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Abstract
Physical barrier has been proven to be one of the most effective measures to prevent and control seawater intrusion (SWI) 
in coastal areas. Mixed physical barrier (MPB), a new type of physical barrier, has been shown to have higher efficiency in 
SWI control. As with conventional subsurface dam and cutoff wall, the construction of MPB may lead to the accumulation 
of nitrate contaminants in coastal aquifers. We investigated the SWI control capacity and nitrate accumulation in the MPB 
using a numerical model of variable density flow coupling with reactive transport, and performed sensitivity analysis on 
the subsurface dam height, cutoff wall depth and opening spacing in the MPB. The differences in SWI control and nitrate 
accumulation between MPB and conventional subsurface dam and cutoff wall were compared to assess the applicability of 
different physical barrier. The numerical results show that the construction of MPB will increase the nitrate concentration 
and contaminated area in the aquifer. The prevention and control efficiency of MPB against SWI is positively correlated with 
the depth of the cutoff wall, reaching the highest efficiency at the minimum effective dam height, and the retreat distance 
of the saltwater wedge is positively correlated with the opening spacing. We found a non-monotonic relationship between 
the change in subsurface dam height and the extent of nitrate accumulation, with total nitrate mass and contaminated area 
increasing and then decreasing as the height of the subsurface dam increased. The degree of nitrate accumulation increased 
linearly with increasing the height of the cutoff wall and the opening spacing. Under certain conditions, MPB is 46–53% and 
16–57% more efficient in preventing and controlling SWI than conventional subsurface dam and cutoff wall, respectively. 
However, MPB caused 14–27% and 2–12% more nitrate accumulation than subsurface dam and cutoff wall, respectively. The 
findings of this study are of great value for the protection of coastal groundwater resources and will help decision makers to 
select appropriate engineering measures and designs to reduce the accumulation of nitrate pollutants while improving the 
efficiency of SWI control.

Keywords Seawater intrusion · Mixed physical barrier · Cutoff wall · Subsurface dam · Nitrate pollution · Residual 
saltwater removal

Introduction

Coastal areas are not only the most densely populated regions 
but also among the most economically active regions in the 
world. Reportedly, 50–70% of the global population resides 
in coastal plain areas, which occupy a mere 5% of the Earth's 
surface (Board and National Research Council 2007). Ground-
water is a critical resource for human survival and serves as 
a primary source of freshwater in coastal areas, providing a 
vital water source for human activities, such as agriculture and 
industry. However, human activities, such as excessive use of 
fertilizers and discharge of domestic and industrial wastewater, 
have significantly increased the nitrate content in groundwa-
ter, leading to severe pollution (Lu and Tian 2017; Fang et al. 
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2020; Xin et al. 2019, 2021). Nitrate pollution in groundwater 
is a global environmental concern (Cui et al. 2014; Jang et al. 
2017; Nai et al. 2020; Torres-Martínez et al. 2021). Despite the 
development of various measures to control nitrate pollution 
in groundwater (Gibert et al. 2019; Hu et al. 2019; Zhang et al. 
2019; Zambito Marsala et al. 2021; Gao et al. 2023), effec-
tively controlling the increasing nitrate levels in groundwater 
remains a persistent and challenging issue.

At the same time, coastal areas are currently facing an 
increasingly serious threat of seawater intrusion (SWI) 
(Fig. 1a). Overexploitation of groundwater in these areas has 
caused a decline in groundwater levels, which, combined 
with sea level rise caused by global climate change, has made 
SWI the primary cause of freshwater resource deterioration in 
coastal aquifers (Werner and Simmons 2009; Rozell and Wong 
2010; Werner et al. 2013; Walther et al. 2017). Controlling 
SWI through effective and reasonable methods is critical for 
the sustainability of coastal areas and ensuring water availabil-
ity (Abarca et al. 2013; Lu et al. 2016). Various measures have 
been proposed to control SWI, including artificial groundwater 
recharge, hydraulic barrier, air barrier, and physical barrier 
(Lu et al. 2017; Ebeling et al. 2019; Wang et al. 2020; Wu 
et al. 2020; Zang and Li 2021). Subsurface physical barrier 
has become the most popular strategy and have been widely 
studied due to their low operating costs, high stability, and 
ability to store fresh groundwater resources (Abdoulhalik and 
Ahmed 2017; Chang et al. 2019; Wu et al. 2020; Yan et al. 
2021). Since the 1980s, subsurface physical barrier has been 

used globally (Nawa and Miyazaki 2009; Senthilkumar and 
Elango 2011). Japan, China, and the USA have built a series 
of subsurface physical barrier for SWI control with remarkable 
results (McAnally and Pritchard 1997; Japan Green Resources 
Agency 2004; Kang and Xu 2017; Zhang et al. 2021). The 
two main types of physical barrier are subsurface dam and 
cutoff wall (Abdoulhalik and Ashraf 2017; Gao et al. 2021). 
Cutoff wall is constructed in the upper part of the aquifer, and 
groundwater is discharged through openings in the lower part 
of the aquifer (Fig. 1b). Subsurface dam is built at the bottom 
of the aquifer, and groundwater is discharged through open-
ings in the upper part of the aquifer (Fig. 1c) (Gao et al. 2021; 
Sun et al. 2021).

The feasibility of using physical barrier to inhibit SWI 
has been well established (Abdoulhalik and Ashraf 2017; 
Shen et al. 2020; Wu et al. 2020). However, the construction 
of physical barrier, particularly subsurface dam, can hin-
der the hydraulic connection between upstream and down-
stream, leading to high concentrations of residual saltwater 
being trapped behind the dam. As a result, residual saltwater 
has become a serious problem that limits the development 
of fresh groundwater in coastal areas. Luyun et al. (2009) 
showed that the time required to remove residual saltwater 
in the upstream aquifer after the construction of subsur-
face dam is considerably longer than the intrusion time of 
saltwater. Moreover, the removal time of residual saltwater 
decreases as the height of the dam decreases. At the field 
scale, Zheng et al. (2020) found that complete desalination 

Fig. 1  A schematic diagram of SWI (a), cutoff wall (b), subsurface dam (c), and MPB (d). The dashed line indicates the location of the saltwater 
wedge in the initial stage of SWI, and the dashed area behind the physical barrier represents the residual saltwater area
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of residual saltwater trapped upstream of subsurface dam 
could take several decades, significantly impacting the avail-
ability of fresh groundwater. Abdoulhalik and Ashraf (2017) 
used laboratory tests and numerical techniques to demon-
strate that aquifer stratification patterns play a crucial role in 
determining the effectiveness of subsurface dam in removing 
residual saltwater. They also found that layered heterogene-
ity can significantly prolong the cleanup time of residual 
saltwater compared to homogeneous aquifers.

The construction of physical barrier that obstruct fresh 
groundwater flow to the ocean may also impact the trans-
port of contaminants in the aquifer, leading to their retention 
in the aquifer (Gao et al. 2022; Fang et al. 2022). Nitrate 
has been identified as a major pollutant that poses a threat 
to freshwater resources and coastal marine ecosystems 
(Abarca et al. 2013; Anwar et al. 2014). Numerous studies 
have investigated the impact of physical barrier on nitrate 
fate in aquifers (Yoshimoto et al. 2013; Kang and Xu 2017) 
and have confirmed that subsurface physical barrier hinders 
nitrate discharge to the ocean, exacerbating nitrate pollution 
of groundwater. For instance, the studies by Yoshimoto et al. 
(2013) and Kang and Xu (2017) found that the construc-
tion of cutoff wall led to a notable increase in the average 
concentration of nitrate in groundwater. Other studies have 
examined the influence of factors such as barrier physical 
parameters, aquifer properties, and nitrate sources on nitrate 
accumulation in aquifers (Sun et al. 2019, 2021; Ke et al. 
2021; Gao et al. 2022). Sun et al. (2019) investigated the 
factors affecting nitrate emission in aquifers impeded by sub-
surface dam through experimental and numerical analysis 
and concluded that wall height and aquifer permeability are 
the key factors determining nitrate accumulation. Ke et al. 
(2021) examined the impact of hydraulic gradients, nitrate 
contaminant source concentrations, relative height and loca-
tion of subsurface physical barrier, as well as the condition 
of the physical barrier and cutoff wall on groundwater nitrate 
contamination. Their results indicated that the hydraulic gra-
dient and the relative height of the subsurface physical bar-
rier was the main factors influencing nitrate accumulation, 
and that the cutoff wall had a more pronounced effect on 
nitrate retention than the subsurface dam. Sun et al. (2021) 
considered the effect of denitrification and investigated the 
mechanisms by which physical barrier affects SWI and 
 NO3

− accumulation. They showed that the greater the barrier 
height, the closer the barrier location to the sea, the greater 
the concentration of infiltrated nitrate, and the lower the 
inflowing DOC (dissolved organic carbon) concentration, 
the greater the degree of nitrate accumulation. Gao et al. 
(2022) investigated the dynamic mechanisms of nitrate accu-
mulation and denitrification in a layered heterogeneous aqui-
fer situation under the influence of a cutoff wall and showed 
that the stratification pattern greatly disrupted groundwater 
flow and significantly increased nitrate accumulation.

Abdoulhalik et  al. (2017) recently proposed a new 
approach to control SWI using a mixed physical barrier 
(MPB) that combines an impermeable cutoff wall and a 
semi-permeable subsurface dam (Fig. 1d). Gao et al. (2021) 
investigated the effect of a more realistic MPB, which com-
bines impermeable cutoff wall and subsurface dam, on resid-
ual saltwater removal based on approach of Abdoulhalik 
et al. (2017). Their results showed that MPB is 40%-100% 
and 0%-56% more effective in removing residual saltwater 
than conventional subsurface dam and cutoff wall, respec-
tively. MPB has great potential for protecting coastal fresh-
water resources from SWI. However, the study of Gao et al. 
(2021) on residual saltwater removal by MPB was limited 
to a few tens of centimeters, and the total removal process 
lasted only a few hours. This is not representative of real-
ity, as the natural removal time of residual saltwater often 
extends from years to decades. Furthermore, previous stud-
ies have only examined the mechanisms of the effects of 
single cutoff wall and subsurface dam on nitrate pollution 
accumulation. The process of  NO3

− accumulation in aquifers 
due to MPB construction remains unclear (Fig. 2).

This study investigated the SWI control performance of 
MPB and their effects on  NO3

− accumulation in aquifers 
using numerical simulations. The specific objectives were 
(1) to assess the performance of MPB in preventing and 
controlling SWI by measuring residual saltwater removal 
efficiency and saltwater wedge reduction rate; (2) to compare 
and analyze the differences in total  NO3

− and contaminated 
area in coastal aquifers before and after MPB installation; 
(3) to evaluate the impact of MPB structure variables on 
SWI control performance and  NO3

− accumulation mecha-
nisms; and (4) to compare the differences between MPB 
and traditional single physical barrier in terms of SWI con-
trol performance and  NO3

− pollution accumulation effects. 
These results will assist decision-makers in selecting appro-
priate engineering measures and barrier types during physi-
cal barrier construction to safeguard subsurface freshwater 
resources in coastal areas.

Methods

Governing equations

In this study, we utilized the finite element software COM-
SOL Multiphysics to establish a two-dimensional variable-
density flow and reactive transport model. This model simu-
lated the variable-density groundwater flow, salt transport, 
and reactive solute transport in unconfined coastal aquifers 
under static oceanic boundary conditions. The model cou-
ples unsaturated porous medium flow, based on the Richards 
equation, with solute transport, based on the convection–dis-
persion-reaction equation:
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where ρ is the fluid density; Se denotes the effective satu-
ration, which is related to the pore water pressure (Eq. 7); 
S denotes the water storage coefficient; Cm is the specific 
moisture capacity, which is related to the variation of water 
content (Eq. 5); ks is the permeability of the sediment at full 
saturation calculated from the hydraulic conductivity coef-
ficient (K) (Eq. 3); kr is the relative permeability depending 
on the effective saturation Se (Eq. 4); μ is the hydrodynamic 
viscosity; P and Z are the pressure and elevation, respec-
tively; g is the acceleration of gravity; Qm is the fluid mass 
source term that is related to the tidal effect; θ is the water 
content; Ci is the solute concentration of species i; D is the 
hydrodynamic dispersion tensor; and Ri is the reaction rate 
of the ith reactant. The sediment storage properties caused 
by the compressibility of water and solid substrates and the 
additional source/sink terms generated by tidal load effects 
are neglected in Eq. 1 (Reeves et al. 2000; Wilson and Gard-
ner 2006).

The numerical model utilized the Van Genuchten 
(1980) model to establish the intrinsic correlations 
between the relative permeability (kr), specific moisture 
capacity (Cm), effective saturation (Se), and pore water 
pressure (P):
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where θs and θr are the saturated liquid volume fraction and 
residual liquid volume fraction, respectively; the intrinsic 
relationship constants α and n are derived from the study 
conducted by Shen et al. (2019).

In the mixing process of salt and fresh water, the den-
sity of pore water varies with the salt concentration in the 
pore water, and the fluid density is based on the density 
function of salinity C in the pore water is expressed as 
follows.
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Fig. 2  A schematic diagram of 
saltwater intrusion and nitrate 
contamination in a homogene-
ous coastal unconfined aquifer 
with MPB
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where �f  is the density of freshwater, taken as 1000 kg/m3; 
∂ρ/∂C is the rate of change of fluid density, taken as 0.7143; 
C is the salinity of pore water.

Model setup

Groundwater flow and salt transport model

The model area represents a cross section of a two-dimen-
sional homogeneous beach aquifer, as shown in Fig. 3. The 
boundary conditions of groundwater flow and salt transport 
model were set to simulate the natural forcing conditions 
acting on the beach aquifer. The aquifer is assumed to be 
located on bedrock, and the aquifer basement is consid-
ered impermeable with no flow boundary and zero salt flux 
boundary. The freshwater boundary on the left is a constant 
flow and salt concentration boundary with a flow rate of 
0.4  m3/day (Qf) and a salt concentration of 0 ppt. Infiltra-
tion zones with a constant salt concentration of 0 ppt were 
established along specific areas of the upper boundary, 
with the infiltration zone length (Ln) and infiltration rate 
(R) based on Sun et al. (2019, 2021). Other permanently 
exposed upper surfaces were set up as no-flow boundaries 
and zero salt flux boundaries, without considering precipi-
tation and evaporation effects. The seaward boundary on 
the right is a permeable boundary with an external head 
equal to the sea level head and an open boundary with an 
external concentration equal to seawater salt concentra-
tion. The boundary condition is specified by the following 
equation:

(10)−nf ⋅ �
−ks

�
kr(∇P + �g∇Z) = �Rb

(
Hw − Hb

)

(11)Rb =
K

Dl

where nf is the normal vector of the boundary; Rb is the con-
ductivity, defined as the ratio of the hydraulic conductivity 
coefficient K to the coupling length scale Dl; Hb is the sea 
level head and Hw is the groundwater head.

Equations 10 and 11 reveal that (1) when Hb is higher than 
Hw under saturated conditions, the head difference between 
the overlying surface water and the interfacial sediment will 
determine the water flux at the boundary; (2) under saturated 
conditions, when Hb is lower than or equal to Hw, a seepage sur-
face forms along this boundary (Abarca et al. 2013; Chui and 
Freyberg 2009); and (3) under unsaturated conditions, when 
the pressure head is less than 0, the conductivity value (Rb) is 
set to 0, causing the boundary to become a no-flow boundary 
(Chui and Freyberg 2009).

Salt transport at the open boundary is determined by the 
direction of groundwater flow at the boundary, as indicated 
by Eqs. 12 and 13. Specifically, nodes flowing into the aqui-
fer are assigned a seawater concentration of 35 ppt, while 
nodes flowing out of the aquifer have a zero-concentration 
gradient (Cardenas et al. 2015; Shen et al. 2019).

The physical barrier is simulated by setting specific 
areas as inactive units. The subsurface dam and cut-
off wall thickness are fixed at 0.6 m, while the depth, 
height, and opening spacing of the MPB are variable and 
denoted by Hc, Hd, and Ls, respectively. Table 1 lists 
the model parameters related to groundwater flow and 
salt transport. The simulation area measures 90 × 23 
 m2 and is discretized by a uniform grid with a size of 
Δx × Δy = 0.3 m × 0.25 m. This grid spacing satisfies the 
Péclet number criterion, ensuring that the mathematical 
model is numerically stable. The Péclet number is defined 
as follows (Voss & Souza 1987):

(12)C = Csea nf ⋅ u < 0

(13)−nf ⋅ D∇C = 0 nf ⋅ u ≥ 0

Fig. 3  Area and boundary of 
numerical simulation. H and 
L are the height and length of 
the simulated area. Hc, Hd, Ls, 
Lc, and Ln represent the depth 
of cutoff wall, the height of 
subsurface dam, MPB opening 
spacing, spacing between MPB 
and landside boundary, and 
length of  NO3

− infiltration zone, 
respectively
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where Δx is the grid size in the x-axis direction and αL is the 
dispersion coefficient in the x-axis direction.

Reaction transport model

Reactive solute transport in the aquifer is calculated based 
on the velocity field of the variable density groundwater flow 
model. The bottom of the model domain (Fig. 3) is subject 
to a flux-free boundary condition. Specific areas along the 
upper boundary are designated as  NO3

− permeability zones, 

(14)Pem ≈
Δx

𝛼L
= 0.75 < 4

with  NO3
− concentration (CN) in the zones based on Sun 

et al. (2019, 2021). The remaining upper surface is subject 
to no-flow and zero-flux boundaries. The land side of the 
simulation area is subject to a constant concentration bound-
ary condition. Similar to the salt transport model, an open 
boundary on the seaward side (right-hand side in Fig. 3) 
specifies an external concentration equal to the solute con-
centration in seawater. Seawater entering the simulated area 
through the aquifer-ocean interface is the source of  O2, while 
DOC is present in fresh groundwater inflow from the land 
boundary, as shown in Fig. 3.

The aerobic respiration and denitrification processes 
involved in this model follow Heiss et al. (2017) and Bardini 

Table 1  Summary of model 
numerical parameters

The numbers in bold are the reference values for Hc, Hd, and Ls
a Shen et al. (2019)
b Shoushtari et al. (2015)
c Heiss et al. (2017)

Parameters Description Value Units

  Hc Depth of cutoff wall 0, 9, 11, 13, 15, 17 m
  Hd Height of subsurface dam 0, 8, 10, 12, 14, 16 m
  Ls Opening spacing of MPB 4, 6, 8, 10 m
  Lc Cutoff wall location 65 m

Aquifer properties
  L Model field length 90 m
  H Model field height 23 m
  Ln NO3

− infiltration zone length 25 m
  Ka Hydraulic conductivity 1.447 ×  10−4 m/s
  Φa Porosity 0.45 -
  θr

a Residual water volume fraction 0.045 -
  θs

a Saturated water volume fraction 0.45 -
  na Pore size distribution index 14.5 -
  αa Inverse of air entry suction parameter 2.68 1/m
  αL

a Longitudinal dispersivity 0.4 m
  αT

a Transverse dispersivity 0.04 m
  ρs Seawater density 1025 kg/m3

  ρf Freshwater density 1000 kg/m3

  Hs Mean sea level 22 m
  Qf Inland fresh groundwater flux 0.4 m3/day
  R NO3

− infiltration rate 0.03 m/day
  CS Seawater concentration 35 ppt
  CL Freshwater concentration 0 ppt
   Dl

b Coupling length scale 0.001 m
Reactant boundary concentration
  CN

c Infiltration  NO3
− concentrations 100 mg/L

  CO
c Infiltration  O2 concentrations 0.2 mM

  CD
c Infiltration DOC concentrations 1 mg/L

Kinetic parameter values
   Kfoxc Rate constant for decomposition of DOC 1.5 ×  10−6 1/s
   KmO2

c Limiting concentration of dissolved oxygen 3.125 ×  10−5 M
   KmNO3

−c Limiting concentration of  NO3
− 8.065 ×  10−6 M
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et al. (2012). The aerobic respiration and denitrification 
reaction networks and their kinetic equations are shown in 
Table 2, and the reactant concentrations and reaction kinetic 
parameter values are shown in Table 1.

A fully coupled solver is used to solve the multi-physics field 
coupled equations, which simultaneously solve for groundwater 
flow, solute transport, and reactions. The simulation consists of 
four steps: First, groundwater flow and salt transport are calcu-
lated without a physical barrier and with an initial value of 0 
until the steady-state head and salt concentration are achieved. 
Second, using the steady-state results from the first step as initial 
values, the SWI removal process is calculated with the installa-
tion of physical barrier. Third, the initial value of reactive solute 
concentration is set to 0, and 2000 days of variable density water 
flow and non-reactive transport of multiple solutes are simulated 
to ensure steady-state head and solute concentration. Finally, the 
reaction rate of the reactive solute is added to the results of the 
third step to simulate another 2000 days until the reactive solute 
reaches equilibrium.

This study compared the effect of the MPB on SWI and 
nitrate accumulation by first considering the no physical bar-
rier case (case A) and the base case (case B). Next, a sen-
sitivity analysis was conducted based on case B to explore 

the effects of variations in the height, depth, and opening 
spacing of MPB on SWI and nitrate accumulation. Table 3 
summarizes the simulated cases for the sensitivity analysis. 
Finally, to determine the value of MPB applications, the 
differences in SWI control performance and nitrate accumu-
lation between the MPB and single physical barrier (subsur-
face dam and cutoff wall) were compared.

Measurable diagnostics

To assess the effectiveness of physical barrier in SWI con-
trol performance, two dimensionless parameters were intro-
duced: the saltwater wedge length reduction rate (RS) and the 
post-barrier residual saltwater removal rate (RM). RS and RM 
are expressed as, respectively:

where L0 is the initial length of the saltwater wedge before 
MPB installation and Lf is the length of the saltwater wedge 
after MPB installation. M0 is the initial residual total salt 
mass trapped in the inland aquifer before MPB installation. 
M0 is constant for a dam installed at a fixed position while it 
has various values for dams installed at different positions. 
M is the residual total salt mass in the inland aquifer after 
MPB installation. A seawater salinity of 0.5 ppt was used 
as a threshold to define the total amount of saltwater water 
behind the barrier, and the toe location was determined by 
the isoline of 50% seawater salinity.

To compare the effect of physical barrier on nitrate accu-
mulation in aquifers, two parameters were used: the total 
nitrate mass accumulation rate (TNM) and the nitrate con-
taminated zone area increase rate (VNM). The TNM and 
VNM are described below:

(15)RS =
L
0
− Lf

L
0

(16)RM =
M

0
−M

M
0

(17)TNM =
TNMW

TNMN

Table 2  Reaction and kinetic rate expressions (using Bardini et al. 2012; Heiss et al. 2017)

Name Reaction Rate expression

Oxic degradation DOC +  O2 →  CO2 +  H2O If  [O2] >  KmO2; rate = Kfox[DOC]
If  [O2] <  KmO2; rate =  Kfox[DOC][O2]/KmO2

Denitrification 5DOC +  4NO3
− +  4H+ →  5CO2 +  7

H2O +  2N2

If  [O2] >  KmO2; rate = 0
If  [O2] <  KmO2 and  [NO3

−] >  KmNO3
−; rate = Kfox[DOC](1-[O2]/KmO2)

If  [O2] <  KmO2 and  [NO3
−] <  KmNO3

−; rate = Kfox[DOC](1-[O2]/KmO2) 
 [NO3

−]/KmNO3
−

Table 3  Parameter values used for the sensitivity analysis simulation 
cases

No Hd Hc Ls Note

1 - - - Case A
2 12 11 8 Case B
3 8 11 8 Sensitivity to Hd
4 10 11 8
5 14 11 8
6 16 11 8
7 12 9 8 Sensitivity to Hc
8 12 13 8
9 12 15 8
10 12 17 8
11 12 11 4 Sensitivity to Ls
12 12 11 6
13 12 11 10
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where TNMW and VNMW are the total nitrate amount and 
nitrate contaminated area of the aquifer after physical barrier 
installation, respectively, and TNMN and VNMN are the total 
nitrate amount and nitrate contaminated area of the aqui-
fer before physical barrier installation. According to WHO 
standards, a  NO3

− concentration of 11.3 mg/L is used as a 
threshold to define the nitrate pollution zone.

Results

NO3
− accumulation under MPB

Figure 4 shows the steady-state cross-sectional distributions 
of salinity,  NO3

− concentration, and DOC concentration in 
the aquifer under two conditions: no physical barrier instal-
lation (case A) and MPB installation (case B). Without phys-
ical barrier, a saltwater wedge about 57 m long was formed 
along the bottom of the aquifer side against the sea due to 
the difference in density and hydraulic gradient of salty 
and freshwater. The subsurface fresh water moved upward 
under the effect of buoyancy and eventually sank into the 
ocean.  NO3

− seeping from the surface formed a semi-ellip-
tical pollution zone in the aquifer, while the distribution of 
DOC entering the aquifer from the landside boundary was 

(18)VNM =
VNMW

VNMN

limited by the saltwater wedge and  NO3
−, and most of it 

was consumed by denitrification and oxidation reactions. 
When the MPB was constructed, the toe of the saltwater 
wedge receded to the location of the subsurface dam, and the 
subsurface freshwater sank into the ocean through the open-
ing between the subsurface dam and the cutoff wall. Com-
pared to case A, the  NO3

− contaminated area and the total 
 NO3

− mass on the left side of the subsurface dam increased 
significantly, especially in the deeper part of the aquifer. 
However, the  NO3

− contamination above the subsurface dam 
decreased slightly due to the increased flow velocity in the 
vertical direction, which inhibited the downward transport 
and diffusion of  NO3

−. The DOC in the deep part of the 
aquifer pushed toward the ocean and filled the lower part of 
the aquifer due to the retreat of the saltwater wedge toward 
the ocean.

We used the metrics TNM, TNM', VNM, and VNM' (where 
TNM' and VNM' denote TNMW, TNMN, and VNMW, VMNN) 
to quantify the effect of the MPB on  NO3

− accumulation in 
case A and case B. Figure 5a demonstrates the evolution 
of TNM and TNM' over time for both cases. Prior to con-
sidering biochemical reactions, TNM' gradually increased 
until it reached a steady state as vertical infiltration of 
 NO3

− occurred, which resulted in values of 48.21 kg and 
63.42 kg for case A and case B, respectively. At stabiliza-
tion, the TNM index was approximately 31.57%. Through-
out the experiment, TNM rapidly increased, followed by a 
slow decrease before gradually increasing and stabilizing at 

Fig. 4  Cross-sectional distribu-
tions of salinity,  NO3

− and DOC 
for the case without physical 
barrier (case A) and the case 
with MPB installed (case B), 
the distributions for each case 
are shown in the left and right 
columns, respectively. The 
arrows indicate the flow direc-
tion and velocity magnitude. 
Purple, green, and yellow colors 
indicate the 10%, 50%, and 90% 
salinity contours, respectively. 
The white columns are the 
subsurface dam and cutoff wall 
of the MPB, which are 17 m 
and 25 m from the sea-side 
boundary, respectively. Realistic 
scales are used for the length 
units in [m]
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a steady state. TNM was always greater than zero during the 
entire process, indicating that MPB facilitated  NO3

− accu-
mulation. After biochemical reactions were coupled, total 
 NO3

− went through a short decline phase due to mass con-
sumption but ultimately returned to a stable phase. This 
caused the TNM' values for Case A and Case B to slightly 
decrease to 48.0 kg and 63.22 kg, respectively, compared 
to their pre-reaction counterparts. Meanwhile, TNM was 
slightly larger after considering biochemical reactions, 
reaching 31.69%.

Figure 5b displays the transient processes of VNM and 
VNM' over time in the aquifers of case A and case B from the 
initial conditions to reaching a steady state. Before consider-
ing the reaction, the size of the contaminated zone, VNM', 
increases with time until it reaches a steady state. In the early 
stage of  NO3

− infiltration (the first 250 days), the growth 
rate and value of VNM' in case A were slightly larger than 
in case B. This was due to the interception wall in case B 
blocking the transport diffusion of  NO3

− in the horizontal 
direction and the slower increase in the transport rate of 
 NO3

− in the vertical direction in the initial stage. With con-
tinued  NO3

− infiltration, the growth rate and value of VNM' 
in case B gradually became larger than in case A until it 
reached a steady state. After stabilization, the VNM' of case 
A and case B were 562.02  m2 and 722.45  m2, respectively, 
and the VNM was stabilized at 28.8%. After considering the 

consumption of  NO3
− by the reaction, the  NO3

− contami-
nated area in the aquifer underwent a brief decline phase at 
the beginning, but then returned to the stabilization phase 
after 1000 days. The stabilized VNM' were 557.48  m2 and 
716.99  m2, respectively, and the VNM was equal to 28.61%.

The processes of TNM, TNM', VNM, and VNM' indicate 
that nitrate pollution growth in the aquifer follows similar 
trends in both cases. However, installing MPB inhibits the 
seaward discharge of  NO3

−, increases the total amount of 
 NO3

− in the aquifer, expands the  NO3
− pollution zone, leads 

to more severe nitrate accumulation, and deteriorates the 
subsurface freshwater resources.

SWI control performance

The saltwater removal process is calculated after install-
ing the MPB while assuming that the barrier installation is 
transient and does not affect the initial pressure and salin-
ity distribution of the aquifer. Figure 5c displays the vari-
ation process of RM and RS over time after the installation 
of MPB. During the period from the initial moment to day 
600, RM increases to over 50% as a nearly linear function, 
and its rate of increase gradually slows down after day 
600. After approximately 1200 days of MPB installation, 
the RM value increases to over 70% and then increases at a 
decreasing rate until it reaches stability on day 4650. The RS 

Fig. 5  a Non-reactive transport and reactive transport simulation 
phases, total nitrate mass (TNMN, TNMW) and TNM (red solid line) 
versus time. b Non-reactive transport and reactive transport simula-
tion phases, nitrate contaminated area (VNMN, VNMW) and VNM (red 
solid line) versus time. c Time-varying processes of RS (red solid 
line) and RM (blue solid line) during the simulation phase of residual 

saltwater removal. In a and b, the blue solid lines represent TNMW 
and VNMW for case B, respectively. In a and b, the blue dashed lines 
represent TNMN and VNMN for case A, respectively. The changes 
of each index with time before and after reaction is considered are 
denoted by the left and right sides of the black dashed lines in a and 
b, respectively
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increased rapidly during the first period of saline clearance 
(first 400 days), after which its growth rate gradually dimin-
ished until day 2100 when there was an abrupt change in the 
growth rate, and the RS rapidly increased in a short period 
of time before reaching stability on day 2200. The sudden 
change in the RS growth rate in the later stage is mainly due 
to the disappearance of the 50% salinity contour behind the 
dam when the saline water decreases to a certain level, and 
the salinity contour is truncated due to the non-existence 
of salinity in the area where the subsurface dam is located.

Figure 6 illustrates the concentration distribution of 
residual saltwater at different stages after MPB installa-
tion. Once SWI has occurred, saturated aquifers can typi-
cally be divided into saline, freshwater, and mixed zones. 
The mixing zone is the transition zone between brackish 
and freshwater areas, and when the salinity of seawater is 
standard salinity, the area with salinity between 10 and 
90% is generally considered to belong to the mixing zone 
(Lu & Luo 2010; Lu et al. 2009). We divided the mix-
ing zone into a high salinity mixing zone (HCMZ) with 
a salinity range of 50 to 90% and a low salinity mixing 
zone (LCMZ) with a salinity range of 10 to 50% (Zheng 
et al. 2020). The LCMZ is the primary channel for saltwa-
ter discharge, and the efficiency of saltwater desalination 
behind the dam is dominated by the concentration gradi-
ent between the LCMZ and HCMZ and the LCMZ at the 
dam with respect to the dam height, which is dominated 
by the relative height. As shown in Fig. 6, the area of the 
mixing zone near the subsurface dam and the toe of the 

saltwater wedge increased significantly during the initial 
period after MPB installation (day 200). The 10% salinity 
contour moved upward at the location of the subsurface 
dam and to the right of the dam, and was depressed to the 
left of the dam, with no significant change in the location 
of the 10% contour at the salt toe. The 50% and 90% salin-
ity contours experienced significant retreat. At days 600 
and 1200 after MPB installation, the mixing zone area 
decreased relative to the initial moment, but the 10% salin-
ity contour remained higher than the subsurface dam, and 
the 10%, 50%, and 90% salinity contours all experienced 
significant retreat. On day 2000 after MPB installation, 
the HCMZ almost disappeared, and only a small amount 
of low concentration saltwater was retained upstream, with 
the 10% salinity contour level with the top part of the 
subsurface dam, and its 10% and 50% salinity contours 
receded significantly less relative to the first 1200 days.

The analysis demonstrates that the desalination mecha-
nism of MPB is in line with the proposals of Zheng et al. 
(2020) and Gao et al. (2021). That is to say, when the 
HCMZ is large and the LCMZ exceeds the dam, the salt 
in the HCMZ is dispersed into the LCMZ at a faster rate, 
while low concentration saltwater is more easily dis-
charged across the dam to the sea boundary, resulting in 
higher desalination efficiency and quicker decay of resid-
ual saltwater mass and area. However, when only a small 
amount of low concentration saltwater is retained behind 
the dam and the 10% salinity contour is lower than the 
dam, the rate of internal salt dispersion to the outside is 

Fig. 6  Distribution of saline 
wedge at 0, 200, 600, 1200, 
2000, and 4000 days after 
installation of MPB (case A). 
The white columns are the sub-
surface dam and cutoff of MPB, 
which are 17 m and 25 m from 
the sea-side boundary, respec-
tively. Purple, green, and yellow 
solid lines represent the salinity 
contours of 10%, 50%, and 90% 
of seawater, respectively
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greatly reduced, and the saltwater needs to flow vertically 
from the bottom to the top of the dam. Therefore, the salt-
water removal rate decreases significantly, and the residual 
saltwater quality and area decay slowly.

Discussions

Influences of subsurface dam height

In this subsection, we simulated a series of MPB cases 
with varying subsurface dam heights (Table  3) while 

maintaining Hc and Ls at the same levels as the base case 
(case B). The objective was to study how the subsurface 
dam height, Hd, affects the performance of SWI control 
and the extent of  NO3

− accumulation.

Nitrate accumulation

Figure 7 illustrates the distributions of nitrate and DOC 
for different subsurface dam heights (Hd) at steady state. 
As shown in Fig. 7, the height of the subsurface dam has 
some effect on the distribution of  NO3

−. As Hd increases, 
the depth of the nitrate pollution zone on the left side of 

Fig. 7  Cross-sectional distribu-
tion of salinity,  NO3.− and DOC 
for MPB using different subsur-
face dam heights under stable 
conditions. The purple, green 
and yellow colors indicate the 
concentration contours of 10%, 
50%, and 90%, respectively. The 
white bars are the subsurface 
dam and cutoff wall of the 
MPB, which are 17 m and 25 m 
from the sea-side boundary, 
respectively. Realistic scales are 
used for the length units in [m]
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the MPB opening (as indicated by the 10% concentration 
contour position) gradually increases. When Hd = 12 m, 
the depth of nitrate pollution is at its maximum, and when 
Hd ≥ 12 m, the depth of the nitrate pollution zone gradually 
decreases. The area of the nitrate mixing zone (10 to 90% 
concentration contour range) on the left side of the opening 
does not show significant changes due to the increase in Hd. 
Above the subsurface dam, the depth of nitrate contamina-
tion decreases in steps with increasing Hd. The relationship 
between nitrate distribution on the right side of the open-
ing and Hd is different from that on the left side. The 90% 
concentration contour on the right side of the opening shifts 
upward with increasing dam height, while the 10% and 50% 
concentration contours are depressed near the subsurface 
dam, and the depth of the depression is proportional to Hd. 
The area of the nitrate mixing zone on the right side of the 
opening changes significantly with increasing Hd, and the 
area of the mixing zone increases with increasing Hd. Fig-
ure 8a and b show the effect of Hd of MPB on nitrate accu-
mulation. The TNM values for subsurface dam heights of 
8 m, 10 m, 12 m, 14 m, and 16 m were 30.02%, 33.58%, 
31.69%, 29.31%, and 26.77%, respectively, corresponding 
to VNM values of 27.35%, 30.07%, 28.61%, 27.02%, and 
25.69%, respectively. From Fig. 8a and b, it can be observed 
that when Hd is below 10 m, TNM and VNM gradually 
increase with increasing Hd. When Hd exceeds 10 m, TNM 
and VNM gradually decrease. Overall, it exhibits a trend of 
initially increasing and then decreasing. The reasons for this 
trend may be as follows: (1) when MPB fails to effectively 
control SWI, the depth of nitrate transport is limited by the 
residual saltwater. However, when Hd increases to 10 m, 
the residual saltwater is completely removed, resulting in 
a significant increase in the depth of nitrate transport, and 
the amount of nitrate in the region to the left of the MPB 

increases. Although the Hd increase causes a decrease in 
the nitrate amount on the right side of the MPB, the overall 
increase in nitrate exceeds the decrease. Thus, both the RM 
and RS values gradually increase as Hd increases from 8 
to 10 m. (2) Once Hd exceeds 10 m, the amount of nitrate 
pollution in the left region of the MPB is primarily con-
trolled by the cutoff wall, and the increase in Hd does not 
significantly affect the nitrate quantity in this area. However, 
the nitrate quantity on the right side of the MPB decreases 
with the Hd increase, especially in areas with high nitrate 
concentrations. Therefore, when Hd exceeds 10 m, both the 
RM and RS values gradually decrease with the Hd increase.

SWI control performance

Figure 7 shows that when the height of the lower dam is 
8 m, the barrier fails to completely control the SWI, and 
residual saltwater still exists behind the dam. When the dam 
height is greater than 8 m, the SWI can be effectively con-
trolled. Figure 8c and d illustrate the course of RM and RS 
with time for different dam heights, respectively. When Hd 
exceeds 8 m, the RM values gradually increase with time 
until the residual saltwater inland is completely removed 
(RM = 1), and the rate of increase gradually decreases with 
time. When Hd = 8 m, the RM value still increases gradually 
with time, but the residual saltwater behind the dam can-
not be completely removed (as shown in Fig. 7), and the 
RM finally stabilizes at 0.84, indicating that the barrier can-
not effectively control the SWI. When MPB can effectively 
control SWI, the RM growth rate decreases with increasing 
dam height, and the time for complete removal of residual 
saltwater increases with increasing dam height. For instance, 
after 1000 days of MPB installation, the RM values for sub-
surface dam heights of 10 m, 12 m, 14 m, and 16 m were 

Fig. 8  a Variation of TNM, 
the accumulation rate of total 
nitrate mass in the aquifer, with 
subsurface dam height, and Hd 
equals 0 corresponding to case 
A. b Variation of VNM, the 
increase rate of nitrate contami-
nated area in the aquifer, with 
subsurface dam height, and Hd 
equals 0 corresponding to case 
A. c Post-barrier residual salt 
removal rate RM versus time 
using MPB with different sub-
surface dam heights. d Saltwa-
ter wedge length reduction rate 
RS versus time using MPB with 
different subsurface dam heights
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0.76, 0.72, 0.68, and 0.66, respectively, corresponding to 
complete residual saltwater removal times of 4050, 4650, 
4850, and 5000 days, respectively. The RS values follow a 
similar pattern to RM. When Hd is greater than 8 m, RS val-
ues increase with time and eventually reach a stable value 
of 1.0 (where the 50% salinity contour corresponds to the 
salt toe reaching the location of the subsurface dam), and 
when Hd is equal to 8 m, RS eventually stabilizes at 0.49. 
The rate of increase of RS decreases with increasing Hd, 
and the elapsed time for the salt toe to reach the location of 
the subsurface dam increases with increasing dam height. 
The increased height of the subsurface dam lengthens the 
residual saltwater removal time due to the extended trans-
port path of salts in the low salinity zone. The difference in 
the variation of RM and RS values for different dam heights 
indicates that the SWI can be effectively controlled only 
when the dam height of MPB is slightly higher than the 
50% salinity contour, and at this time, the residual saltwater 
removal efficiency is optimal.

Influences of cutoff wall depth

To investigate the effect of cutoff wall depth on SWI and 
 NO3

− accumulation, a series of MPB cases with different 
cutoff wall depths (Hc values) were simulated while keep-
ing Hd and Ls the same as the base case (case B) (as shown 
in Table 3).

Nitrate accumulation

Figure 9 displays the distributions of nitrate and DOC for 
different cutoff wall depth (Hc) conditions at steady state. 
As shown in Fig. 9, the range of  NO3

− and DOC distribu-
tion is greatly affected by the depth of the cutoff wall. As 
Hc increases, the depth reached by the nitrate contamina-
tion zone on the left side of the opening (10% concentration 
contour position) gradually increases, and the area of DOC 
distribution near MPB decreases. The area of the nitrate 
mixing zone on the left side of the opening (10 to 90% con-
centration contour range) decreases with the increase of Hc. 
The 90% concentration contour near the opening moves 
upward in the vertical direction with increasing wall depth 
and closer to the cutoff wall in the horizontal direction. As 
Hc increases, the 90% concentration contour on the right 
side of the opening moves upward, the position of the 50% 
concentration contour remains almost unchanged, and the 
position of the 10% concentration contour moves downward. 
The area of the nitrate mixing zone on the right side of the 
opening changes significantly with the increase of Hc, and 
the area of the mixing zone increases with the increase of 
Hc. Figure 10a and b demonstrate the effect of Hc values on 
nitrate accumulation. The variation curves of TNM and VNM 
follow a linear increase with increasing Hc. The TNM values 

for cutoff wall depths of 9 m, 11 m, 13 m, 15 m, and 17 m 
were 27.48%, 31.69%, 36.10%, 40.10%, and 43.68%, respec-
tively, corresponding to VNM of 24.62%, 28.61%, 32.88%, 
37.13%, and 41.30%, with growth rates of about 2.03% and 
2.09%, respectively. Comparing the effect of subsurface dam 
height on nitrate accumulation, it can be observed that the 
changes in TNM and VNM values are more significant when 
the depth of the cutoff wall is increased compared to the 
change in subsurface dam height.

SWI control performance

Figure 9 illustrates the salinity distribution under different 
cutoff wall depth conditions at the steady state. As shown in 
Fig. 9, barrier with varying Hc values can entirely control 
the SWI, and the mixing zone area after SWI stabilization 
significantly reduces compared to that before MPB instal-
lation. The variation process of RM and RS with time for 
different cutoff wall depths is presented in Fig. 10c and d. 
When the cutoff wall depth was large, the RM values showed 
rapid growth, such as the saltwater removal rate exceeding 
0.9 on day 600 for the first 600 days at Hc = 17 m. As the 
cutoff wall depth decreased, the growth rate of RM decreased. 
For example, after 600 days of MPB installation, the RM 
values for cutoff wall depths of 17 m, 15 m, 13 m, 11 m, and 
9 m were 0.91, 0.83, 0.67, 0.53, and 0.44, respectively. This 
suggests that the efficiency of residual saltwater removal 
by MPB decreases with decreasing Hc. The time for com-
plete removal of residual saltwater increases with decreas-
ing cutoff wall depth, and the time for complete removal of 
residual saltwater is 1750, 2050, 3100, 4650, and 5900 days 
for cutoff wall depths of 17 m, 15 m, 13 m, 11 m, and 9 m, 
respectively. The variation pattern of RS values is similar to 
that of RM, where RS values increase with time and eventu-
ally reach stability. The rate of increase of RS increases with 
increasing Hc, and the elapsed time for the salt toe to reach 
the location of the subsurface dam decreases with increasing 
Hc. Combining Figs. 8 and 10, it is evident that the effect of 
the change in cutoff wall depth on the RL and RM values is 
more significant than the change in the height of the subsur-
face dam, consistent with the findings of Gao et al. (2021).

Influences of MPB spacing

Previous studies have indicated that the location of subsur-
face dam may significantly impact the performance of bar-
rier against SWI (Chang et al. 2019; Zheng et al. 2020; Fang 
et al. 2021) and affect the exchange of material from the 
aquifer to the ocean (Fang et al. 2023). In this subsection, 
we use case B as the base case for Hd, Hc, and different Ls 
to analyze the impact of MPB opening spacing Ls on nitrate 
accumulation in the aquifer and the control of saltwater 
wedge performance. Unlike the setup of Gao et al. (2021), 
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we define the MPB by the location of the cutoff wall instead 
of the location of the subsurface dam (Gao et al. 2021). We 
maintain the location of the cutoff wall constant and create 
two physical barrier spaced Ls by adjusting the location of 
the subsurface dam.

Nitrate accumulation

Figure 11 displays the steady-state distributions of nitrate 
and DOC for different MPB opening spacing conditions. 
As shown in Fig. 11, the impact of Ls on the  NO3

− dis-
tribution on the left and right sides of the opening varied, 

and generally, the change in  NO3
− distribution on the right 

side was more significant than that on the left side. With an 
increase in Ls, the depth of the nitrate contaminated area 
to the left of the opening also increased, and the area of 
DOC distribution decreased slightly. However, the change 
was negligible. The area of the nitrate mixing zone (10 to 
90% concentration contour range) on the left side of the 
opening did not exhibit significant alterations due to the 
increase in Ls. The 10%, 50%, and 90% concentration con-
tours near the opening shifted downward with increasing 
spacing in the vertical direction and further away from the 
cutoff wall in the horizontal direction. As Ls increased, the 

Fig. 9  Steady-state cross-sec-
tional distributions of salinity, 
 NO3.− and DOC for MPB using 
different cutoff wall depths. The 
purple, green, and yellow colors 
indicate the concentration 
contours of 10%, 50%, and 90%, 
respectively. The white columns 
are the subsurface dam and 
cutoff wall of the MPB, which 
are 17 m and 25 m from the 
sea-side boundary, respectively. 
realistic scales are used for the 
length units in [m]
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Fig. 10  a Variation of TNM, 
the accumulation rate of total 
nitrate mass in the aquifer, with 
depth of the cutoff wall, and Hc 
equals 0 corresponding to case 
A. b VNM, the increase rate of 
nitrate contaminated area in 
the aquifer, versus depth of the 
cutoff wall, and Hc equals 0 
corresponding to case A. c The 
relationship between the rate of 
residual salt removal RM after 
the barrier with different cutoff 
wall depths and time. d The 
variation of the rate of reduction 
of saltwater wedge length RS 
with time using different cutoff 
wall depths

Fig. 11  Cross-sectional distri-
bution of salinity,  NO3.− and 
DOC at different MPB opening 
spacing after reaching steady 
state. The purple, green, and 
yellow colors indicate the 
concentration contours of 10%, 
50%, and 90%, respectively. 
The white columns are the 
subsurface dam and cutoff wall 
of the MPB, which are 21 m, 
19 m, 17 m, and 15 m from the 
sea-side boundary, respectively. 
Realistic scales are used for the 
length units in [m]
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90% concentration contour on the right side of the opening 
moved down gradually, the position of the 50% concentra-
tion contour did not change significantly, and the position of 
the 10% concentration contour gradually moved up. The area 
of the nitrate mixing zone on the right side of the opening 
changed significantly due to the increase in Hc, and the area 
of the mixing zone decreased with the increase in Ls. Fig-
ure 12a and b illustrate the effect of the change in Ls value 
on nitrate enrichment. It can be observed that TNM and VNM 
are linearly and positively correlated with Ls, i.e., the larger 
the Ls, the larger the TNM and VNM. The TNM values cor-
responding to MPB spacing of 4 m, 6 m, 8 m, and 10 m 
are 25.32%, 28.57%, 31.69%, and 34.74%, respectively, and 
the corresponding VNM are 23.84%, 26.32%, 28.61%, and 
31.22%, with TNM and VNM growth rates of approximately 
1.57% and 1.23%, respectively.

SWI control performance

To evaluate the impact of Ls values on the performance 
of MPB-controlled SWI, we considered the formation of 
a steady-state saltwater wedge in case A and installing 
a physical barrier afterward. Figure 11 shows the SWI 
distribution after reaching a steady state, indicating 
that the area of the saltwater mixing zone significantly 
decreases after MPB installation. Additionally, the area 
of the saltwater mixing zone gradually decreases with an 
increase in Ls. The closer the subsurface dam is to the ocean 
boundary (i.e., the larger the Ls), the closer the low salinity 
mixing zone at the location of the subsurface dam is to 
the top part of the dam. The corresponding M0 values are 
5228.2 kg, 5840.5 kg, 6498.4 kg, and 7204.7 kg when the 
spacing between the cutoff wall and the subsurface dam 
is equal to 4 m, 6 m, 8 m, and 10 m, respectively, but the 

initial saltwater wedge L0 value within the aquifer is the 
same at 57.2 m.

Figure 12c illustrates the RM course over time for different 
Ls values. During the first 600 days, the post-dam saltwa-
ter removal rate increased rapidly with time for all MPB 
opening spacings. Then, it underwent a long period of slow 
increase, during which the growth rate of RM continuously 
decreased until all saltwater was removed (RM = 1). The RM 
change curves for Ls = 4 and Ls = 6 were almost identical. 
At the beginning of saline wedge removal (first 600 days), 
there was no significant difference in the RM change curves 
for Ls = 4, Ls = 6, and Ls = 8. Ls = 8 and Ls = 10 exhibited 
a longer slow-rise period compared to Ls = 6 and Ls = 4, 
with the longest slow-rise period for Ls = 10. The complete 
removal times of residual saltwater for MPB spacing of 4 m, 
6 m, 8 m, and 10 m were 4400, 4400, 4650, and 5100 days, 
respectively. This is mainly due to larger Ls values trapping a 
greater total amount of saltwater behind the dam. Figure 12d 
presents the variation of RS with time for different Ls values. 
All RS values increased with time and eventually reached 
stability. During the first 400 days, RS values increased the 
fastest for Ls = 10. The overall increase in RS values during 
this period was characterized by a decreasing rate of increase 
with decreasing Ls. The rate of increase of RS values was 
almost the same for different Ls cases during the phase from 
day 400 to day 2000. There were some differences in the 
time for RS to reach stability for different Ls cases. When 
Ls = 4 and Ls = 6, the time for both RS values to reach stabil-
ity was almost the same, 1900 and 1950 days, respectively. 
The time for RS to reach stability was longer for Ls = 8 and 
10, 2100 and 2300 days, respectively. When the saltwater 
can be completely removed behind the dam, the length of 
the stabilized saltwater wedge is related to the location of 
the subsurface dam, and different Ls values lead to different 

Fig. 12  a Variation of TNM, 
the accumulation rate of total 
nitrate mass, with MPB opening 
spacing Ls. b VNM, the increase 
rate of nitrate contaminated 
area, versus MPB opening 
spacing Ls. c The relationship 
between RM, the rate of residual 
salt removal after the barrier 
with different Ls, and time. d 
The variation process of RS, the 
rate of reduction of saltwater 
wedge length with time using 
different Ls 
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saltwater wedge setback distances. Therefore, the stabilized 
RS value increases with an increase in Ls.

Comparison with single physical barrier

We compared MPB with single subsurface dam and cutoff 
wall to evaluate the differences between MPB and single 
physical barrier in controlling SWI and nitrate pollution 
enrichment. We assessed the capability of physical barrier 
to control SWI using RM and RS, and analyzed the effect of 
various physical barrier on the degree of nitrate contamina-
tion in the aquifer using TNM and VNM.

Comparison of MPB and subsurface dam

A comparative analysis of MPB with subsurface dam at 
different dam heights was performed by adjusting the Hd 
values based on the baseline case (Fig. 13). From Fig. 13a 
and b, it is evident that both TNM and VNM of the MPB 
are significantly higher than those of the subsurface dam 
due to the nitrate enrichment exacerbated by the presence 
of the cutoff wall. The relationship between TNM and 
Hd under subsurface dam conditions is consistent with 
the findings of Sun et al. (2021), indicating that anoma-
lously low TNM values occur when the subsurface dam 
fails to control SWI, and after Hd exceeds the minimum 
effective dam height, TNM gradually decreases with an 
increase in Hd. The relationship between VNM, TNM and 
dam height for both shows an increasing and then decreas-
ing pattern with an increase in Hd. Specifically, TNM and 
VNM increase with an increase in Hd when Hd is less than 
10 m. After Hd exceeds 10 m, TNM and VNM gradually 

decrease with an increase in Hd. The TNM values for the 
MPB case at dam heights of 8 m, 10 m, 12 m, 14 m, and 
16 m were 30.02%, 33.58%, 31.69%, 29.31%, and 26.77%, 
respectively, corresponding to a VNM of 27.35%, 30.07%, 
28.61%, 27.02%, and 25.69%, respectively. The TNM val-
ues for subsurface dam at the corresponding dam heights 
were 3.37%, 19.51%, 17.51%, 14.41%, and 10.80%, with 
corresponding VNM of 2.85%, 17.45%, 15.67%, 13.09%, 
and 10.39%, respectively. In other words, the enrichment 
effect of MPB on nitrate pollution is 14 to 27% higher than 
that of a single subsurface dam.

The MPB outperforms the subsurface dam significantly 
in terms of SWI control. From Fig. 13c and d, it is evident 
that both the MPB and the subsurface dam fail to control 
SWI effectively for Hd = 8, but there is a significant differ-
ence between them. When the RM and RS values reached 
stability, the MPB had significantly higher RM and RS val-
ues of 0.84 and 0.48 compared to the single dam’s values 
of 0.21 and 0.07, respectively, indicating that the presence 
of the cutoff wall accelerated the saltwater removal rate. 
Both MPB and subsurface dam follow the characteristic 
that the rate of saltwater removal behind the dam decreases 
as Hd increases, which is consistent with the findings of 
Gao et al. (2021). The RM and RS rise rates were greater 
for MPB than for subsurface dam conditions at different 
dam heights. For the MPB case, saltwater removal times 
were 4050, 4650, 4850, and 5000 days for 10 m, 12 m, 
14 m, and 16 m subsurface dam heights, respectively. 
The saltwater removal times for subsurface dam at the 
corresponding dam heights were 7900, 8600, 9650, and 
10,700 days, respectively. Thus, the MPB removes salt-
water 46 to 53% faster than the subsurface dam. Notably, 

Fig. 13  Comparison of the 
performance of MPB and single 
subsurface dam at different dam 
heights. a Total nitrate mass 
accumulation rate TNM, and Hd 
equals 0 corresponding to case 
A. b Increase rate of nitrate con-
taminated area VNM, and Hd 
equals 0 corresponding to case 
A. c Residual salt removal rate 
RM after the barrier versus time. 
d Variation process of saltwater 
wedge length reduction rate RS 
with time
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even when the dam height of the MPB is larger, its SWI 
control performance is still superior to that of the subsur-
face dam with a lower dam height. For instance, when the 
Hd of the MPB is 16 m and that of the subsurface dam is 
10 m, at day 1000, the RM and RS of MPB are 0.66 and 
0.39, respectively, while those of the subsurface dam are 
0.44 and 0.22.

Comparison of MPB and cutoff wall

Based on the baseline case, the MPB was compared with a 
single cutoff wall at different cutoff wall depths by adjust-
ing the Hc value (Fig. 14). It should be noted that we placed 
the cutoff wall at the same location as the cutoff wall in the 
MPB, while M0 was calculated using the residual saltwater 
behind the location of the subsurface dam in the MPB.

Figure 14a and b reveal that the nitrate enrichment and 
contaminated area of both MPB and cutoff wall increased 
gradually with increasing depth of the cutoff wall, follow-
ing a linear trend. Although both TNM and VNM of MPB 
are greater than those of the cutoff wall, the difference 
between them diminishes as the depth of the cutoff wall 
increases, indicating that the cutoff wall’s contribution to 
nitrate enrichment increases with greater depth. The TNM 
values for the cutoff wall depths of 9 m, 11 m, 13 m, 15 m, 
and 17 m in the MPB case were 27.48%, 31.69%, 36.10%, 
40.10%, and 43.68%, respectively, with corresponding VNM 
values of 24.62%, 28.61%, 32.88%, 37.13%, and 41.30%. 
For the cutoff wall, TNM values at corresponding depths 
were 3.37%, 19.51%, 17.51%, 14.41%, and 10.80%, with 
corresponding VNM values of 14.35%, 21.06%, 28.15%, 
34.81%, and 40.61%, respectively. Consequently, the nitrate 

enrichment effect of MPB is 2 to 12% higher than that of a 
single cutoff wall.

Figure 14c and d demonstrate that increasing wall depth 
improves the control performance of both the cutoff wall 
and MPB for SWI, with the RM and RS values of the cutoff 
wall reaching stability sooner than the MPB. However, the 
RM and RS values of MPB can reach 1.0 and 0.71, respec-
tively, while the highest values for the cutoff wall are only 
0.82 and 0.54, respectively, and even the stable RM and RS 
values are only 0.43 and 0.27 when the wall depth is small. 
This indicates that the MPB can increase the retreat distance 
of the saltwater wedge, decrease contamination by brackish 
water in the aquifer, and provide better protection for under-
ground freshwater resources. The stable RM and RM values 
for various wall depths reveal that the MPB controls SWI 
more efficiently than the cutoff wall, with an improvement 
of 16 to 57%.

Comparing the MPB to a single physical barrier, the 
study found that the MPB was more prone to  NO3

− accu-
mulation than the subsurface dam and the cutoff wall, with 
the obstructive effect of the cutoff wall being the primary 
cause of the increased  NO3

− pollutants. However, conven-
tional physical barrier is inadequate for controlling SWI. 
Subsurface dam is unable to rapidly remove saltwater behind 
the dam, particularly at greater heights, and the removal of 
saltwater wedges can take decades. Cutoff wall is unable 
to stably and effectively control the intrusion distance of 
saltwater. In contrast, the MPB maintains high efficiency 
in removing saltwater and possesses stable and effective 
control performance of saltwater wedges, even at high dam 
heights or shallow cutoff wall depths.

It is clear that physical barrier is conflicting in con-
trolling saltwater intrusion and nitrate pollution in the 

Fig. 14  Comparison of the 
performance of MPB and single 
cutoff wall under different cutoff 
wall depth conditions. a Total 
nitrate mass accumulation rate 
TNM, and Hc equals 0 corre-
sponding to case A. b Increase 
rate of nitrate contaminated area 
VNM, and Hc equals 0 corre-
sponding to case A. c Residual 
salt removal rate RM versus 
time. d Variation process of 
saltwater wedge length reduc-
tion rate RS with time
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aquifer. For this contradiction, Sun et  al. (2021) con-
cluded that although the accumulation of  NO3

− caused 
by subsurface dam is small, the removal of residual salt-
water wedges after the dam is slow, and for areas where 
SWI has occurred, cutoff wall measures should be used in 
preference to the use of subsurface dam. Our study shows 
that when the depth of the wall is large, the cutoff wall is 
still weaker than MPB in controlling the saltwater wedge, 
while the degree of  NO3

− pollution accumulation gener-
ated is very close to that of MPB. Therefore, we believe 
that for areas where severe SWI exists, the use of MPB can 
strike a relative balance between accelerated aquifer salt-
water removal and control of nitrate pollution. For areas 
where SWI has not occurred, subsurface dam should be 
used, which can provide good prevention of SWI while 
reducing the accumulation of nitrate pollution.

Conclusion

This study aimed to evaluate the performance of an MPB 
against SWI and its impact on nitrate pollution accumu-
lation using numerical simulation. Through univariate 
analysis, we assessed how the performance of the MPB 
in controlling SWI and nitrate pollution accumulation is 
affected by subsurface dam height, cutoff wall depth, and 
opening spacing. We compared the differences between 
MPB and single physical barrier to assess the applica-
bility of these three types of physical barrier. Our study 
draws the following conclusions:

1. The installation of MPB resulted in an increase in the 
total nitrate mass and the area of nitrate contamination 
in the aquifer.

2. In the MPB structure, the degree of nitrate enrich-
ment did not follow a monotonous pattern as the dam 
height increased. As the subsurface dam height (Hd) 
increased from 8 to 16 m, the TNM and VNM values 
initially showed an increase (from 30.02 to 33.58% 
and from 27.35 to 30.07%, respectively), followed by 
a gradual decrease (from 33.58 to 26.77% and from 
30.07 to 25.69%, respectively). If the dam height of 
the subsurface dam was too low, the MPB would not 
be able to effectively prevent and control SWI. Con-
versely, with an increase in dam height, the removal 
efficiency of saltwater behind the dam decreased. The 
degree of nitrate enrichment was directly proportional 
to the depth of the cutoff wall. TNM increased from 
27.48 to 43.68%, and VNM increased from 24.62 to 
41.30% as Hc increased from 9 to 17 m. Addition-
ally, with an increase in Hc, the removal efficiency of 
post-dam saltwater improved, and the removal time 

decreased from 5900 to 1750 days. TNM and VNM 
showed a linear and positive correlation with the 
MPB opening spacing, and the stabilized saline wedge 
length decreased with an increase in Ls.

3. A contradictory relationship was observed between 
accelerated SWI removal and reduced nitrate pollu-
tion. MPB exhibits significant advantages in control-
ling SWI efficiency, which is 46 to 53% and 16 to 
57% higher than that of conventional subsurface dam 
and cutoff wall, respectively. Nonetheless, the use 
of MPB results in more severe nitrate accumulation, 
which is 14 to 27% and 2 to 12% higher than that of 
subsurface dam and cutoff wall, respectively. In aqui-
fers where SWI has occurred, MPB can be employed 
to strike a relative balance between improving SWI 
control efficiency and controlling nitrate contamina-
tion. Conversely, in areas where SWI does not occur, 
subsurface dam can effectively prevent SWI while 
reducing the accumulation of nitrate pollution.

In our study, we assumed that the aquifer is homogenous 
and isotropic, and we did not consider the tidal fluctuations 
of the ocean. Real-life aquifers are complex, possibly lay-
ered, anisotropic, and influenced by tides and waves. As a 
result, the process of nitrate accumulation and SWI removal 
is more complicated, and the current model needs refinement 
to accurately reflect such complexities. Our study provides 
valuable physical mechanisms and laws that can aid in the 
practical application of MPB and traditional physical barrier. 
Policy makers should evaluate the most appropriate physical 
barrier for their specific situation and strike a relative bal-
ance between SWI control efficiency and nitrate pollution.
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