:\' frontiers

in Marine Science

ORIGINAL RESEARCH
published: 29 March 2022
doi: 10.3389/fmars.2022.857807

OPEN ACCESS

Edited by:
Zeng Zhou,
Hohai University, China

Reviewed by:

Fangfang Zhu,

The University of Nottingham
Ningbo, China

Yifan Xie,

Hohai University, China
Chunhui Lu,

Hohai University, China
Xuan Yu,

Sun Yat-sen University, Zhuhai
Campus, China

*Correspondence:
Tianyuan Zheng
zhengtianyuan@ouc.edu.cn

Specialty section:

This article was submitted to
Coastal Ocean Processes,

a section of the journal
Frontiers in Marine Science

Received: 19 January 2022
Accepted: 04 March 2022
Published: 29 March 2022

Citation:

Zheng T, Gao M, Chang Q, Zheng X
and Walther M (2022) Dynamic
Desalination of Intruding Seawater
After Construction of Cut-Off Walls in a
Coastal Unconfined Aquifer.

Front. Mar. Sci. 9:857807.

doi: 10.3389/fmars.2022.857807

Check for
updates

Dynamic Desalination of Intruding
Seawater After Construction of

Cut-Off Walls in a Coastal
Unconfined Aquifer

Tianyuan Zheng 2%, Mingpeng Gao "%, Qinpeng Chang "2, Xilai Zheng "2
and Marc Walther®

1 College of Environmental Science and Engineering, Ocean University of China, Qingdao, China, 2 Key Laboratory of Marine
Environment and Ecological Education, Ministry of Education, Ocean University of China, Qingdao, China, 3 Technische
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Fresh groundwater resources in coastal regions are valuable but deteriorated by seawater
intrusion. To prevent deterioration of the fresh groundwater resources, a common
approach is to build cut-off walls. However, the construction of cut-off walls may trap a
large amount of residual saltwater in the landward aquifer. This study explored the
dynamic behavior and the desalination process of the intruding seawater after the
construction of a cut-off wall, using a numerical model validated against a laboratory
experiment. Field-scale simulations reveal that a fast saltwater repulsion process
proceeds within a short period (100-150 days), while the retreat of the residual
saltwater wedge is rather slow at the beginning. This is because the desalination
process always starts first in the vertical direction. Meanwhile, the saltwater area
significantly increases in the downstream of the cut-off wall. The amount of residual
saltwater mainly depends on the depth and the hydraulic conductivity of the cut-off wall,
while the retreat time is affected by the location of the wall. Although a deeper cut-off wall
can enhance the removal of residual saltwater, the desalination effectiveness may notably
decrease when the depth exceeds a certain value (25 m in the simulated scenarios). The
desalination performance degrades dramatically when the hydraulic conductivity of the
wall is greater than a certain threshold (8x107" m/s in the simulated cases). A near-
complete removal of residual saltwater can be achieved within three years with optimal
designs of the depth, location, and hydraulic conductivity of the cut-off wall.
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KEY POINTS:

* The dynamic behavior of saltwater wedge after installing a
cut-off wall is firstly revealed.

» The timescale of residual saltwater retreat ranges from several
months to several years.

* A deeper cut-off wall may reduce the desalination effect and
determination of optimal depth is required before practical
work.

INTRODUCTION

Over the past few decades, the continuous increase in sea levels
resulting from climate changes (Rozell & Wong, 2010) and
groundwater level drops induced by overexploitation of coastal
aquifers led to seawater intrusion (SWI), which has become a
serious threat to coastal groundwater quality (Lu et al., 2009;
Werner & Simmons, 2009; Werner et al., 2013; Walther et al,,
2017). In this context, it is imperative to develop efficient
approaches to control SWI, thereby ensuring water supply for
human activities (Lu et al., 2010; Abarca et al., 2013; Lu et al.,
2015). Existing engineering approaches for SWI prevention can
be categorized into two groups: physical barriers (Chang et al.,
2019; Zhang et al., 2019; Zheng et al., 2020; Chang et al., 2021;
Gao etal, 2021; Sun et al.,, 2021) and hydraulic barriers (artificial
recharge by injection or infiltration, saltwater extraction)
(Abarca et al., 2006; Luyun et al, 2009; Luyun et al, 2011;
Allow, 2012; Lu et al., 2017).

The geological conditions of many parts of China and Japan
(i.e., islands and arid areas) are not suitable for constructing the
traditional water supply systems, thereby limiting the installation
of hydraulic barriers (Luyun et al., 2009). Owing to the relatively
low operating costs and stable desalination performance,
subsurface physical barriers have been widely applied in China,
Japan, USA, and African countries (Luyun et al, 2009; Chang
etal, 2019). According to the structure and layout, impermeable
subsurface physical barriers can be classified as subsurface dams
or cut-off walls (Zheng et al., 2020), as shown in Figure 1. A
subsurface dam is installed at the bottom of the aquifer, leaving
an opening at the top of the barrier for upstream fresh
groundwater discharge (Fang et al,, 2021) (Figure 1A). A cut-

off wall is constructed at the top of the aquifer, leaving an
opening at the bottom (Figure 1B). In this case, the intruding
saltwater could be pushed back with increased freshwater flux.
Since the 1990s, eight physical barriers have been successfully
installed for desalinizing the intruding seawater in Yantai,
Weihai, and Qingdao, China (Sun et al., 2019). These walls are
0.3-1.5 m thick and constructed using the rotary jet grouting
technique. Figure 2 shows a practical cut-off wall constructed
in Yantai.

A cut-off wall is regarded as an effective method to control the
residual saltwater in many situations, e.g., in the thin phreatic
aquifers (Chang et al., 2021; Sun et al., 2021). After installation,
the intruding seawater can be flushed out by the relatively high
flow rate generated at the bottom opening of the aquifer. Several
studies have evaluated the effectiveness of cut-off walls under
different hydrological conditions. For example, Kaleris and
Ziogas (2013) numerically investigated the effectiveness of cut-
off walls in SWI prevention with groundwater extractions. The
results indicated that the cut-off wall may more effectively
prevent SWI when when the extractions are located at
relatively small distance from the coast, at relatively large
depth and the aquifer is characterized by small groundwater
velocity compared to the velocity of the intruding saltwater, weak
mixing and high-level anisotropy. Zheng et al. (2020) proposed a
new cut-off wall with varying permeability (an impermeable zone
on the top and a semi-permeable region on the bottom) to
mitigate the nitrate accumulation. Besides the efficient
prevention of SWI, the inland nitrate accumulation is also
significantly reduced by the newly designed cut-off wall. Gao
etal. (2021) investigated the combined effect of a cut-off wall and
a subsurface dam. They found that the combination of the two
structures may enhance the prevention of SWI and discharge of
freshwater simultaneously.

Insights into the saltwater behavior after the construction of
physical barriers is of great significance for the use of
groundwater resources in the coastal aquifers. Oswald et al.
(2002) and Oswald and Kinzelbach (2004) found that, under
certain conditions, the saltwater would remain stagnant for a
long period. Cantalice et al. (2016) pointed out the significant
desalination of the upstream groundwater after the installation of
subsurface dams. Zheng et al. (2021) pointed out that the long
removal period (up to decades) of residual saltwater after
installation of subsurface dams. Wu et al. (2020) used a 3-D

FIGURE 1 | Schematic of a subsurface dam (A) and a cut-off wall (B).
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FIGURE 2 | Photo of the cut-off wall constructed in Yantai, China.

model to investigate the influence of dam length on the
effectiveness of SWI prevention. Zhang et al. (2021) found that
using local pit lake can enhance the efficiency of saltwater
desalination. Yan et al. (2021) investigated the potential of
constructing subsurface dams to expand freshwater lense
in islands.

Most previous studies only focused on the prevention effects
of subsurface physical barriers. The dynamic desalination
process and transient behavior of the saltwater wedge rather
than simple saltwater intrusion and retreat induced by the
construction of cut-off walls were not investigated sufficiently.
Meanwhile, all the experiments and numerical simulations were
limited in the scale of centimeters to meters and the total
desalination process only takes several hours (Luyun et al,
2009; Luyun et al, 2011). Given the economic consideration
and technical limitations of cut-oft walls in different regions of
the world, the depth, location, and hydraulic conductivity of the
walls may vary greatly from case to case. In this study, we
conducted field-scale numerical simulations to (i) capture the
dynamic processes of the residual saltwater in the upstream
aquifer after the construction of cut-off walls; (ii) evaluate the
effects of the depth, location and hydraulic conductivity of
the wall on the residual saltwater desalination; (iii) clarify the
removal timescales of residual saltwater desalination in a real-
world aquifer scale.

MATHEMATICAL MODEL

Assumptions

Regarding the characteristics of the investigated problem in this
study, the following assumptions are made: (a) the aquifer is
unconfined, homogeneous, and isotropic, (b) the fluid density
only depends on the salt concentration, (c) both the fluid and
solid matrix are incompressible, (d) a static seaward boundary
without considering tides. On this basis, a set of testing scenarios

with different wall configurations are designed (Chang et al.,
2019; Zheng et al., 2021).

Mathematical Model

Considering the above assumptions, the Richard’s equation
coupled with a solute transport equation is used for the
mathematical model. The Richard’s equation is as follows,

bsdp 405
p ot ot
where 6 is the porosity of aquifer, s is the water saturation, p is
the fluid density, k, is the relative hydraulic conductivity, K is the
hydraulic conductivity, y is the capillary pressure and e is the
gravitational unit vector. The solute transport equation is given as,

V[l K- (Vy + (1 + ae)] 1)

%(QSC) =V .[CkK-(Vy+(1+a)e)]+ (2)

V. (6sD-VC)

where C is dissolved concentration.
The density ratio o was given by:

o= (M) (3)
Po

where py is the inland freshwater density.

The relationship between relative permeability, capillary
pressure, and phase saturation was described by Van
Genuchten (1980):

1 (=)
5= Spes + (1= 5p) {W} (4a)
iy 2
k,:s;/z{{l—[1—s£"5)](")} (4b)
Sw = (s— Sres)/(l - Sres) (40)

where s,.; is the residual water saturation, o and n are
the constants.

VALIDATION

A laboratory experiment was conducted in a flow tank to validate
the presented numerical model. The tank dimensions and
experimental setup are shown in Figure 3. The tank was
segmented into three parts with porous acrylic plates: the
freshwater reservoir, the porous medium chamber, and the
saltwater reservoir arranged left-to-right (Gao et al., 2021).
Two fine mesh screens were inserted into the porous acrylic
plates between the reservoirs, respectively, allowing water to flow
through and stemming the porous medium. A homogeneous
aquifer is represented by filling uniform glass beads with a
diameter of 0.7 mm into the chamber.
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A slot was prepared for the insertion of a physical barrier,
representing the construction of the cut-off wall. This slot was
located in the porous medium chamber 22 cm away from the
saltwater reservoir (Figure 3A). The slot baffles were made of
fine mesh screens covered porous acrylic sheets. The barrier was
installed after the SWI reached the steady state. Particularly, the
installation of the barrier must be quick enough to minimize
disturbance to the flow field. Tape measures with 1-mm accuracy
were attached to the bottom and two sides of the tank to evaluate
the intrusion distance of the saltwater wedge.

Tap water was used to represent inland freshwater, and
saltwater was prepared by mixing commercial salt with the tap
water. A densitometer (AlfaMirage sd-2001) was used to
determine the densities of the saltwater (p;) and the freshwater
(pp). To differentiate the saltwater from the freshwater, we dyed
the saltwater with a carmine dye (red food color, provided by
Sinopharm Chemical Reagent Co., Ltd) with a concentration of
0.5 g/L. Two peristaltic pumps were used to extract the
freshwater and saltwater at constant rates. Constant water
heads at the saltwater side and the freshwater side were
maintained to be 0.265 m and 0.275 m, respectively.

Glass beads were filled into the porous medium chamber
under saturated conditions and stirred every 5 minutes during
the filling to minimize the generation of air bubbles. The
freshwater pumped into the freshwater reservoir on the left
side of the tank was slowly filled in the porous medium. The
saltwater was pumped into the reservoir from the right side after
the freshwater flowed out in the outlet of the saltwater reservoir.
A saltwater wedge formed at the bottom of the tank due to the
density difference between the freshwater and the saltwater. By
adjusting the inlet flow rates, water head fluctuations were
controlled to be within 1-mm to ensure the accuracy of
the experiment.

The porosity (¢) measured by the volume method was 0.4.
Specifically, we took a certain volume of the glass beads in the
beaker and filled it with water until being saturated. The porosity
was then obtained by dividing the filled water amount with the
volume of the glass beads. The average hydraulic conductivity
(Kavg) of the porous medium was determined by Darcy’s law and
Kive= 0.0048 m/s. The longitudinal dispersivity (o1) of the

porous medium was acquired by fitting the breakthrough
curves in a 1-D column experiment and op= 0.0015 m, a
reasonable value in laboratory-scale experiments, cf. Sun et al.
(2019) and Chang et al. (2020). The transversal dispersivity (o)
was set to 10% of the longitudinal dispersivity, i.e., cer= 0.00015
m. We recorded the toe position of the saltwater wedge every 10
minutes as a quantitative indicator for evaluating the SWI
process (Feseker, 2007; Watson et al., 2010; Yu et al, 2019).
The record was ceased when the saltwater wedge reached the
quasi-steady state, ie., the change of toe position within 30
minutes was less than 1 mm.

Based on the measured parameters from the experiment and
the laboratory settings, we set up a laboratory-scale numerical
model using OpenGeoSys (Kolditz et al., 2012) to simulate the
desalination process. The model domain was a homogeneous,
2-D cross section with the dimensions being 0.90 m (length) x
0.27 m (height). The boundary conditions and the initial
conditions were consistent with the experiment.

Figure 4 shows the measured and simulated transient
intrusion and retreat process after the construction of the cut-
off wall. Clearly, due to the cut-off wall, the saltwater wedge first
stretches, meaning that the saltwater wedge toe position
advances and reaches the maxima after 10 minutes. Then, it
starts to retreat until around 80 minutes and the saltwater wedge
length has decreased to 21 cm at that time. Also, the simulation
results generally agree well with the experimental data. Note that
the insertion of the barrier may disturb the flow field in the
retreat process, leading to a slight difference between the
two approaches.

NUMERICAL MODEL IN FIELD SCALE

Model Setup

Figure 5 delineates the model setup (Zheng et al., 2021), in which
q is the fluid flow and P is pressure. The model domain is 300 m
(length) x 30 m (height). Neumann no-flow boundary
conditions for both mass and fluid transport are assigned on
the upper and bottom of the domain. Dirichlet constant water
level boundaries are set to both the left (29.7 m) and the right
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FIGURE 3 | The schematic (A) and photo (B) of the experimental setup (Gao et al., 2021).
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FIGURE 4 | Comparison of the simulated transient numerical model with experimental results during the intrusion process (A) and the retreat process after the
construction of the cut-off wall (B). The hollow dots represent the experimental data, and the black lines represent the simulation results.

sides (28.8 m) of the domain. Dirichlet mass boundaries are
assigned with a constant salt concentration of ¢;= 36000 mg/L
and ¢= 0 mg/L on the seaward and the inland boundaries,
respectively. A 0.5-m thick cut-off wall is installed at a prescribed
location along the x -axis of the domain. Before the simulation,
no saltwater existed in the domain.

The presented model is implemented by OpenGeoSys
(Kolditz et al., 2012). The iterative solver Preconditioned
Conjugate-Gradient (PCG) is applied for solving the linear
matrix with a relative tolerance of 1078, Matlab (Mathworks, 1.,
2012) and Paraview (Ahrens et al, 2005) are used for post-
processing the simulation results.

An adaptive time step method is employed. The entire
simulation period is separated into two stages: a warm-up
period and a desalination period. The warm-up period takes
1000 days until the intruding saltwater wedge reaches a steady-
state. The simulated water heads and salt concentrations from
the first period are set as initial values for the removal process of
the residual saltwater. During the desalination period, a very low-
permeability region (hydraulic conductivity of 1 x 10”7 m/s for
the reference case) is set inside the aquifer to represent the cut-off
wall. All simulations are run for 1080 days to ensure that the
retreat of the residual saltwater wedge reaches a steady-state. The
construction of the cut-off wall is assumed to be instantaneous.

The hydrological parameters used in the simulated scenarios
are listed in Table 1, with the cut-off wall parameters used in the
reference case highlighted. To quantify the impact of wall design
on the desalination process, we simulate different cases with the
wall heights ranging from 19 to 27 m, the wall being 20-70 m
away from the seaward boundary, and the hydraulic conductivity
varying between 1 x 10® and 2 x 107 m/s.

Evaluation Indexes
To evaluate the desalination process of the residual saltwater after
the construction of cut-off walls, two indicators are used: the

reduction rate of residual saltwater wedge length (RSWL*) and the
removal rate of total residual salt mass (RTSM*) in the aquifer
(Zheng et al., 2021). RSWL and RTSM for quantitative evaluations
have been previously adopted by Zheng et al. (2021). Here, we also
give a brief review for the sake of the integrity of the context. The
saltwater wedge is considered to be the area of saltwater
surrounded by the isoline of 50%c, (18000 mg/L) (Goswami and
Clement, 2007; Strack et al., 2016). RSWL* is defined as,

Rswp* - RSWLo — RSWL -
RSWL,
where RSWL is the distance between the residual saltwater toe
and the cut-off wall (Figure 5). RSWL, represents the initial
length of residual saltwater wedge downstream the cut-off wall.
RSWL, is constant for most of the cases and only varies for the
cases with wall at different positions. RSWL* becomes negative
when the saltwater wedge advances into the fresh aquifer after
the construction of the cut-off wall, and is positive when the
saltwater wedge retreats toward the seaward boundary.
RTSM* is defined in a dimensionless form as,

Rrsir* - RTSMo — RTSM ©
RTSM,
where RTSM is the total residual saltwater mass downstream the
cut-off wall in the landward aquifer. RTSM, is the initial total
saltwater mass trapped behind the wall. It is constant for most
cases but varies in the cases with different wall locations. RTSM is
always smaller than RTSM, and thus positive.

Regarding the definitions stated above, it can be summarized
that RSWL* is used to evaluate the intrusion states of high-
concentration saltwater surrounded by the isoline of 50%c,, while
RTSM* quantifies the effectiveness of complete removal of the
residual saltwater. With the two indexes, the dynamics of the
residual saltwater can be accurately described.
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FIGURE 5 | Model setup for the field-scale numerical simulation in an unconfined aquifer.

RESULTS

Groundwater Flow and Salt Transport
In this section, we investigate the transient groundwater flow and
salt transport before and after the construction of the cut-off wall.
We model a scenario where a 150 m-length saltwater wedge has
intruded into the bottom of a freshwater aquifer and reached the
steady state (Figure 6A). The whole aquifer can be divided into
three zones: the saltwater zone, the freshwater zone and the
mixing zone. In the saltwater zone, the saltwater flows slowly
toward the inland boundary. Meanwhile, the fresh groundwater
carrying some saltwater through the dispersive zone flows above
the saltwater wedge influenced by the combined effects of
hydraulic gradient and buoyancy, and finally the groundwater
merges into the seaward boundary. In general, the freshwater
moves much faster than the saltwater in the aquifer.

50 days after the construction of a 20 m-depth cut-off wall at
50-m away from the seaward boundary, the freshwater is forced
to flow through the opening below the impermeable cut-off wall.

The flow rate increases near the cut-off wall and reaches the
maximum exactly below the wall (Figure 6B). Meanwhile, the
freshwater flows through the narrow opening and carries salt
toward the seaward boundary, resulting in a reduction of the
residual saltwater upstream the cut-off wall. At the seaside, the
mixing zone becomes much wider than that at the beginning and
the freshwater area at the upper part of the aquifer is mitigated.
This is because a large amount of saltwater is discharged through
the opening downstream.

Effects of Wall Depth

The depth of the cut-off wall was found to be a critical factor
affecting the effectiveness of the residual saltwater desalination
(Luyun et al, 2011). Therefore, we perform a series of case
studies based on the reference case to investigate the effects of the
wall depth on the effectiveness of the cut-off wall and the
dynamics of the residual saltwater removal. The transient
desalination processes of the residual saltwater after the
construction of a 20 m- and a 25 m-depth cut-off wall are

TABLE 1 | Parameters used in simulations (adopted from Ishida et al., 2011, Badaruddin et al., 2017, Zheng et al., 2021).

Parameters Values Unit
Depth of impervious base B 30 m
Aquifer length Lg 300 m
Porosity ¢ 0.4 []
Hydraulic gradient % 8% y
Hydraulic conductivity of the aquifer Ko 6x10 m/s
Longitudinal dispersivity D 1 m
Transversal dispersivity Dt 0.1 m
Freshwater density pr 1000 kg/m®
Saltwater density ps 1025 kg/m®
Density ratio between freshwater and saltwater 0.025 [-]
Depth of the cut-off wall D4 19, 21, 23, 25, 27 m
Distance from the sea boundary L 20, 30, 40, 50, 60, 70 m
Hydraulic conductivity of the cut-off wall Ky 2x107%, 4x10°, 8x107, 1x107, 1x10°® m/s
Saltwater salinity cg 36000 mg/L
Freshwater salinity c¢ 0 mg/L

Boldfaced numbers with an underiine stand for the values of Dy, Ly and K.y used in the reference case.
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shown in Figure 7. RSWL, is 100 m. In 20 m wall depth case,
RSWL increases slightly to 102 m on day 30, and 104 m on day
180 in the landward aquifer. Also, a notable reduction in the
thickness of the wedge can be observed, indicating that the
retreat process initially occurs along the vertical direction. This
is because the saltwater in the landward aquifer is flushed out
downward through the opening toward the seaward boundary.
At the seaside, the area of freshwater gradually mitigates in the
downstream aquifer and the whole seaside region is completely
salinized after 180 days, indicating that the local freshwater has
been fully displaced by the saltwater from the landward aquifer.
RSWL is reduced to 63 m after 720 days. It is noteworthy that, at
this point, the salt concentration in the upper part of the
downstream aquifer starts to reduce again. This is because the
freshwater carries much less salt downward than before and
the salinized water has been mixed with the freshwater. For the
25-m wall depth case, RSWL increases to 104 m after 30 days and
to 114 m by day 180. Comparing Figures 7A, B, a further
reduction of the wedge thickness can be observed. The amount of
upstream residual saltwater reduces while the downstream
intruding saltwater increases. After 720 days, the high-
concentration residual saltwater is almost completely flushed
out of the landward aquifer. Only a small amount of low-
concentration saltwater remains in the upstream aquifer. The
25 m-depth cut-off wall exhibits a better desalination effect than
the 20 m-depth wall. The removal effect to the residual saltwater
in the landward aquifer can be enhanced with the extension of
the cut-off wall depth, since a deeper cut-off wall leads to a larger
groundwater flux being able to remove more residual saltwater
and the carried salt dispersed downstream of the cut-off wall.
To further quantify the effects of wall depth on the removal of
the residual saltwater, we calculate RSWL* and RTSM* for 19, 21,
23, 25, and 27 m wall depth. The time-dependent variations of
RSWL* and RTSM* are shown in Figure 8. RSWL, is 100 m in all
these cases. After the construction of the cut-off wall, the
evolution of RSWL* can be divided into three stages: extension,
retreat and equilibrium (Figure 8A). At the extension stage,
RSWL* reduces to the lowest value, i.e., -0.04, -0.05, -0.07, -0.11

and -0.13 m on day 140, 165, 187, 213, and 235, corresponding to
19 m-, 21 m-, 23 m-, 25 m-, and 27 m-depth wall case,
respectively. This interprets that the intruding saltwater
advances to the maximum length. The advance of the saltwater
wedge is because that the freshwater in the upstream aquifer is
forced to flow through the opening below the wall, pushing the
residual saltwater wedge behind the wall to advance landward.
Generally, the time for the wedge to reach the maximum
intrusion distance and the maximum intrusion length increase
with the increment of the cut-off wall depth. At the retreat stage, a
sharp increase of RSWL* within a short period is observed.
During this stage, the residual saltwater wedge is flushed out of
the wall downward in the landward aquifer. In the meantime, the
thickness of the saltwater wedge is reduced because the residual
saltwater has been removed first in the vertical direction. It should
be noted that RSWL* only describes the change of saltwater toe
along the 50% saltwater concentration isoline. At the equilibrium
stage, the values of RSWL* remain at 1.00, 0.92, 0.78, 0.57 and
0.39 for 27 m-, 25 m-, 23 m-, 21 m-, and 19 m-depth wall,
respectively, suggesting that in the upstream aquifer, RSWL
decreases with the increase of the cut-off wall depth.

As can be seen in Figure 8B, RTSM* increases rapidly within
100-150 days. Then, the increasing rate reduces as the freshwater
carries less salt toward the seaward boundary during the retreat
process. After 1080 days, the values of RTSM* increase to 0.95,
0.96, 0.91, 0.80, 0.65, corresponding to 27 m-, 25 m-, 23 m-, 21
m-, 19 m-depth wall case, respectively. RTSM* rises with the
increase of the cut-oft wall depth. From the results of RSWL* and
RTSM¥, it can be seen that the desalination effect of the cut-off
wall is improved by increasing the depth of the wall. However,
note that the desalination effect starts to degrade when the wall
depth reaches 27 m. RTSM* in the 27-m depth case is slightly
smaller than that in 25-m depth case, indicating that there is an
optimal depth for the cut-off wall to desalinize the intruding
saltwater the most effectively. This is because when the cut-off
wall penetrates too deep, the opening becomes rather narrow,
thereby significantly mitigating the volume of freshwater with
carried residual salt flowing toward the sea boundary.
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FIGURE 7 | Transient distributions of residual saltwater after the construction of a 20 m-depth (A) and a 25 m-depth (B) cut-off wall at 50 m from the seaward boundary
at day 0, day 30, day 180 and day 720. The vertical black lines represent the cut-off walls, and the red dotted lines stand for the isolines of 50% saltwater salinity.

Effects of Wall Location

Previous studies have also shown that the location of the cut-oft
wall can be critical for the control of SWI, cf. Luyun et al. (2011)
and Chang et al. (2019). However, studies on the influence of cut-
off wall location on the desalination process were limited to the
laboratory scale. In the present study, we investigate the effects of
wall location on the retreat of the residual saltwater wedge at a
field scale. The transient processes of the residual saltwater
wedge after the construction of a 25 m depth cut-off wall at 50
m and 80 m away from the sea boundary are shown in
Figures 9A, B, respectively. In the 80 m case, the cut-off wall
extends vertically into the shallow layer of the saltwater zone, and
about 70 m length saltwater wedge (RSWL,) is trapped behind
the wall. After 30 days, about half the amount of the saltwater is
flushed out of the wall, and the freshwater in the upper part of
the aquifer is replaced by the saltwater. By day 180, most of the
saltwater is flushed out, and the freshwater is almost completely
polluted. Compared to day 0, a wider mixing zone is also
observed on day 180 showing that the construction of a cut-off

wall can significantly enlarge the mixing zone. Finally, all the
residual saltwater in the landward aquifer is removed after 720
days, and the salinized water is diluted again in the downstream
aquifer, because the freshwater with less salt flows through the
opening toward the sea boundary at this time. Compared to the
80 m case, the retreat of the residual saltwater wedge in the 50 m
case is slower. This is because a longer saltwater wedge (RSWLy=
100 m) is trapped behind the 50 m distance wall.

To comprehensively evaluate the effects of the wall position
on the retreat of the residual saltwater wedge, we model a 25 m-
depth wall installed at 20, 30, 40, 50, and 60 m from the sea
boundary, respectively. The corresponding RSWL, are 130 m,
120 m, 110 m, 100 m, and 90 m. The time-dependent variations
of RSWL* and RTSM* are shown in Figure 10. Again, the
evolution of RSWL* can be divided into three stages the same
as that in the wall depth cases (Figure 8A). At the first stage, the
values of RSWL* reduce to the lowest value, i.e., -0.10, -0.11,
-0.12, -0.13 and -0.14 at 176, 213, 254, 322, and 420 d,
corresponding to 60 m, 50 m, 40 m, 30 m, and 20 m distance
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FIGURE 8 | The change of RSWL* (A) and RTSM* (B) over time after the construction of cut-off walls, having 19, 21, 23, 25, 27 m depth, respectively.

wall, respectively. This indicates that the intruding saltwater
advances to the maximum length. At the second stage, RSWL*
experiences a sharp increase within a short period. Finally, the
values of RSWL* in different wall distance cases become identical
to each other (0.97) at different times, suggesting that the final
RSWL is determined by the depth of the wall, and the distance of
the wall from the seaward boundary affects the retreat time. In
Figure 10B, we observe a rapid increase of RTSM* between 100-
150 d. The increasing rate starts decreasing when the amount of
salt carried by the freshwater toward the seaward boundary
reduces. After 1080 days, the values of RTSM* increase to 0.88,
0.91, 0.94, 0.96, and 0.98, corresponding to 20 m-, 30 m-, 40 m-,
50 m-, and 60 m-distance case, respectively. Comparing the
values of RSWL* and RTSM* in all the cases, it can be seen that
the location of the cut-off wall does not significantly affect the
removal effectiveness of the high- and low-concentration
saltwater, but the retreat time is prolonged with the wall
installed further away from the seaside.

Effects of Wall Hydraulic Conductivity

Due to limitations of construction materials and methods for
building cut-off walls, the structure of a wall may not be uniform,
and the hydraulic conductivity may not be constant (e.g.,
Figure 2). To investigate the effects of hydraulic conductivity
of the cut-off wall on the removal dynamics of the residual
saltwater in the upstream aquifer, we conduct a case study based
on the reference case, by adopting different hydraulic
conductivities. The transient processes of the residual saltwater
wedge after the construction of a cut-off wall with hydraulic
conductivity of 4 x 10" m/s (about 0.35 m/day) and 1 x 107 m/s
(about 0.01 m/day, the reference case) are shown in Figure 11.
The comparison of Figures 11A, B shows that the removal of the
residual saltwater using a cut-oft wall with higher hydraulic
conductivity is slower, i.e., the retreat time increases with the
increase in the hydraulic conductivity. This is because the
saltwater can penetrate through the wall with a high hydraulic
conductivity to the upstream. When the hydraulic conductivity

of the wall is beyond a certain limit, the cut-off wall will fail. On
the seaside, the distributions of the freshwater and the saltwater
in the aquifer are almost constant in the high hydraulic
conductivity case, indicating that in the two simulated
scenarios with hydraulic conductivities of 4 x 10° m/s and 1 x
10”7 m/s, the influence of hydraulic conductivity is weak.

To quantify the effects of wall hydraulic conductivity on the
removal of the residual saltwater, we calculate RSWL* and
RTSM* for the reference cut-off wall with hydraulic
conductivity of 2 x 107, 4 x 10, 8 x 107, 107, and 10°® m/s,
respectively. These designed hydraulic conductivities are 30, 150,
750, 6000 and 60000 times smaller than that of the aquifer (Ky=
6x10™* m/s), respectively. As can be seen in Figure 12A, RSWL*
first reduces to the lowest value, i.e., -0.03, -0.07, -0.10, -0.11 and
-0.11 at 152, 180, 195, 213 and 215 d, corresponding to a wall
hydraulic conductivity of 2 x 10,4 x 10,8 x 107, 107, and 10°
® m/s, respectively. We can observe a clear staged dynamic
behavior of RSWL* when the hydraulic conductivity is higher
than 4 x 10® m/s. The values of RSWL*in 8 x 107,107, and 10°®
m/s cases increase rapidly within a short period and reach to the
maximum at 520 d, i.e,, 0.93, 0.94 and 0.94, respectively. After
520 days, the retreat proceeds in the equilibrium stage, and the
values of RSWL* remain unchanged for the rest of the simulation
period. In these cases, the walls are almost impermeable. The
freshwater carrying residual salt is forced to flow through the
opening. The high-concentration saltwater in the upstream
aquifer is almost flushed out of the wall at the same time. For
the wall with a relatively high hydraulic conductivity, e.g., 2x107
m/s, RSWL* increases slowly during the entire simulation period,
i.e., the retreat process does not proceed in the equilibrium stage
within the simulated time. At the end of the simulation, the
values of RSWL* in the 2 x 107 and 4 x 10°® m/s cases are 0.08
and 0.53, respectively. The very small RSWL* in 2 x 10™ m/s case
suggests that the wall fails to stem the landward SWI. The
saltwater can directly flow through the wall toward the
upstream aquifer. It can be seen from Figure 12B that the
change of RTSM* corresponds with the change of RSWL*.
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FIGURE 10 | The change of RSWL* (A) and RTSM* (B) over time after the construction of a 25 m-depth cut-off wall at 20, 30, 40, 50, and 60 m from the sea boundary.
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FIGURE 12 | The change of RSWL* (A) and RTSM* (B) over time after the construction of a 25 m-depth cut-off wall with hydraulic conductivity equal to 10, 1077,
8x1077, 4x10, 2x10°° m/s, respectively.
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Generally, RTSM* increases with the decrease of the hydraulic
conductivity of the cut-off wall. After the construction of cut-
off walls for 1080 days, the values of RTSM* increase to 0.96,
0.95, 0.94, 0.80, 0.22, corresponding to 10°®, 107, 8 x 107, 4 x
107, 2 x 10™ m/s case, respectively. Based on the simulation
results, we can conclude that the hydraulic conductivity of the
cut-off wall is also a critical factor affecting the retreat of the
residual saltwater wedge in the upstream aquifer. The most
decisive point is that there exists a threshold value (8 x 107 m/
s in this case study) for the wall hydraulic conductivity, beyond
which the desalination rate will be greatly reduced and the cut-
off wall is disabled.

DISCUSSION

This study investigates the dynamic cleaning process of intruding
saltwater after construction of a cut-off wall and the timescale of
desalination. In our previous research (Zheng et al., 2021), we focus
on the desalination process of residual saltwater after installation of
a subsurface dam, which leaves an opening on top of the dam. We
found that, in this case, the desalination process is rather slow,
lasting from several decades to almost 100 years. Compared to
subsurface dams, using cut-off walls can efficiently reduce the
desalination timescale. We can see that the cleaning process after
installing a cut-off wall is normally within several years. This is
because that the desalination mechanisms of the two physical
barriers are completely different. When subsurface dams are used,
the residual saltwater has to be first mixed with freshwater and this
process is controlled by dispersivity, then the mixed liquid could be
pushed seaward by groundwater. The whole process is dominated
by diffusion. While for the case using cut-off walls, the residual
saltwater could be somehow directly pushed seaward by high-
velocity groundwater in the low opening. Advection is the
controlling factor. For most of the scenarios, advection is a much
faster process compared to diffusion, leading to a completely
different desalination timescale. Therefore, if decision makers
plan to remove the residual saltwater as fast as possible, cut-off
walls might be a better option.

Except for the relatively small desalination timescale, the
dynamic cleaning process after installation of a cut-off wall is
also rather unique. For the desalination process with a subsurface
dam, the retreat of the saltwater wedge is continuous.
Nevertheless, after building a cut-off wall, the position of the
saltwater wedge toe remains stagnant and the saltwater wedge
always disappears in the vertical direction. After several months,
the saltwater wedge suddenly retreats dramatically in the
horizontal direction. At that time, only slight residual saltwater
is left in the domain.

For subsurface dams, the influence of the dam height on the
desalination process is monotonic. Higher dam always results in
a slower cleaning process of the residual saltwater. For cut-off
walls, we found that, in most situations, a deeper cut-off wall
induces a faster desalination process. When the depth of cut-off
wall exceeds a threshold (25 m in this study), further increase of
the depth could weaken cleaning effect instead. Thus, for

practical work, decision makers should identify the optimal
depth in advance to maximize the desalination effect.

CONCLUDING REMARKS

In this study, field-scale numerical models containing density-
dependent flow and solute transport are implemented to
investigate the influence of cut-off walls on the residual
saltwater dynamics and desalination effectiveness of intruding
saltwater. Three key controlling variables are investigated with a
parametric study, including the depth, location, and hydraulic
conductivity of the wall. Two indicators (the reduction rate of
residual saltwater wedge length, and the removal rate of total
residual salt mass) are applied to quantify the desalination
process of the residual saltwater after the construction of cut-
off walls. Major findings from this study can be summarized
as follows:

(1) Different from the hours of desalination time obtained from
laboratory-scale experiments and simulations, in field scales,
the removal of the residual saltwater after the construction of
a cut-off wall may take up to three years.

The desalination process always occurs first in the vertical
direction and may last for hundreds of days. During this
period, the location of saltwater wedge toe position almost
remains stagnant. Then, a fast retreat proceeds in a short
period (between 100-150 days in the simulated scenarios).
The construction of a cut-off wall can significantly enlarge
the polluted area between the cut-off wall and the seaward
boundary. The area of the mixing zone between the
intruding saltwater and freshwater also gradually increases.
The removal rates of high- and low-concentration saltwater
trapped in the landward aquifer generally increase with the
increase of the cut-off wall depth. This is because the freshwater
flows through the wider saltwater zone and carries more salt
toward the sea boundary. However, the desalination
effectiveness reduces when the wall depth reaches 27 m,
suggesting the existence of an optimal depth for constructing
cut-off walls.

The desalination effectiveness mitigates with the increase of
the hydraulic conductivity of the cut-off wall. There exists a
threshold (8 x 107 m/s in the simulated scenarios), beyond
which the desalination rate can be greatly reduced. This is
because for a wall with a high hydraulic conductivity, both
the saltwater and freshwater can directly flow through the
wall, and the cut-off wall essentially loses its function.

2

(©)

(4)

®)

These findings provide significant practical insights into the
desalination process of cut-off walls for the intruding saltwater.
Particularly, the optimal depth and limiting hydraulic
conductivity of the cut-off wall deserves a close attention.
Future work may include tidal effect on the seaward boundary
and seasonal freshwater input at the inland boundary. In the next
step, we will also investigate the combined effect of pumping and
cut-off wall on the desalination process.
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