall at 6.60 cm from the
seaside, the wall opening (the distance from the bottom of the aquifer to

Aquifer elevation (cm)

Aquifer elevation (cm)

the tip of the wall where water can flow through) was 1.60 cm, the wall
thickness was 2 cm, the hydraulic conductivity was 1.0 x 10™° cm/min.
The subsurface dam was installed at 2 cm from the seaside with a
thickness of 2.40 cm, the dam height was 7 cm from the base of the
aquifer, and the hydraulic conductivity was 1.7 x 10~ cm/min.

The Numerical seawater wedge length reached 7.1 cm from the
seaside for the homogenous case (Fig. 4a) compared to the 7.0 cm ob-
tained from the experimental results published by Abdoulhalik et al.
(2024) as in Fig. 4b. This is for the case of no pumping wells. Fig. 4 c and
d show a different scenario of a three-layered aquifer of equal depth,
with the hydraulic conductivity of the middle interlayer reduced to
17.00 cm/min and that of the bottom and top layers equalled 85
cm/min. The numerical SWI wedge for this layered scenario reached
6.90 cm compared to experimental results of 6.80 cm, as published by
Abdoulhalik et al. (2024). Again, there is no pumping well in this case
too.

3.2. Impact of pumping well on the MPB performance for the lab-scale
case

Fig. 5 shows the results of the homogeneous and layered scenarios,
where the MPB performance was examined at different pumping rates

SWeconc. (%)

Fig. 4. Salinity results are obtained by (a) SEAWAT (top) for homogenous cases and (b) experimental for homogenous case (Abdoulhalik et al., 2024). (c) SEAWAT
for the heterogeneous case and (d) experimental heterogeneous case (Abdoulhalik et al., 2024). There is no pumping in this scenario
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that gradually increased. The times in Fig. 5 are for the shape of the SWI
wedge at the quasi-steady state, where the upconing started and the
seawater reached the bore of the well. This was the time when the well
started to be contaminated with seawater. These shown times are in
minutes and counted from the change of abstraction rates for each case;
for the bottom case in the figure, the time is counted after the pump was
switched off. The pumping well rates were examined at Q; = 0.09 ml/s,
Q2 =0.19ml/s, and Q3 = 0.29 ml/s, as shown in the figure. The well was
installed 19 cm from the seaside, and the depth from the aquifer bed was
8.50 cm. After that, the pumping was switched off to show the SWI
during the retreat. For the homogeneous aquifer (Fig. 5, left column),
the SWI wedge intrusion under pumping conditions reached 10.40 cm,
18.50 cm and 21.80 cm for Qq, Q2 and Q3 respectively, compared with
7.10 cm in the base case without pumping that was presented in Fig. 4.

Q = Q;:=0.09 ml/s, t = 225 min.

Aquifer elevation (cm) Aquifer elevation (cm)

Aquifer elevation (cm)

Aquifer elevation (cm)

53]
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Thus, for the homogeneous aquifer, the percentage of SWI increased by
46%, 161% and 207%, for Q1, Q2, and Q3 respectively, compared to the
case with no pumping. Also the aquifer salt variation (L - L,)/L, were
calculated to check the aquifer salt situation, which the positive sign
indicates that the aquifer salt is greater than the base case and this has a
negative impact to salt removal, while the negative sign indicates that
the aquifer boundary conditions or physical subsurface barriers have a
positive effect on saltwater intrusion. L, is the initial saltwater intrusion
length at the base case and L is the initial saltwater intrusion length at
the proposed case.

The layered aquifer results (Fig. 5, right column) showed that the
intrusion reached 8.80 cm, 15.30 cm and 21.10 cm, respectively,
compared to 6.90 cm in the base case without pumping. This represents
a percentage increase of the SWI by 28%, 122% and 206%, respectively

Q = Q;=0.09 ml/s, t = 180 min.

SW conc. (%)

Fig. 5. Lab-scale case results of concentration colour map of the transient saltwater wedge during the pumping conditions and after pumping is switched off for
homogenous cases (left) and heterogeneous (right). The time when seawater upconing starts is the time shown for each case.
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(Fig. 9a). Results showed that the SWI wedge extended further inland in
the homogenous aquifers greater than in the heterogeneous aquifer. The
highest aquifer salinity was obtained for the third scenario (Q = 0.29
ml/s).

After the pumping well was switched off, the SWI for the homoge-
nous and layered aquifers reached 7.20 cm and 7 cm, respectively. This
represents a percentage increase of SWI by 1.41% and 1.45%, respec-
tively, compared to the base case (Fig. 9a).

3.3. Impact of additional layered scenarios

In this section, we compared three different layered configurations
with the homogeneous case. In these cases, we used Q3 = 0.29 ml/s,
which was the highest rate we used in the previous scenarios. In addition
to the homogeneous scenario in Fig. 6, we examined the layered cases
where the low-k layer existed at the top of the aquifer (case LH), in the
middle of the aquifer (case HLH), and at the bottom of the aquifer (case
HL). Like the above scenarios, the low-K was set at 17 cm/min while the
aquifer hydraulic conductivity was 85 cm/min. So, the low-K was one-
fifth of the aquifer conductivity.

The SWI wedge length was 19.5 cm, 21.1 cm, and 18.80 cm for case
LH, case HLH, and case HL, respectively, compared to 21.80 cm in the
homogeneous scenario. The existence of a low permeability layer at the
bottom of the aquifer reduced the intrusion length, and it also took a
much longer time, in this case, for the seawater to reach the bore of the
well.

The results agreed with those of Antoifi and Ahmed, (2017). The
results also showed that the presence of an interlayer of low k (case
HLH) inhibited the downward movement of the freshwater towards the
wall opening, thus decreasing the repulsion ability of the wall. More-
over, the presence of an underlying low permeability layer (case HL) was
found to obstruct the freshwater flow in the lower part of the aquifer,
thereby slowing down the velocity through the wall opening.

i
Homogenous, t = 245 min.

Aquifer elevation (cm) Aquifer elevation (cm)
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3.4. Application of MPB on SWI for field homogenous aquifer

Moreover, this study simulated the field case for the homogenous
Biscayne aquifer. The results of the current simulated model (Fig. 7a)
were compared with Langevin (2003). The model was calibrated by
adjusting aquifer parameters and the boundary stresses within a range of
reasonable values, and the calculated values generally matched those
with field data obtained from 21 monitoring wells to monitor the con-
centration of total dissolved solids obtained from Langevin (2001). The
calibration procedure is estimated and illustrated in Fig. 7a.

The calibration process yielded insightful results. A root mean square
and a normalised root mean square of 2062.31 ppm and 6.61%,
respectively, between the observed and calculated salinity. This metric
is particularly valuable as it gauges the relative accuracy of the model in
the context of the observed data variability (Chai and Draxler, 2014).
The residuals, representing the differences between observed and
simulated values, ranged from —5552 ppm to 388.30 ppm. The mean
residual was calculated at 398.93 ppm, providing an absolute residual
mean of 1727.13 ppm. Additionally, the standard error of the estimate
was quantified at 441.53 ppm. The SWI reached 428 m from the
shoreline at X = —428 for the case without an MPB barrier as shown in
Fig. 7b. The aquifer salt mass reached 121582 ppm using MPB compare
with 167357 ppm at the baseline case. The aquifer salt variation were
calculated using (C-Cg)/Co, where Gy is the initial salt concentration and
C is the salt concentration,the positive sign indicated that the aquifer salt
is more than the base case while the negative sign represents a positive
effect on saltwater intrusion (Abd-Elaty et al., 2019).

For the MPB in this field case of Biscayne aquifer, the cutoff wall
hydraulic conductivity was 1 x 10~> cm/min; the wall opening depth
was 4m (distance from the toe of the wall and aquifer bottom line), while
the wall thickness was set at 0.30 m, and the wall distance was 270 m
from the shoreline, so at X = —270 (shoreline is at X = 0). The subsurface
dam was set at 81 m from the shoreline at X = —81 with a width of 0.30
m and a height of 17 m from the aquifer base. The dam’s hydraulic
conductivity was 0.000017 cm/min. The SWI reached 35 m from the
shoreline at X = +35 after the installation of the MPB as shown in Fig. 7¢

SWconc. (%)

Fig. 6. Lab-scale case concentration colour map of the transient saltwater wedge under pumping conditions Q = Q3 = 0.29 ml/s for layered aquifer
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Fig. 7. Salinity results of Biscayne aquifer for A) calibration between the field data and SEAWAT, (b) the homogenous case for the baseline case (case of no barrier)
and (c) MPB case

compared with 428 m from the shoreline at X = —428 for the case aquifer, a 3D SEAWAT model was used to assess the SWI exacerbated by
without an MPB barrier. Various methods are employed to mitigate SWI, the impact of increasing the abstraction pumping due to future popu-
including hydraulic and physical barrier approaches. In the Biscayne lation growth.
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For the pumping rates conditions in the real case aquifer, the
pumping wells were installed at 775 m from the shoreline at X = —775
and a depth of 21m from the aquifer base with pumping rates of 10 m>/
day, 15 m%/day and 20 m®/day. The modelling results indicated that the
aquifer salinity after the installation of a pumping well reached 21m
(X=-21), 484 m (X=-484) and 1110 m (X=-1110), respectively (Fig. 8),
compared with 35 m (X=+35) at the baseline case without pumping
conditions by using MPB barrier and measured from the shoreline (X =
0).

For a real case of the Biscayne aquifer, the groundwater salinity was
incresed and reached +3%, +38%, and +121% by increasing the
abstraction well rates to 10 m>/day, 15 m®/day, and 20 m®/day

Q = 10 m?/day, t = 225 min.

Aquifer elevation (cm)

=1550 —1200 —-300
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compared with no pumping at the baseline case and MPB barrier
(Fig. 9b). For the turnoff case, the pumping rates were 0 m>/day, and the
intrusion was 32 m from the shoreline at X = +32; the changing in SWI
reached +1.60%.

4. Discussion

Previous studies investigated using single physical subsurface bar-
riers such as cutoff walls, subsurface dams, and combinations of the two
using mixed physical barriers (MPB). Research about the impact of
applying MPB in homogenous and layered aquifers without pumping
conditions was developed, and more studies were published, while the

-300 8 300 615

-300 0 300 615

-300 8] 300 615

Fig. 8. Numerical results concentration colour map of the saltwater wedge before the pump and under pumping conditions for homogenous cases
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Biscayne aquifer.

application of MPB in homogenous and layered aquifers under pumping
conditions is limited.

The current study investigated the impact of using MPB in homog-
enous and layered aquifers on SWI under pumping conditions. The study
used the test case for homogenous and layered aquifers, while a real case
of homogenous Biscayne aquifer, Florida, USA, was applied to investi-
gate the effect of MPB to control SWIL.

The test case results for homogenous and layered aquifers showed
that the SWI increased with the well pumping rates. Also, the SWI results
in layered aquifers produced wedge lengths smaller than the homoge-
nous coastal aquifers.

The installation of an MPB under the pumping conditions for a ho-
mogenous aquifer in the field case of the Biscayne Aquifer, Florida, USA
agrees with the results published by Abdoulhalik et al., 2017 who
developed a mixed physical barrier (MPB) as a new SWI control method,
combining a cutoff wall and a semi-permeable subsurface dam without
pumping conditions. SWI length was reduced by 62% and 42% for using
the MPB compared with the semi-permeable dam and the single cutoff
wall. Gao et al. (2021) showed that the efficiency of using MPB in
removing residual saltwater could be 40% to 100% and 0% to 56%
higher than that of traditional subsurface dams and cutoff walls,
respectively. Wang et al. (2023) used MPB to mitigate the SWI in coastal
unconfined aquifers and found it 46-53% and 16-57% more effectively
than traditional subsurface dams and cutoff walls, respectively. How-
ever, the construction of the MPB resulted in more severe nitrate
pollution accumulation. Specifically, the MPB induced 14-27% and
2-12% more nitrate accumulation than conventional subsurface dams
and cutoff walls. Abdoulhalik et al. (2024) used the MPB in layered

10

aquifer for SWI management. The results showed that the SWI was
mitigated by 71% and 69% for experimental and numerical results,
respectively, compared with the single cutoff wall. Emara et al. (2024)
applied a numerical study for investigate the efficiency of MPB for SWI
removal in coastal heterogeneous aquifers. The results showed that
MPBs efficiently decreased the SWI penetration length in the investi-
gated cases. The reductions in penetration length were up to 65% in all
cases.

The current study’s shows the requirement to apply the feasibility
study for using the MPB in more homogenous and layered real field
heterogeneous aquifers. Application of this method in a 3D model is
required to confirm the numerical and experimental results in the same
coastal aquifer conditions worldwide.

5. Summary and conclusions

The current study used the mixed physical barriers (MPB) to study
saltwater intrusion in coastal aquifers. The SEAWAT code investigated
aquifer salinity in homogeneous and layered heterogeneous aquifers
under pumping conditions.

1. The SWI for the two-dimensional (2D) laboratory tests under
pumping conditions reached 10.40 cm, 18.50 cm and 21.80 cm
compared with 7.10 cm in the baseline case without pumping using
pumping rates of 0.09 mg/1, 0.19 mg/1 and 0.29 mg/l1, respectively,
for the homogenous aquifer. The SWI for the layered heterogeneous
aquifer results reached 8.80 cm, 15.30 cm and 21.10 cm under the
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same pumping rates, respectively, compared to 6.90 cm in the
baseline case without pumping.

2. For an aquifer with top low-k layer, the SWI was reduced to 19.50 cm
compared with 21.80 cm in the homogenous case. In the aquifer with
the middle low-k layer, the SWI reached 21.10 cm, while it reached
18.80 cm for the aquifer with the bottom low k layer. These cases
were for the laboratory tests.

3. For the real field case, the SWI reached -35 m from the shoreline at
X=+235 after the installation of the MPB barrier compared with 428
m (X=-428) for the case without an MPB barrier. Morover, the
salinity was incresed and reached 21 m (X=-21), 484 m (X=-484)
and 1110 m (X=-1110), with pumping rates of 10 m®/day, 15 m®/
day and 20 m3/day, respectively, compared with 35 m (X=+35)
under pumping conditions and measured from the shoreline (X = 0).

The study results are novel for applying the MPB in homogeneous
and layered heterogeneous aquifers under pumping conditions. The
limitations of this study are that it requires more field applications to
move beyond the experimental laboratory model. Also, economic
feasibility is essential to compare the use of single physical barriers and
MPB.
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