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Effect of the cutoff wall on
the fate of nitrate in coastal
unconfined aquifers under
tidal action

Jun Kong*, Chao Gao, Chaohua Jiang, Jun Wang, Xinyu Gao
and Li Jing

Key Laboratory of Coastal Disaster and Protection (Hohai University), Ministry of Education,
Nanjing, China

This paper investigates the effects of the cutoff wall on the fate of nitrate (NO37),
the NOs™ removal rate, and the salinity distribution in a coastal aquifer under tidal
action. A numerical study was performed based on a coupled model with
variable-saturation and variable-density flow and a convection-diffusion-
reaction equation for solute transport in a coastal unconfined aquifer. The
results showed that the cutoff wall led to a larger upper salinity plume (USP)
and that the saltwater wedge (SW) further retreated seaward. The recirculation
pathways of saltwater and groundwater were largely modified by the wall. The
cutoff wall within the tidal range could increase the NO3z™ mass of denitrification
and the NOs™ removal efficiency and decrease the length of the SW and the
freshwater flux. This modification of the saltwater and groundwater recirculation
pathways was enhanced with increasing wall depth. A deeper cutoff wall led to a
further retreated SW, lower freshwater flux, and greater improvements in the
NOsz™ mass of denitrification and the NOsz™ removal efficiency. In addition, the
cutoff wall significantly decreased the terrestrial dissolved organic carbon (Tpoc)
discharge into the sea. Dissolved organic carbon source (Spoc) promoted a
higher NOz~ removal efficiency. This study provides us with a better
understanding of coastal physical-biogeochemical processes and dynamic
mechanisms, as well as a guide for designing engineering measures to mitigate
NO3z~ contamination and thus enhance groundwater quality management.
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1 Introduction

Saltwater intrusion (SWI, the movement of saltwater into coastal freshwater aquifers) is
a phenomenon that occurs worldwide, affecting industrial and agricultural productivity in
coastal wetlands (Chmura et al., 2003; Zhang et al., 2019; Fang et al., 2022). Recently, the
reduction in aquifer recharge and over-abstraction of groundwater have lowered the
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freshwater hydraulic head, which could result in the saline front
advancing inland (Van Weert et al., 2009). In addition, the World
Health Organization (WHO) and various countries have
established drinking water standards with a maximum NOj
concentration of 11.3 mg L™, but since the 1960s, a high degree
of NO; pollution in groundwater has been reported in most parts
of the world (such as the United States (Burow et al., 2010),
Africa, (Kringel et al., 2016), and China, (Lu et al,, 2019)). With
most of the world’s population living in coastal zones, the
challenges include freshwater development optimization and
NO;" contamination mitigation.

To protect groundwater resources, studies have verified a series
of measures, including reducing groundwater extraction (artificial
replenishment of freshwater via injection wells) and inhibiting
saltwater inflow (extracting saltwater and constructing subsurface
barriers) (Luyun et al., 2009; Botero-Acosta and Donado, 2015;
Christy and Lakshmanan, 2017; Lu et al., 2017). Previous studies
have shown that subsurface barriers are an effective solution to SWI
problems in coastal aquifers, and they are widely used in coastal
areas worldwide (Chang et al., 2019; Yang et al., 2021; Zheng et al.,
2021; Fang et al., 2022; Zheng et al., 2022). Subsurface barriers are
constructed by injecting impervious materials into underground
aquifers (Abdoulhalik et al., 2017). To date, there are three main
forms (Kaleris and Ziogas, 2013): (i) the subsurface dam, which
provides an opening at the upper part of the aquifer for
groundwater discharge (Figure 1B); (ii) the cutoff wall, which
leaves an opening at the bottom of the aquifer for groundwater
discharge (Figure 1C); and (iii) the semipermeable cutoff wall,
which extends from top to bottom of the aquifer. Among these
three forms, the cutoff wall is the most widely used worldwide
(Luyun et al., 2009; Abdoulhalik et al., 2017).

NO;™ pollution in groundwater has attracted worldwide
attention (Jang et al., 2017) and plays a key role in maintaining
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ecosystem diversity and coastal productivity. The tide enhances the
biogeochemical activity of nutrients (Charbonnier et al., 2013; Heiss
and Michael, 2014; Geng et al., 2020), such as dissolved organic
carbon (DOC) degradation, aerobic respiration, nitrification, and
denitrification (Li et al., 2017; Li et al., 2018; Sun et al., 2019; Gao
et al., 2023). These series of chemical reactions affect aquifer NO5
pollutant distribution. Previous studies on contaminant transport in
coastal aquifers have been conducted through laboratory
experiments (Jang et al., 2017; Li et al., 2017; Li et al., 2018; Fang
et al., 2022) and numerical simulations (Shammas and Thunvik,
2009; Sun et al,, 2019; Gao et al., 2023). They have illustrated the
control of variable-density flow, sea-level rise, and aquifer
heterogeneity on the contaminant transport process. Yoshimoto
et al. (2013) reported that the NO;™ concentration in groundwater
could significantly increase after cutoff wall construction. Knights
et al. (2017) studied the impact of tidal fluctuation on riverbed
denitrification by combining a one-dimensional (1-D) numerical
model and field observations. The results showed that tidal
fluctuation slightly impacts the removal of NO;™ in surface water,
but it can remove most nitrogen nutrients in groundwater. Further
analysis showed that increasing the tidal amplitude and the
permeability coefficient of riverbed sediment could reduce the
denitrification rate. Shuai et al. (2017) investigated whether river
level fluctuation can greatly improve NO; removal, increasing the
water fluctuation amplitude and soil permeability coefficient. After
wall construction, Sun et al. (2019) conducted laboratory
experiments and numerical simulation investigations of the
spatial distribution of NO;™ to prevent SWI and NOj; pollution.
The results indicated that the NO; contaminated area depended on
the wall height. However, their results were limited to the scale of
the laboratory, and they ignored the influence of denitrification,
thus overestimating NOs- contamination in the field observations.
Sun et al. (2021) conducted numerical simulation investigations of
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FIGURE 1

(A) Conceptual diagram of the numerical model domain, parameters and boundary condition, the tide range, groundwater flow, and salinity
distribution in a nearshore aquifer under tide conditions. The upper saline plume (USP) and the saltwater wedge (SW), the cutoff wall, and the
freshwater-saltwater mixing zone are shown. (B, C) are schematics of a subsurface dam (B) and a cutoff wall (C) on saltwater intrusion prevention in

coastal aquifers under static sea boundary conditions.

Frontiers in Marine Science

02

frontiersin.org


https://doi.org/10.3389/fmars.2023.1135072
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Kong et al.

the mechanisms and influences of subsurface dams and cutoff walls
on SWIand NOj;™ pollution. They found that a constructed physical
barrier could reduce NO;™ discharge and accumulation in upstream
aquifers and concluded that the NO;™ accumulated area depended
on the barrier height and location. Fang et al. (2022) combined the
effect of tides and examined subsurface dams in regard to NO;
pollution in upstream groundwater via laboratory experiments and
numerical simulations. Their results revealed that the difference in
the extent of NO; contamination was related to the temporal
pollution behavior. Overall, previous studies have found that the
construction of cutoff walls influences the extent of SWI and the
NOj;’ concentration inland in groundwater. However, most studies
were conducted under static sea boundary conditions or simply
without considering the kinetics of NO;". At present, under the
action of tides, the effect of cutoff walls on the fate of NO5™ and the
salinity distribution in the intertidal zone has not been explored.

Hence, in our study, we aimed to (1) determine the combined
effects of the cutoff wall and tidal action on the fate of NOj, the
NOj™ removal rate, and the salinity distribution; (2) evaluate the
effects of the cutoff wall location and depth on NO;™ contamination;
(3) investigate the influence of the cutoff wall on NO;’
contamination under sea-terrestrial nutrient interaction; and (4)
evaluate the impact of DOC on NO; contamination in aquifers. A
transport and reaction model with variable-density flow based on
COMSOL was applied to investigate the impact of the cutoff wall on
the fate of NO3’, the NO;™ removal rate, and the salinity distribution
under tidal action. Two numerical studies with and without cutoff
walls were performed to validate the model’s effectiveness.
Subsequently, the model was used to predict NO3™ contamination
under various conditions.

TABLE 1 Boundary condition and kinetic parameter.

Model parameters

Parameter Description

10.3389/fmars.2023.1135072

2 Methodology
2.1 Numerical model setup

Figure 1A shows the geometry of the 2-D vertical section of the
aquifer, where the inland boundary (DE) was considered freshwater
and exhibited a fixed water table, and the ocean boundary on the left
side (AB) was assumed to indicate a constant saltwater
concentration C,, = 3500 mg/L. Constant dissolved organic
carbon (DOC), dissolved oxygen (DO), NOs;-, and ammonium
(NH,") concentrations were assumed at the ocean boundary, and
the specific concentration values are shown in Table 1. The
hydraulic head varies over time under tidal action. In this study,
we considered a simple sinusoidal tide as follows:

B0 =y + Asin(20) (1)

where h(t) is the tidal head at time ¢ (m); h,,,y is the mean sea
level (10 m); A is the tidal amplitude (0.5 m); and T 'is the tidal cycle
(semi-diurnal tide, 12 h). In addition, zero-flux boundary
conditions were assigned to the remaining boundaries.

In COMSOL, variable-saturation and variable-density pore flow
is governed by the Richards equation (Eq. (2)), which is further
coupled with the convection-diftusion-reaction equation for solute
transport (Eq. (3)) (Cardenas et al., 2015; Shuai et al., 2017; Gao
et al,, 2023):

C

0P —k
P(-2+48,8) 5+ V s(—k(VP+pgV2)=Q (2)
Pg ot H %

%(0c)+V~p(cq)=V~(DVC)+R (3)

Boundary condition

NO5” NOj;™ boundary concentration 0.25*? (0.179)° mM
NH," NH," boundary concentration 0.2%% (1) mM
DO DO boundary concentration 0.2%% (0.177)¢ mM
DOC DOC boundary concentration 0.75%% (0.066)° mM
Kinetic parameter
Kpoc Rate constant for degradation of DOC 5.0x10°°¢ st
Kiox Rate constant for oxidation of DOC 3.0x107°*° st
Kiri Rate constant for nitrification 4.8x107%*P mMs!
Koz Limiting concentration of O, 0.008*® mM
Kimnos- Limiting concentration of NO5 0.001*° mM

Spiteri et al., 2008.

b Anwar et al., 2014.

() is the validation of solute transport and reaction parameters based on Kim et al., 2017.
9Bardini et al., 2012.
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where p is the fluid density (kg m™), c is the concentration of
the solute (mol m™>, M), P is the pressure (Pa), z is the elevation
head (m), 0 is the water content (-),kds the saturated hydraulic
permeability (m s™), k, is the relative permeability (m s'), q is the
Darcy velocity (m s, Cyis the specific moisture capacity (m™), gis
the acceleration of gravity (9.81 m s2), Q*denotes a stress source
term (kg m™ s"), D is the hydrodynamic dispersion coefficient (m*
s‘l), and R is the reaction rate for the solute (mol m™ s}, mM s'l).

K =HK (4)
Pg
k, = S&°(1 =1 — SY/mmy? (5)
W =~ (0, — 0,)SL/"[1 — S/ ©)
1—m
0=06,+5,06,—-6,) (7)
1
ey v
m=1 1 9)

n

where 6, and 6, are the saturated and relative water contents (-),
respectively; K is the hydraulic conductivity (m s™'); and » and o are
fitting parameters that describe the shapes of both the moisture and
relative permeability functions, obtained by van Genuchten (1980).

Following the approach of Wilson and Gardner (2006) and Xin
et al. (2010), a seepage face was allowed to develop along the beach
during the falling tide. The process is realized as follows:

—n-p%kx VPipgVa)=pR(H-H,)  (10)
ks
R, =+ (11)
C=Cyy n-u<0
(12)

—n-DVC=0n-u>0

where Ryis the conductance term (s™'), defined as the ratio of the
saturated hydraulic conductivity (k) with a coupling length scale (L,
m). Rywas set to a high value allowing water to readily move across
the interface. Moreover, H, is the external head representing the sea
level (m), H is the total head (m), n is the unit vector normal to the
interface (pointing outward), and C,,, is seawater salinity (ppt).

The model domain represented a homogeneous and isotropic
coastal aquifer with a thickness of 12 m and a beach slope of 1:10,
with a hydraulic conductivity of 15 m d™ and a porosity of 0.25.
Moreover, discretized into triangular elements with uneven sizes, a
much finer mesh was used for the inundated area. The van
Genuchten (1980) soil water retention parameters o and n were
set to 14.5 m™!
longitudinal, and transversal dispersivity coefficients were set to

and 2.68, respectively, and the diffusivity,

1x107° m? s}, 0.2 m, and 0.02 m, respectively. These parameters
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were adopted from the model of Anwar et al. (2014). The cutoff wall
thickness is 0.16 m with the hydraulic conductivity set to 3x10™° m
s, three orders of magnitude lower than that of the aquifer, which
is consistent with a previous study (Shen et al., 2020). Within the
domain, the maximum element length size was 0.8 m, and the
minimum element length size was 0.07 m (note that a refined mesh
was used for the area under the beach). The values of the Courant
number and Péclet number did not exceed 1 and 2, respectively,
which satisfied the stability criterion and avoided numerical
oscillation. In our simulations, the temperature was kept constant,
resulting in a constant dynamic viscosity.

2.2 Solute reaction model

A reactive transport model was built to conduct tide-driven
mixing and biogeochemical processes in the coastal aquifer. The
reaction network comprised four kinetic reactions (Table 2),
including nitrification, denitrification, aerobic respiration, and
DOC degradation, where the reaction network and rate
expressions involved in the model were adapted from Bardini
et al. (2012) and Spiteri et al. (2008). Validation of this reaction
network and the kinetic parameters was performed by examining
and comparing simulation results to field data for Waquoit Bay
(MA, USA) (Spiteri et al, 2008) and Delaware Bay (near Cape
Henlopen, Delaware, USA) (Kim et al., 2017). The kinetic
parameter values vary with the coastal settings. However, since
the objective of this study was to determine the influence of the
cutoff wall on the fate of NOj;™ in a nearshore aquifer, sensitivity
analysis of the kinetic parameter values was not included in this
study. It should be noted that the current model did not explicitly
account for the production/consumption of protons and the effect
of pH on particular reaction kinetics. Moreover, the oxidation of
Fe?" and the adsorption of PO, were not considered. Hence, the
reaction rates of DOC, O,, NO;~ and NH," can be calculated with
Eq. (13):

RDOC = _Ruembic respiration — SRdenimﬁcation - RDOCdegmdation
Ry = —2R

Raerubic respiration nitrification

(13)
RNO; = Rnitrzﬁcution - 4Rdenitriﬁcution

RNH;' = _Rnitriﬁmtion

The groundwater flow model and solute transport reaction
model were first validated via simulation studies. Once the solute
transport reaction model was successfully validated, it could be used
to simulate the reactive transport of the solutes (with and without
the cutoff wall) in the aquifer under tidal action. First, we set the
initial condition to zero and ran the model to a steady state for all
groundwater flow and salt transport under tidal action.
Subsequently, all conservative transport simulations were
leveraged to simulate the steady state in all cases. Finally, these
simulation results were used as initial concentrations for the
reactive model, which was run to a quasi-steady state for a
simulation time of 700 d with a time step of 100 s.
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TABLE 2 Rection and kinetic rate expressions.

10.3389/fmars.2023.1135072

Reaction Rate expression

DOC degradation® DOC — CO,

Aerobic respirationb DOC + 0, — CO, + H,0

Nitrification”

+2C0, + 3H,0

Denitrification”

a, Bardini et al. (2012); b, Spiteri et al. (2008).
2.3 Evaluation indexes

The effectiveness of the cutoft wall can be evaluated by the
change rate of the saltwater Toe location, denoted by Am, as follows:

Toe; — Toe,

Am = (14)

Toe,
where Toe, and Toe; are the quasi-steady-state saltwater toe
locations before and after cutoff wall construction, respectively. The
effectiveness was measured by the position of the 50%
salinity interface.
The NO;™ removal efficiency (Ry) can be quantified as:

Mgy,

Ry = (15)

My
, Where mg, is the amount of NOj3™ determined as myg, =
Ryo30d€2dt, and my;, is the total mass of NOj; transported

conoafpdl,

into’the aquifer during a given period, with m;,, =
where Q is the domain area, ¢ is the tidal cycle timé ¢} il), fp is the
sea boundary flux, Ryo; is the rate of NO3', conos is the boundary
initial concentration (mM), and [ is the total length of the sea

boundary layer.

3 Validation of this model

3.1 Validation of the groundwater flow and
salinity distribution

To validate the present numerical model, we simulated the
groundwater flow and salinity distribution in the laboratory-scale
aquifer under nontidal or tidal conditions, where the laboratory-
scale model setting is consistent with that in Shen et al. (2020)
(readers are referred to Shen et al. (2020) for details).

Figures 2 and 3 show comparisons of the laboratory
experimental results (Shen et al., 2020) and corresponding
simulation results under nontidal and tidal conditions,
respectively. Under nontidal conditions, both sets of results

Frontiers in Marine Science

NH," +20, + 2HCO5™ — NO;

5DOC + 4NO; + 4H* — 5CO, + 7H,0 + 2N,

Rate = Kpoc[DOC]

If [03] > Kyu023 Rate = Ky, [DOC]

If [0,] < K023 Rate = Kiox [DOC] 2

Kooy
Rate = K,;1;[NH;][O,]
If [0y] > Kyyo; Rate = 0
If [05] < Kyorand [NO3] > Kyinos -
Rate = Ky, [DOC](1 - %)

If [05] < Kyyopand [NO3] < Kynos-s

[0,] [NO3]

Koy Knnoy )

Rate = Kj, [DOC|(1 -

showed that the SW was driven by density. In the experiments of
Shen et al. (2020), the Toe was located at 2.38 m. After the cutoff
wall was constructed, as expected, the experimental results (Shen
et al., 2020) showed that the SW significantly moved seaward, and
the Toe location changed from 2.38 to 1.65 m, retreating by 30.7%
(Figures 2A, C). In this numerical study, although the Toe location
was slightly different from the experimental value (Figures 2B, D),
the changing trend of the salinity distribution was consistently
demonstrated after cutoff wall construction. Both sets of results
showed that the cutoft wall led to a significant seaward movement of
the SW, with the Toe retreating by 36%. This is also consistent with
previous studies (Anwar et al., 1983; Luyun et al., 2011; Kaleris and
Ziogas, 2013), demonstrating that the cutoff wall can reduce the
length of the SW under static hydraulic conditions.

Under tidal conditions, both laboratory experimental results
(Shen et al., 2020) and simulation results of USP and SW formation
under salinity distribution were obtained. As expected, the USP led
to the SW retreating seaward. As shown in the experiments (Shen
et al., 2020), the Toe location moved from 2.38 to 1.65 m without
the cutoff wall, and the numerical results indicated the same retreat
seaward. After a cutoff wall was constructed, the length of the SWI
zone decreased from 1.65 to 1.60 m, only a 3% reduction, and the
numerical results were consistent with the experimental data (Shen
et al.,, 2020). This demonstrates that the cutoft wall and tide can
modify the salinity distribution under tidal conditions. Both the
experimental and numerical results consistently demonstrated that
either cutoff walls or tides could reduce the length of the SWI zone,
and the simulated salinity distribution agreed well with the
experimental results (Shen et al., 2020).

3.2 Validation of solute transport
and reactions

We further compared the numerical results with field and
numerical data pertaining to Delaware Bay (near Cape Henlopen,
Delaware, USA, Kim et al. (2017)). The numerical model exhibited a
hydraulic conductivity of 25 m d!, porosity of 0.3, longitudinal
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B Simulated; no tide; without wall salinity ppt
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Comparison of experimental (A, C), (Shen et al.,, 2020) and simulated (B, D) results of salinity distribution. Results are for the no tide condition,
saltwater wedge (SW), and saltwater wedge toe (Toe), the red color shows saltwater, and black lines show the simulated 50% saltwater isohalines.

dispersivity of 0.15 m, and transverse dispersivity of 0.015. The
inland boundary indicated a constant freshwater flux of 1.01 m*> d™".
A semi-diurnal (period = 0.5 d) sinusoidal tide was adopted with an
amplitude of 0.71 m. These parameters were adopted from the
numerical simulation study of Kim et al. (2017) (for details, please
refer to Kim et al. (2017)). Then, we simulated DOC degradation,
aerobic respiration, and denitrification along groundwater flow
paths. The reaction kinetics and parameters of DOC, O,, NO;,
and N, are listed in Table 1. The initial DOC, NO;s", and O,
concentrations in our model were assigned according to the highest
measured values in situ. The reactive solute concentrations of DOC,
NOj", and O, were 0.0666 mM, 0.179 mM, and 0.177 mM,
respectively (Table 1).

Figure 4 shows that the transport and reaction model
approximately reproduced the observed salinity, O,, NO;’, and
N, distributions. Notably, the measured salinities at the landward
position (x = 143 m) were higher than the simulated salinities.
However, there was a favorable agreement in the fresh discharge
zone as well as the intertidal mixing zone (Figure 4 (A1), (A2)). The

A Experimental; tide; without wall

0-2.7 24 21 -18 -15 -5.2 -09 -06 -03
c x (m

Experimental; tide; with wall

8§ -15 -12 -09 -06 -03
X (m)

FIGURE 3

measured and modeled O, and NOj™ concentrations were highest
near the surface below the mean sea level and decreased with depth
and distance seaward, but the measured O, concentration decreased
more rapidly with depth than that in the saturation zone and was
higher at the surface (Figure 4 (B1), (B2)). The distinction between
the measured and modeled NO;™ concentrations was notable in the
freshwater zone (Figure 4 (Cl), (C2)), which can be explained by
the NO;™ concentration not set at the inland boundary. The
discrepancy between the measured and modeled NO;”
concentrations was also likely due to the simplifying assumptions
without considering the temporal variability of the seawater input
due to storm tides or waves, seasonality of the groundwater flux,
and sediment heterogeneity. In addition, biogeochemical reactions
were not considered in this study, including nitrification and iron
and sulfate reduction. Either of the above factors could impact the
NO;™ and reaction patterns in beach aquifers (Xin et al., 2010;
Abarca et al,, 2013; Heiss & Michael, 2014; Geng et al., 2020; Kreyns
et al., 2020). The results also showed that the simulated N, results
were basically consistent with the spatial distribution measured in

B Simulated; tide; without wall

salinity ppt

35
High tide
Low tide 30
25
T -18 -13 -12 09 -06 03 20
x (m)
D Simulated; tide; with wall 15
High t?de 10
ow tide
5
0

2.7 24 21 -18 -15 -12 09 -06

x (m)

-0.3

Comparison of experimental (A, C), (Shen et al., 2020) and simulated (B, D) results of salinity distribution. Results are for the tide condition, saltwater wedge
(SW), upper salinity plume (USP), saltwater wedge toe (Toe), the red color shows saltwater, and black lines show the simulated 50% saltwater isohalines.
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A1 Measured salinity B1 Measured dissolved oxygen
e
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FIGURE 4

Measured (1) (Kim et al,, 2017) and our modeled (2) distributions for salinity (A), O, (B), NOs™ (C), and N, (D) in the intertidal beach aquifer. The arrow

indicates the quasi-steady groundwater flow velocity in (a-2). The horizontal
tide is contiguous with the topography at the base of the beach face. And 1,

the aquifer. In general, the present numerical model could suitably
reflect the biogeochemical processes in aquifers.

We further analyzed the influence of the cutoff wall on the fate
of NO3, the NO;™ removal rate, and the salinity distribution under
tidal action through the following cases (Table 3): (I) Case 1, with
tidal action but without the cutoff wall; (IT) Cases 2-4, with various
cutoff wall locations (x = 17 m, 23 m, and 26 m, respectively) and
with tidal action; and (III) Cases 3 and 5-8, with cutoff walls at x =
23 m and depths of 2.3, 3.3, 4.3, 5.3, and 6.3 m. (IV) In Cases 9 and
10, we investigated the effects of the cutoff wall on NOj
contamination under the interaction between the sea and
terrestrial nutrients. (V) In Case 11, we investigated the effect of
Spoc at the bottom of the cutoff wall on NO;™ contamination.

4 Results and discussion

4.1 Influence of the cutoff wall location

In this section, a series of cases with different cutoff wall locations
were adopted to investigate the influence of the barrier location on
the fate of NO5’, the NO;™ removal rate, and the salinity distribution.
We fixed the depth of the wall (h = 4.3 m) and determined the
importance of the wall location on the x-axis (x = 17, 23, and 26 m).

4.1.1 Influences of the cutoff wall on O,, NO3z~
and the reaction and salinity distributions

Figure 5 shows the distributions of O, and NO; and the
reaction and salinity distributions for the different barrier
locations. O, and NOj;™ were distributed in the same pattern as
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dotted lines in both panels are high tide and mean sea level, and low
10, and 20 salinity contours are shown

the salinity in the aquifer, forming two high-concentration areas
(USP and SW) (Figure 5) before the reaction. The O, distribution
closely resembles that measured by Kim et al. (2017), with the
concentration decreasing with depth and distance seaward from the
high tide mark.

After the reaction reached a steady state, a significant change
appeared. The O, concentrations were low throughout the deeper
aquifer circulation cell and mainly concentrated in the shallow layer
of the aquifer (Figure 5). The deep O, was mainly consumed by
nitrification and aerobic respiration due to the long residence time
and sufficient reaction. This produced favorable conditions for
denitrification when DOC and NO;  were abundant. The NO5
concentrations in the shallow beach subsurface were elevated
(Figure 5), where saltwater infiltration was highest and decreased
with depth (Figure 5). With the wall located at x = 23 m, O,, NO5
and the reaction distribution significantly changed (Figure 5). The
0O, and NOj’ distributions closely resembled those under non-wall
conditions, and they were elevated in the shallow beach subsurface
where saltwater infiltration was highest and decreased with depth.
In addition, O, and NO;’ infiltrated vertically at the edge of the wall
(x = 23 m) and flowed upward to the ocean on the left in the
intertidal zone. Nitrification and denitrification increased under
wall action. Nitrification slightly increased at the edge of the wall
(Figure 5), and denitrification significantly increased at the edge of
the USP (Figure 5).

To further explore the effect of the wall location on NOj5
contamination, we quantified the salinity distribution and
groundwater flow under the different locations of the cutoff wall
(Figure 5). As expected, when the cutoff wall was inserted, the
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TABLE 3 Summarize the cases.

Simulation Cutoff wall location Cutoff wall depth DOC source

(x: m) (h: m) (mM)

Sea nutrients

Case 1 No-wall No-wall -
Case 2 17 m 43 m -
Case 3 23 m 43 m -
Case 4 26 m 43 m -
Case 5 23 m 23 m -
Case 6 23 m 33m -
Case 7 23 m 5.3 m -
Case 8 23 m 6.3 m -

Terrestrial DOC (Tpoc)

Case 9 No-wall No-wall -
Case 10 23 m 43 m -
DOC source (Spoc)

Case 11 23 m 43 m 10 mM

mM
12 0.2
7
K TP
g 0.1
w4
0 e et | 0
0 20 40 60 (0]}

mM
0.35

"-" is no value.

0.17

0
NOs

mMs':x108
20

Nitrification
Ms!:x 1010
20

FIGURE 5

(A—E) is the O, and NO3", nitrification, denitrification, and salinity distribution and particle paths in the aquifer with cutoff walls of different locations
(the cutoff wall location is no-wall, 17 m, 23 m, and 26 m, respectively). Upper salinity plume (USP), saltwater wedge toe (Toe), and the particle paths
and travel times (starting from the inland boundary and the beach) are marked. The vertical white line indicates the cutoff wall, the magenta lines,
and white lines show the before reaction species distribution, and t = 300 d reaction distribution, respectively
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salinity distributions changed (Table 4). Interestingly,
corresponding to the wall at x = 23 m, the Toe location and
salinity distribution significantly changed, e.g., as the wall moved
from x = 17 to 23 m, the Toe location moved from 20.50 to 23.99 m.
Corresponding to the wall at x = 26 m, the Toe location increased to
24.09 m. Tidal-induced saltwater infiltrated vertically at the edge of
the cutoft wall and flowed upward to the ocean on the left side of the
cutoff wall under freshwater flow action, inducing a larger USP.
Therefore, the larger USP led to the SW retreating further seaward.

To explain why the Toe of the wall at x = 23 m was significantly
smaller than that under the other locations, we further
quantitatively analyzed the traces and travel times of particles
moving through the aquifer (note the averaged values over the
tidal cycle; readers are referred to Xin et al. (2010) for details)
(Figure 5). Each trace tracks the particle movement driven by pore
water flow in the aquifer (Shen et al, 2020). We released four
particles at the inland boundary and the beach surface (refer to
Table 5 for the starting position). Under non-wall conditions
(Figure 5), particles released inland moved along the freshwater
path, bypassed the USP and SW, and were discharged into the sea.
The deeper particles needed more time than the shallow ones; for
example, a particle starting at a shallow depth (x =75m, z=9.2 m)
needed 419 d, while one starting deep inland (x = 75 m, z = 0.2 m)
needed 609 d (Figure 5). At the beach surface, the particles released
into the deeper part of the beach moved further landward and
followed longer paths. In this way, the travel time through the
deeper beach was longer, e.g., a tracked particle starting at (x =
0.8 m, z=7.12 m) needed 7245 d, while that starting at (x = 10.3 m,
z = 8.47 m) needed 676 d (Figure 5), a decrease of 632%. With the
wall (Figure 5), both the particle movement and travel time were
significantly modified. The particles released from the shallow
inland zone started to bypass the wall by moving down and up
on the landside and seaside, respectively. Corresponding to the
cutoff wall at x = 23 m, the one starting at (x =75 m and z = 9.2 m)
needed 527 d, increasing 23.1% relative to the cutoff wall location at
x =17 m (Figure 5). As the SW was pushed seaward, the particle
travel path and moving time were also altered on the seaside, e.g.,
4807 d were needed for the particles released at (x = 0.8 m and z =
7.12 m) under the cutoff wall (x = 23 m) but 6934 d were needed
when released under the cutoff wall location at x = 17 m. Under the
action of the cutoff wall at x = 23 m, the travel time of the particles at
the beach boundary was significantly shortened and increased
inland. Therefore, the cutoff wall (x = 23 m) decreased the toe
and increased the residence time of the solute particles.

10.3389/fmars.2023.1135072

4.1.2 Influence of the cutoff wall location on
NOz" inflow and denitrification, Ry and
freshwater storage

We further quantitatively analyzed the total mass of NOj
inflow (Figure 6A) and denitrification (Figure 6B), NO;™ removal
efficiency (Ry) (Figure 7A), and freshwater flux (Figure 7B) under
various wall locations in the aquifer (note the averaged values over
the tidal cycle). Under non-wall conditions, the total mass of NO;
inflow was 7.86 g m’!, the NO5™ mass of denitrification was 0.148 g
m™, Ry was 1.88%, and the freshwater flux was 0.475 m* s™'. After
cutoff wall construction, the total mass of NO; inflow and
denitrification, NO;3™ removal efficiency (Ry), and freshwater flux
were significantly modified, e.g., with the wall at x = 17 m, the mass
of NO; inflow was 7.69 g m’, the NO;™ mass of denitrification was
0.143 g m Ry was 1.86%, and the freshwater flux was 0.468 m?st.

With the wall at x = 23 m, the mass of NO;” inflow was 6.74 g m’
! the NO;™ mass of denitrification was 0.156 g m? Ry was 2.32%
and the freshwater flux was 0.405 m? s Therefore, with the wall at
x =23 m, the total mass of NO;" inflow and freshwater flux were the
lowest, and the NO;  mass of denitrification and NO;™ removal
efficiency (Ry) were the highest.

These results suggested that cutoff walls could mitigate NO3’
contamination, decrease salinity distribution, and increase
freshwater storage. These effects were the most significant with
the cutoff wall at x = 23 m in the present study.

4.2 Influence of the cutoff wall depth

In this section, with the cutoff wall set at x = 23 m, we investigated
the effects of the barrier depth on NO; contamination and
salinity distribution.

4.2.1 Influence of the cutoff wall depth on O,,
NO3™ and the reaction and salinity distributions

Figure 8 shows the distributions of O, and NO; and the
reaction and salinity distributions for the different barrier heights.
0O, and NOj, consistent with the salinity distribution (Figure 8),
formed two high-concentration areas (USP and SW), with the
concentrations decreasing with depth and distance seaward from
the high tide mark.

After the reaction reached a steady state, there were significant
changes in the distribution of nutrients. Under the different wall
depths, the O,, NO;~ and reaction distributions changed, and the
0O, and NOj’ distributions closely resembled those under non-wall

TABLE 4 Model parameters and Toe, freshwater flux, NOs™ mass of inflow and denitrification, and NOs™ removal efficiency (Ry).

Case

Cutoff wall  Toe  Freshwater flux ~ NOs” mass of inflow = NO3™ mass of denitrification =~ NO3™ removal efficiency
(x: m) (m) (m*s™) (@m’) (@m’) (Rn: %)
Case 1 No-wall 24.2 04751 7.86 0.148 1.88
Case 2 ‘ 17 m ‘ 23.99 0.4682 7.69 ‘ 0.143 1.859
Case 3 ‘ 23m ‘ 20.5 0.405 6.739 ‘ 0.156 2315
Case 4 ‘ 26 m ‘ 24.09 ‘ 0.462 7.484 ‘ 0.137 1.831
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conditions; they were elevated in the shallow beach subsurface
where saltwater infiltration was the highest and decreased with
depth. In addition, O, and NOj’ infiltrated vertically at the edge of
the wall (Figure 8) and flowed upward to the ocean on the left side
in the intertidal zone, and the distribution area increased with
increasing wall depth, e.g., in the intertidal zone, the O, and NOj;
distributions above increased with increasing wall depth from 2.3 to
6.3 m (Figure 8). Nitrification and denitrification increased with
increasing wall depth; specifically, nitrification slightly increased at
the edge of the wall (Figure 8), and denitrification significantly
increased at the edge of the USP (Figure 8). This was due to
nitrification-dependent O,, and denitrification requires
anaerobic bacteria.

To explain why denitrification significantly increased for the
wall with & = 6.3 m (x = 23 m), we evaluated the salinity distribution
and the travel time of particles moving through the aquifer (note the
averaged values over the tidal cycle; readers are referred to Xin et al.
(2010) for details). As expected, when the cutoff wall height was
small (Figure 8), saltwater partly intruded into the landward
aquifer. However, when the barrier height was large (Figure 8),
despite the largest USP, the distance of saltwater intrusion was
successfully controlled (Table 6), e.g., it decreased from 22.68 to
19.04 m as the cutoff wall depth was increased from 2.3 to 6.3 m
(Figure 8), and the impact on salinity change (Am) increased from
6.28% to 21.3% (Figure 8). We released four particles at both the

inland boundary and beach surface (refer to Table 7 for the starting
position). When the cutoff wall depth was varied, the USP vertically
increased with increasing cutoff wall depth, and the retreat of the
SW became increasingly significant with increasing cutoff wall
depth. The travel time of the particles released inland increased
with increasing cutoff wall depth, which is due to the longer time
and path of the particles when bypassing the USP, e.g., the particle
released at (x = 75 m, z = 9.2 m) needed 457 d when the cutoft wall
depth was 2.3 m, and the travel time was 625 d under a depth of h =
6.3 m, an increase of 36.8%. The travel time of the particles released
seaside decreased with increasing cutoff wall depth, e.g., when the
wall depth was 2.3 m, the particle released at (x = 0.8 m, z=7.12) m
needed 5923 d, while 3753 d were needed when the depth was 6.3 m,
a reduction of 57.8%. Therefore, the toe decreased and the residence
time of the solute particles increased with increasing cutoff wall
depth, which is consistent with previous studies (Robinson et al.,
2007; Shen et al., 2020).

4.2.2 Influence of the cutoff wall depth on NOz~
inflow and denitrification, Ry and freshwater
storage

Figures 9 and 10 show the mass of NO; inflow and
denitrification, NO; removal efficiency (Ry), and freshwater flow
per unit aquifer width with the barrier height (note the averaged
values over the tidal cycle). The mass of NO;™ inflow decreased with
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FIGURE 7

(A, B) is NO3™ removal efficiency (Ry) and freshwater flux with cutoff wall locations (the wall location is no-wall, 17 m, 23 m, and 26 m, respectively),
and the wall depth is 4.3 m
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TABLE 5 Particle travel times and starting position.

Starting position

10.3389/fmars.2023.1135072

(m)
x=08m,z=712m 7245
x=32m,z=746m 3683
x=65m,z=793m 1689
x=103m,z=847m 676
x=75m,z=02m 609
x=75m,z=32m 455
x=75m,z=62m 431
x=75m,z=92m 419

depth (Figure 9A), while denitrification increased (Figure 9B), e.g.,
when the wall depth was 2.3 m, the mass of NO;™ inflow and
denitrification were 7.52 g m™! and 0.152 g m, respectively, and
when the wall depth was 6.3 m, the mass of NO;™ inflow and
denitrification were 5.54 g m™' and 0.167 g m™', respectively. As
expected, the NO;  removal efficiency (Ry) increased with
increasing cutoff wall depth because the nitrification distribution

FIGURE 8

6934 4807 7024
3563 2633 3596
1596 1303 1647
647 561 652
605 657 610
465 567 465
442 539 447
428 527 448

at the right wall increased with increasing cutoff wall depth, while
denitrification at the USP increased with depth. In detail, as the wall
depth was increased from 2.3 to 6.3 m, the NO;™ removal efficiency
(Ry) increased from 2.02% to 3.0% (Figure 10A). The freshwater
flow decreased relative to non-wall conditions (Figure 10B). It
should be noted that the freshwater flow decreased with
increasing cutoff wall depth, e.g, it decreased from 0.467 to 0.354

NO;-
mMs':x108
20

Nitrification
mMs:x10°1°
20

Salinity

(A—E) is the O, and NOs’, nitrification, denitrification, and salinity distribution and particle paths in the aquifer with cutoff walls of different depths
(the cutoff wall depth is 2.3 m, 4.3 m, 5.3 m, and 6.3 m, respectively. H = 3.3 m not shown). Upper salinity plume (USP), saltwater wedge toe (Toe),
and the particle paths and travel times (starting from the inland boundary and the beach) are marked. The vertical white line indicates the cutoff wall,
the magenta lines, and white lines show the before reaction species distribution, and t = 300 d reaction distribution, respectively
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TABLE 6 Model parameters and Toe, freshwater flux, NOs™ mass of inflow and denitrification, and NOs™ removal efficiency (Ry).

Case

Cutoff wall Freshwater flux ~ NOs™ mass of inflow  NO3™ mass of denitrification =~ NO3™ removal efficiency

(h: m) (m?s™) (gm™) (gm™) (Rn: %)
Case 5 23m 22.68 0.4662 7.526 0.152 1.907
Case 6 33m 22.17 0.435 6.684 0.154 2.304
Case 3 43m 205 0.4051 6.439 0.156 2315
Case 7 53m 19.95 0.3797 5.752 0.161 2.805
Case 8 6.3 m 19.04 0.3542 5.543 0.167 2,903
2 -1

m~ s as the cutoff wall depth was increased from 2.3 to
6.3 m (Figure 10B).

These results suggested that the cutoff wall depth affects
nitrification, denitrification, and salinity distribution. In other
words, the cutoff wall could effectively reduce NO;"
contamination and the salinity distribution and increase
freshwater storage, and the effectiveness increased with increasing
wall depth.

4.3 Influence of Tpoc

We further investigated the effect of the cutoff wall on NO3
contamination under the interaction between the sea and
terrestrial nutrients.

By comparing the simulation results (Figures 11A, B), it could
be observed that the distribution of DOC and denitrification in the
nearshore aquifer were significantly altered by the cutoff wall due to
the modified transport pathways and saltwater recirculation
pathways. Terrestrial groundwater migrated downward around
the tide-induced saltwater recirculation (USP) and was discharged
near the low tide mark. Discharge of Tpoc occurred in a narrow
zone between the USP and SW. Terrestrial groundwater and Tpoc
further migrated downward around the tide- and wall-induced
saltwater recirculations under the influence of the wall, which
caused a decrease in Tpoc discharge into the sea, e.g., it
decreased from 0.05 to 0.01 mol m™ s,

TABLE 7 Particle travel times and starting position.

Starting position

In the case of Tpoc-non wall, degradation of terrestrial DOC by
oxic recirculating saltwater, followed by nitrification, produced
NO;™ in the upper mixing zone. Denitrification occurred in the
freshwater-saltwater mixing zone formed by the circulation and
interface between the saltwater and freshwater parts of the SW.
With the wall at x =
significantly changed (Figure 11). Denitrification increased
significantly at the edge of the USP due to the wall. Because DOC
in the nearshore aquifer was significantly altered by the cutoff wall,

23 m, the denitrification distribution

the mass of NO;~ denitrification was 0.08 g m" under non-wall
conditions and 0.084 g m™" under wall conditions.

The results demonstrated the importance of walls for NO3
contamination under the influence of Tpoc in beach aquifers, and
the cutoft wall not only promoted greater NO;™ removal but also
significantly decreased the Tpoc discharge into the sea.

4.4 Influence of Spoc

With the cutoff wall set at x = 23 m and h = 4.3 m, we further
investigated the effect of Spoc at the bottom of the cutoff wall on
NOj3™ contamination.

Figure 12 shows the impact of Spoc on NO; and the
denitrification rate distribution. Spoc led to elevated DOC
concentrations at the bottom of the wall, which decreased along
flow paths owing to DOC oxidation. This altered the chemical
composition of the pore water. The NO;™ distribution changed

(m)
x=08m,z=712m 5923 5070 4807 4266 3753
x=32m,z=746 m 3155 2733 2633 2335 1367
xXx=65m,z=793m 1433 1353 1303 1196 1086
x=103m,z=847 m 629 618 561 558 513
x=75m,z=02m 629 631 657 662 681
x=75m,z=32m 493 531 567 609 653
x=75m,z=62m 465 498 539 581 634
x=75m,z=92m 457 486 527 579 615
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relative to that under non-Spoc conditions. The location and size of
the denitrification zone were affected by Spoc, and the aerobic
respiration rate for Spoc was high enough that O, was
fully consumed.

Table 8 shows that the NO;™ removal efficiency increased with
Spoc. The NOj;™ removal efficiency increased from 2.315% to
27.753% with an increase in Spoc from 0 to 10 mM. The mass of
NO;~ denitrification increased 10 times. However, the freshwater
flux and mass of NO; inflow remained constant. The results
demonstrated that Spoc promoted greater NO;3™ removal.

5 Discussion

5.1 Implications of the cutoff wall and Spoc
for SWI and NO3z™ removal

The objective of this study was to evaluate the effects of the
cutoff wall location and depth on NO;™ removal and the salinity
distribution in the aquifer. Under tidal action, the formation of the
USP and SW under salinity distribution, as expected, led to the SW
retreating seaward (Buquet et al., 2016; Kuan et al., 2019; Shen et al.,
2020). Figure 5 shows that the location of the cutoff wall
significantly influenced the salinity distribution (Shen et al,

2020); in detail, the effectiveness was higher with the cutoff wall
located in the tidal range (Figure 5, x = 23 m). There was a larger
USP than those under the other location conditions, and the SW
further retreated seaward. When the wall (location is x = 23 m)
height was small (Figure 8, h = 2.3 m), the Toe size was 22.68 m, and
under a wall depth of 6.3 m, the Toe decreased to 19.04 m. These
results suggested that constructing the wall in the tidal range can
successfully control the SWI phenomenon, and the effectiveness
increased with increasing cutoff wall depth.

Coastal aquifers provide an important freshwater resource for
industry and agriculture in coastal zones. Our results demonstrated
that cutoff walls can decrease the freshwater flux and increase
freshwater storage in the aquifer. With cutoff wall construction,
the freshwater flow and Tpoc discharge into the sea decreased
(Figures 7B and 11, respectively). The freshwater flux decreased
with increasing cutoff wall depth. It decreased from 0.467 to 0.354
m? s as the cutoff wall depth was increased from 2.3 to 6.3 m.
These results suggested that cutoff walls within the tidal range can
successfully decrease the freshwater discharge, and the effectiveness
increases with increasing cutoff wall depth.

In Sections 4.1 and 4.2, we found that nitrification mainly
occurred in the surface layer, and denitrification occurred in the
middle and shallow layers because the deep O, was consumed by
nitrification and aerobic respiration, while the deep NO; was
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FIGURE 10

(A, B) is NO3s™ removal efficiency (Ry) and freshwater flux with cutoff walls depth (the cutoff wall depth is no-wall, 2.3 m, 3.3 m, 4.3 m, 5.3 m, and

6.3 m, respectively), the wall location at x = 23 m
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(A-D) is DOC and denitrification distribution in the aquifer with Tpoc of diffe
indicates the tidal range and the vertical white line indicates the cutoff wall.

consumed by denitrification due to the longer residence time.
Notably, we found that the total mass of NO;™ inflow, the mass of
NOj;” denitrification, and the Ry increased with wall depth.

Denitrification plays an important role in the removal of NO3’
in aquifers (Anwar et al., 2014), which facilitates NO3;™ removal by
increasing denitrification. Therefore, we could construct a wall
within the tidal range to successfully increase the mass of NO;
denitrification and the NO;™ removal efficiency (Ry) with a suitable
depth of the cutoff wall, which should also be considered for the
actual ecosystem, as shown in Section 4.2.

From Figure 12 and Table 8, we found that Spoc promotes
greater NO3;™ removal. In addition, these results support field
observations of the role of DOC in moderating NO;™ fluxes into
coastal ecosystems (Kim et al, 2017). This has important
implications for beach managers. These results are expected to
provide a theoretical reference for the ecological restoration of
coastal tidal flat wetlands. Therefore, we can inject dissolved
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rent walls (the wall set at x = 23 m, h = 4.3 m). The horizontal black line

organic carbon (DOC) at the bottom of the wall to enhance the
denitrification rate and increase the NO; removal efficiency,
leading to higher NO5 attenuation.

5.2 Future work and other
influencing factors

This study examined the effect of cutoff walls located in the tidal
range on NO;™ removal and the salinity distribution in an aquifer
and evaluated the importance of the cutoff wall location and depth
under tidal action. Tides and waves are important components of
ocean forcing (Kong et al., 2016); they can induce saltwater
circulation in shallow and seaward aquifers, and their physical
and chemical activities are extremely complex (Robinson et al.,
2007; Xin et al.,, 2010). Although Anwar et al. (2014) showed that
waves can modify the subsurface discharge pathways for terrestrial
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TABLE 8 Model parameters and Toe, freshwater flux, NOs™ mass of inflow and denitrification, and NOs™ removal efficiency (Ry).

Case

Cutoff wall  Toe  Freshwater flux ~ NOs3 mass of inflow = NO3” mass of denitrification  NOs™ removal efficiency
(h: m) (m) (m*s™) (@m) (@m™) (Rw: %)
Case 3 43m 205 0.4051 6.439 0.156 2315
Case 9 43m 205 0.4051 6.439 1.787 27.753

nutrients and enhance the transformation of these nutrients, their
movement mechanism after cutoff wall insertion remains unclear.
Generally, previous studies adopted a single sinusoidal or cosine-
shaped tide form; in fact, the tidal dynamics of the coastal zone are
very complex (Werner, 2013; Robinson et al., 2018; Yu et al., 2019).
These actors affect the influence of the cutoff wall on NO3™ removal
and the salinity distribution in aquifers, which should be
investigated in the future.

For simplicity, we used a fixed inland water table. In coastal
aquifers, freshwater resources are available for the population.
Currently, with the increase in population and economic
development, over-exploitation of groundwater has led to
groundwater level decreases, and rainfall and evaporation (Zhang
et al,, 2014) have exacerbated the complex changes in groundwater
surroundings. Sea level rise caused by climate change causes
challenges in cutoff wall deployment within the tidal range to
control the salinity distribution. These factors should also be
considered in future work.

In addition, other hydrological and biogeochemical factors,
such as the availability and concentration of nutrients, residence
and reaction time scales of solutes (Shuai et al., 2017), sediment
heterogeneity (Yu et al., 2019; Kreyns et al., 2020), unsaturated zone
flow (Luo et al.,, 2018; Luo et al., 2021a), and aquifer geometry (Luo
et al, 2021b), were not considered here, which could potentially
impact the NO3™ removal rate and its efficiency. These factors can
also determine the influence of cutoff walls on NO3;™ removal and
the salinity distribution.

6 Conclusion

In this study, we developed a 2-D coupled variable-saturation,
variable-flow, and biogeochemical model to examine the combined
effects of cutoff walls on the fate of NO3’, the NO3™ removal rate, and
the salinity distribution in aquifers. We investigated the impacts of
the location and depth by examining the changes in the saltwater
toe location and NO; removal in the aquifer before and after
subsurface barrier construction. We assessed the importance of the
cutoff wall location and depth. The following conclusions can
be drawn:

1. The cutoft wall can affect the groundwater flow and salinity
distribution in coastal unconfined aquifers. The cutoff wall
located within the tidal range can induce a larger USP and
decrease the length of the SW. Changes in the location of
the cutoff wall can significantly influence the size of the
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seawater and NOj3~ contaminated area, increase freshwater
storage, and mitigate NO5™ contamination.

2. In the intertidal zone, a deeper cutoff wall can lead to a
further increase in the NO;  mass of denitrification and
NO;™ removal efficiency and a further decrease in the
length of the SW and the freshwater flux.

3. Under the influence of terrestrial dissolved organic carbon,
the cutoff wall not only promotes greater NO5™ removal but
also significantly decreases the terrestrial dissolved organic
carbon discharge into the sea.

4. DOC is a key factor controlling denitrification rates and
distributions. Injecting DOC (Spoc) at the bottom of the
wall can effectively promote the denitrification rate and lead
to higher NO;™ attenuation.

This study revealed the influence of cutoff walls on the fate of
NOj’, the NO; removal rate, and the salinity distribution in
aquifers and demonstrated the importance of the cutoff wall
depth, which provides guidance for the removal of NOj’
contamination and mitigation of SWI. It should be noted that
this study assumed that the aquifer is a homogeneous and isotropic
medium, while real aquifers comprise heterogeneous and
anisotropic media, which will be the focus of future research.
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