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13 Abstract

14 Due to shallow groundwater tables and easy water availability, many people live in coastal 

15 areas. Additionally, alluvial sediments from fluviatile and marine deposits are highly 

16 suitable for agricultural use, making coastal settlement even more desirable. However, 

17 groundwater nitrate pollution resulting from widespread application of fertilizers creates 

18 difficulties for water management officials. Cut-off walls are used to control seawater 

19 intrusion into coastal aquifers. However, until now, the effect of cut-off walls on the nitrate 

20 contamination of groundwater has been largely unknown. In this paper, the first 
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21 investigation of the influence of a subsurface cut-off wall on nitrate contamination in 

22 groundwater is discussed. Two sets of laboratory experiments--one with and one without 

23 a subsurface cut-off wall--were performed to validate the effectiveness of the constructed 

24 numerical model. The effects of the subsurface cut-off wall height, distance between the 

25 subsurface cut-off wall and the saltwater boundary, and infiltration rates on nitrate 

26 distribution and contamination in groundwater were analyzed. Results showed that after 

27 the construction of the subsurface cut-off wall, the domain mean velocity decreased, the 

28 migration of nitrate pollutants to the saltwater boundary was reduced, and the nitrate-

29 contaminated area expanded. Further, the morphology of the nitrate pollution plumes 

30 changed, an indentation appeared directly above the subsurface cut-off wall, the widths of 

31 the transition zones increased significantly, and the transition zones became more diffuse 

32 as one approached the saltwater wedge. Three indices were developed to quantify the 

33 degree of nitrate contamination. The relative height of the subsurface cut-off wall (H’) and 

34 the nitrate infiltration rate (Ni) were the two most significant factors determining the degree 

35 of nitrate contamination in groundwater near the subsurface cut-off wall. Therefore, we 

36 suggest that subsurface cut-off walls be designed such that their height lies below an 

37 experimentally determined critical height; thus reducing the infiltration rate of the 

38 contaminants produced during fertilization through water-saving irrigation techniques.

39 Key words: Nitrate contamination, Subsurface Cut-off wall, Seawater intrusion, 

40 Feflow, Tank experiments

41

42 Notation 
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Greek Letters Roman Letters

αk Density ratio of species k Ck

Mass concentration of species k 

(C1 for KNO3, C2 for NaCl)

βck Solute expansion coefficient Cks

Maximum mass concentration 

of species k

βL Longitudinal dispersivity Ck0

Minimum mass concentration 

of species k

βT Transverse dispersivity D
Distance between subsurface 

cut-off wall and Гs

Гb Bottom boundary D’

D’ = D/L, the relative distance 

between the subsurface cut-off 

wall and Гs

Гf Freshwater boundary Dk Coefficient of molecular diffusion

Гs Saltwater boundary Dm Mechanical dispersion tensor

Гu Upper boundary d Thickness of the aquifer

▽ Gradient vector e Gravitational unit vector

Ɛ Porosity H
Height of the subsurface cut-off 

wall

ρ Fluid density H’
H’ = H/d, the relative height of the 

cut-off wall;

ρ0 Freshwater density h Hydraulic head
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ꭕ Buoyancy coefficient I Unit vector

Ω Domain K Tensor of hydraulic conductivity 

L The distance between Гf and Гs 

Nd
Maximum depth of the 

contamination zone

Ni Nitrate infiltration rate

Ns Nitrate contaminated area

Ng Total dissolved KNO3 mass in Ω

Nd’
Nd’ = Nd/d, the relative maximum 

nitrate pollution depth

Ns’

Ns’ = Ns/S, the relative nitrate 

contaminated area. S is the area 

of the domain, which is equal to 

L×d

q Darcy velocity of the fluid

S0 Specific storage coefficient

t Time

v Velocity

x Horizontal spatial coordinate

43

44 1. Introduction 
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45 Nitrate pollution in groundwater is a severe environmental and hydrogeological 

46 problem and has attracted worldwide attention (Hu et al., 2017; Rodriguez-Galiano et al., 

47 2018; Wang et al., 2018). Excess nitrates in the human body are reduced to toxic nitrite 

48 and further converted to nitrosamines, which pose a significant threat to human health 

49 (Davidson et al., 2017; Rojas Fabro et al., 2015). Therefore, the WHO and some countries 

50 have established drinking water standards limiting the maximum concentration of nitrate 

51 nitrogen (NO3
--N) to 10–11.3 mg/L (Radfard et al., 2018). Since the 1960s, a high degree 

52 of nitrate pollution in groundwater has been reported globally. In the United States, Burow 

53 et al. (2010) conducted a series of statistical analyses on the NO3
--N content in 5101 wells 

54 nationwide and found that the NO3
--N content in 427 wells exceeded 10 mg/L. Kringel et al. 

55 (2016) analyzed 37 groundwater sources in central Africa and found that the average 

56 NO3
--N concentration was 60 mg/L, with the highest concentration reaching 150 mg/L. In 

57 China, the average NO3
--N concentration in the groundwaters of the seven provinces 

58 surrounding the Bohai sea reached 11.9 mg/L, with about 34.1% of the groundwater 

59 samples exceeding the established limit (Lu et al., 2019; Zhang et al., 1996).

60 With the economic development of human society and population growth, the degree 

61 of coastal groundwater exploitation has significantly increased (Bosello and De Cian, 

62 2014; Werner et al., 2013; Xin et al., 2016), leading to a decrease in underground water 

63 levels and an increase in seawater intrusion (SI) (Bosello and De Cian, 2014; Ferguson 

64 and Gleeson, 2012; Singh, 2015). Different engineering approaches have been adopted 

65 to alleviate and eventually prevent SI, such as pumping hydraulic barriers, water injection 

66 barriers, artificial recharge, and cut-off walls (Abdoulhalik and Ahmed, 2017a; Ahmed, 
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67 2017; Allow, 2012; Botero-Acosta and Donado, 2015; Hussain et al., 2015). Cut-off walls 

68 can be further categorized into full-section cut-off walls, subsurface cut-off walls, and 

69 suspended cut-off walls (Abdoulhalik et al., 2017). Among these, the subsurface cut-off 

70 wall is the most common type used in engineering (Abdoulhalik and Ahmed, 2017b; Luyun 

71 et al., 2009). The subsurface cut-off wall is embedded into the impervious bottom layer of 

72 an aquifer. An opening at the top of the aquifer blocks the saltwater and allows inland 

73 freshwater discharge to the ocean (Abdoulhalik and Ahmed, 2017b; Allow, 2012). The 

74 effectiveness of subsurface cut-off walls against SI has been widely investigated (Ishida et 

75 al., 2003; Kaleris and Ziogas, 2013; Luyun et al., 2009). However, few studies have been 

76 concerned with the influence of subsurface cut-off walls on the groundwater flow field and 

77 groundwater pollution. 

78 In coastal areas with agricultural and animal husbandry land, nitrate is the pollutant 

79 found in the highest concentrations in groundwater.(Du et al., 2011; Rajmohan et al., 2009; 

80 van den Brink et al., 2007). Many investigations of contaminant transport in coastal 

81 aquifers have been conducted via laboratory experiments (Zhang et al., 2002, 2001) and 

82 numerical simulations (Shammas and Thunvik, 2009; Volker et al., 2002; Xin et al., 2019). 

83 These investigations indicate that the contaminant transport processes are significantly 

84 influenced by variable density flow, sea-level rise, aquifer heterogeneity and stratigraphy, 

85 density of the contaminant, and tidal oscillations. However, the number of investigations of 

86 nitrate migration in coastal aquifers under the effect of the subsurface cut-off wall is 

87 insufficient. Yoshimoto et al. (2013) found that the average concentrations of NO3
--N in 

88 groundwater were below 10 mg/L before the construction of a cut-off wall, and the 
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89 concentration reached 10 mg/L after the cut-off wall construction. They developed a 

90 numerical model that estimated that the NO3
--N concentration would continue to rise by 

91 0.79-1.46 mg/L over the following 100 years. Lalehzari and Tabatabaei (2015) found that 

92 the construction of a subsurface cut-off wall affected the groundwater level upstream of 

93 the wall by 4 km, but the NO3
--N concentration did not change significantly. Kang and Xu 

94 (2017) monitored the nitrate concentrations of the groundwater upstream and 

95 downstream of a subsurface cut-off wall and found that the average nitrate concentration 

96 in the groundwater upstream was 9.92 mg/L, which was much higher than the 0.76 mg/L 

97 measured downstream. Overall, the previous studies have found that the construction of a 

98 subsurface cut-off wall influences the water level and nitrate concentration in the 

99 groundwater upstream of the cut-off wall. However, the spatial distribution of the nitrate 

100 concentration in the presence of a cut-off wall has not been considered, and the effects of 

101 a subsurface cut-off wall on the prevention of SI and nitrate contamination have not been 

102 quantitatively evaluated. Further, the effect of a subsurface cut-off wall on inland pollution 

103 and SI has not been explored.

104 Hence, in our study, we: (1) investigate the influence of a subsurface cut-off wall on 

105 the flow field, nitrate distribution, and seawater distribution in an unconfined coastal 

106 aquifer; (2) evaluate the effects of the cut-off wall height, distance between the cut-off wall 

107 and the saltwater boundary, and nitrate infiltration rates on groundwater nitrate 

108 contamination; (3) propose a new optimized construction scheme for cut-off walls that can 

109 control SI and reduce the nitrate contamination in groundwater. A variable-density flow 

110 and transport model (Feflow 7.0) is applied to investigate nitrate migration and distribution 
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111 in an unconfined coastal aquifer. Two sets of laboratory experiments--with and without a 

112 cut-off wall--were performed to validate the effectiveness of the numerical model. The 

113 validated model was then used to predict the degree of nitrate contamination under 

114 various conditions.  

115 2. Experimental methods 

116 2.1 Description of the experimental set-up 

117 The laboratory seepage device included a seepage chamber, a salt-freshwater level 

118 control system (described below), and a pollution source simulation system (Fig. 1). The 

119 dimensions of the central seepage chamber were 1.00 m × 0.60 m × 0.10 m, and the 

120 freshwater and saltwater chambers were located on either side of the chamber. Two hard 

121 perforated plastic plates with a metal screen on each surface were inserted between the 

122 seepage chamber and the water chambers to prevent the artificial aquifer medium from 

123 flowing out of the seepage chamber. Two submersible pumps were connected to the inlet 

124 holes through silicone hoses to feed the system with water, and the outflow holes were 

125 connected with silicone hoses to discharge water to maintain constant freshwater and 

126 saltwater levels. In this way, the salt-freshwater water level control system was 

127 constructed. The pollution source simulation system consisted of two nitrate-solution 

128 distribution pipes and two peristaltic pumps (KCP-C, Kamoer). The distribution pipes were 

129 made of rigid plastic pipe (diameter 1 cm × length 20 cm), closed at the end, and into each 

130 pipe ten uniformly distributed holes were drilled (bore diameter of 1.5 mm, spacing interval 

131 of 2 cm). The pipes were embedded in the surface of the seepage chamber beside each 

132 other, and the peristaltic pump controlled the water input and the nitrate infiltration rate. 
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133 2.2 Experiment materials

134 White quartz sand with an effective particle size of 0.5-1.2 mm was used as the 

135 aquifer medium. The water samples used were freshwater, saltwater, and a pollutant 

136 solution. Freshwater used in the experiment was taken directly from the tap in the 

137 laboratory. Saltwater was prepared by dissolving commercial sodium chloride and red 

138 food dye in tap water to obtain concentrations of 36.16 g/L and 1.5 g/L, respectively. The 

139 pollutant solution was prepared by dissolving KNO3 in distilled water to a KNO3 

140 concentration of 0.725 g/L, resulting in a NO3
--N concentration of 100 mg/L. The prepared 

141 solutions were stored in three 75 L plastic buckets. A 0.01 m-thick rigid foam plastic was 

142 used as the material for the cut-off wall.

143  

144

145 Fig. 1 Schematic diagram of experiment setup; values are in cm.

146

147 2.3 Experimental procedure

148 The experiments included a control, which did not have a subsurface cut-off wall, and 
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149 a lab-scale model, which did. A summary of the experimental parameters is presented in 

150 Table 1. The experimental results were compared with the numerical model to validate the 

151 effectiveness of the model setup. First, the seepage chamber was filled with layers of 

152 quartz sand; each layer was saturated with water and compacted. Next, nine needles 

153 were inserted into the positions corresponding to each observation point shown in Fig. 1. 

154 The densities of the KNO3 and NaCl solutions were measured by a densitometer (DA-

155 300WG, DahoMeter) to be 1025 g/L and 1004 g/L, respectively. The hydraulic 

156 conductivity was estimated based on Darcy's law under the constant-head condition and 

157 found to be 300 m/d.

158 The experiments were carried out successively. In the first experiment, SI conditions 

159 without the cut-off wall were assumed. In the following experiment, SI conditions and the 

160 presence of the subsurface cut-off wall were assumed. At the start of each experiment, 

161 freshwater was injected, saturating the entire porous medium with freshwater. Next, the 

162 submersible pump in the saltwater bucket was activated to feed the system with saltwater 

163 and promote seawater intrusion. When the saltwater level was stable at 41.60 cm, the two 

164 peristaltic pumps responsible for the nitrate pollution were activated, and the flow rate of 

165 each pump was adjusted to 0.96 m3/h. In the experiments without a cut-off wall, when the 

166 displacement of the saltwater wedge (SW) fell below 0.5 cm over 1 h, a steady state was 

167 considered to have been reached, the length of the SW was recorded, and water samples 

168 were withdrawn from the nine observation points. In the experiment with a subsurface cut-

169 off wall, the water samples from the nine observation points were extracted every 30 min. 

170 When the NO3
--N concentrations at all observation points remained constant, a steady 
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171 state was considered to have been reached and the experiment was terminated.

172 The NO3
--N concentrations in the water samples were measured using a 

173 spectrophotometer (UNICO UV2800A) (Hu et al., 2017). The experimental results are 

174 compared to the numerical results below.

175  

176 3. Numerical model 

177 3.1 Model conceptualization

178 A vertical cross-section of the groundwater flow and nitrate pollution plume contained 

179 by the cut-off wall (Ω) are shown in Fig. 2. The left boundary is the freshwater boundary 

180 (Гf), corresponding to h1, the constant hydraulic head of the freshwater flow; the right 

181 boundary is the saltwater boundary (Гs), corresponding to h2, the constant hydraulic head 

182 of the NaCl flow (NaCl concentration C2s is constant). L denotes the distance from Гs to Гf. 

183 The left and right boundaries of the flow with constant nitrate concentration C1s and 

184 variable nitrate infiltration rate Ni (m/d) across the top boundary are denoted by x1 and x2, 

185 respectively. The remaining part of the top boundary (Гu) and the bottom boundary (Гb) are 

186 impervious to water and solutes. The thickness of the aquifer is denoted by d. The height 

187 of the subsurface cut-off wall is H, and its distance from Гs is denoted by D. For the sake 

188 of simplicity, the denitrification process is not considered, because this process does not 

189 occur on the laboratory-scale.
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190

191 Fig. 2 Conceptualization of the unconfined aquifer near the cut-off wall.

192

193 3.2 Mathematical Methods

194 We model the density-dependent flow and mass transport processes by considering 

195 a cross-section of a coastal aquifer using the convective forms of the transport equations. 

196 Neglecting the Forchheimer and Brinkman effects, the momentum balance is governed by 

197 the Darcy equation in the form:

198                                                          eKq  h
199

As we operated the experiments under constant controlled temperature conditions, we 

200
can neglect the influence of temperature on buoyancy and assume that it only depends on 

201
the density of species k, giving:

202                                             000- kk
k

ck CC  

203 The solute expansion coefficient βck is defined by 
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204                                                         0kkskck CC  

205 The continuity equation for mass flow in steady state is given by:
                                                      

206 00 

 q

t
hS

207 The mass transport process is described by an advection-dispersion equation:

208
 
                                       0




kk
k CDC

t
C

kq

209 where Ɛ is the porosity, and the hydrodynamic dispersion tensor Dk is defined by:  

210                                                            mkk D DID  

211 Dm is the mechanical dispersion tensor, which is a function of the velocity v:

212                                              
v

vvIvD 
 TLTm 

213 For the initial and boundary conditions, we refer the reader to the guide book of FeFlow 

214 (Diersch, 2014). 

215 3.3 Model setup 

216 FEFLOW 7.0 software has been widely used to solve variable-density mass transport 

217 problems (Diersch, 2014), and we used it to study the influence of the subsurface cut-off 

218 wall on the distribution and degree of nitrate pollutants in groundwater over time. The 

219 domain (1.00 m × 0.40 m) was discretized using the advancing front method into 16,960 

220 triangular finite element cells. The diameter of each element was less than 0.94 cm, and 

221 the longitudinal and transverse dispersivity values were set to 0.001 m and 0.0001 m, 

222 respectively, which are within the range of the dispersivity values presented by Abarca 

223 and Prabhakar Clement (2009). The elements in the area occupied by the cut-off wall 

224 were considered to be inactive. The fully implicit forward Euler/backward Euler (FE/BE) 
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225 method was used for simulation-time control, with the time-step size set to 0.001 d and the 

226 initial time-step length set to 1×10-8 d. The full upwinding method was used in the model. 

227 The density-dependent flow transport equations led to symmetric and non-symmetric 

228 matrices. Preconditioned conjugate-gradient (PCG) was used to solve the symmetric 

229 linear system, and preconditioned and post-conditioned BiCGSTAB was used to solve the 

230 non-symmetric linear system. The Picard iteration scheme was used for solving the 

231 nonlinear system.

232 The values of the parameters in the numerical models were consistent with the 

233 experimental parameters, which can be found in Table 1. Ni was set to 2.3 m/d, and a 

234 KNO3 concentration of 725 mg/L led to a NO3-N concentration of 100 mg/L The hydraulic 

235 conductivity was set to 300 m/d. Nine observation points that were consistent with the 

236 positions of the experimental observation points were chosen.             

237 Table 1

238 Numerical and experimental parameters

Input parameter Value Units

Porosity, Ɛ 0.4 -

Freshwater level, h1 42.75 cm

Saltwater level, h2 41.60 cm

Freshwater density, ρ0 1.000 g/cm3

Saltwater density, ρ1 1.025 g/cm3

KNO3 density, ρ2 1.004 g/cm3

Saltwater concentration, C2s 35 000 mg/L
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KNO3 concentration, C1s 725 mg/L

KNO3 infiltration rate, Ni 2.3 m/d

Hydraulic conductivity, K 300 m/d

Specific storage coefficient, S0 0.0001 1/m

Longitudinal dispersivity, βL 0.001 m

Transverse dispersivity, βT 0.0001 m

Molecular diffusion coefficient 1×10-9 m2 /s

Density ratio, αNaCl 0.025 -

Density ratio, αKNO3 0.004 -

239                         

240 3.4 Model validation

241 A plot of the experimental versus the simulated NO3
--N concentrations at the 9 

242 observation points in steady state is presented in Fig. 3. It is evident that the simulated 

243 and observed NO3
--N concentrations exhibited good correlation, with a root-mean-square 

244 error of 1.0152 mg/L. The simulated length of the SW (50.6 cm) and the experimental 

245 length of the SW (50.0 cm) agreed well.

246 Fig. 4 contains a plot of the experimental and simulated NO3
--N concentrations over 

247 time at selected observation points for the scenario with the subsurface cut-off wall. 

248 Observation points 1, 2, 4, and 7 did not exhibit nitrate accumulation. Observation point 9 

249 was discarded because the process of sand excavation and refilling disturbed the in-situ 

250 state, thus making the experimental result inaccurate. At the other four observation points 

251 (3, 5, 6, 8), the experimental and simulated NO3
--N concentrations agreed well, with an 
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252 average significant correlation coefficient (R2) of 0.92253, indicating that the FEFLOW 

253 model can be successfully used to simulate nitrate migration and contamination in a 

254 coastal aquifer.

255

256 Fig. 3 Comparison of simulated and observed NO3
--N concentrations in steady-state 

257 under the condition of SI at nine observation points. The black line represents perfect (1:1) 

258 correlation.

259
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260

261 Fig. 4 Comparison of simulated and observed NO3
--N concentrations over time at selected 

262 observation points (3, 5, 6, 8).

263 3.5 Simulation procedure

264 In total, four sets of 32 simulations were performed using the validated model to 

265 investigate the degree of nitrate contamination in the groundwater after the construction of 

266 the subsurface cut-off wall. In the first set of simulations, two groups were considered: 

267 those with and those without the subsurface cut-off wall. In the former group, the relative 

268 heights of the subsurface cut-off wall (H’) equaled 62.5% of the thickness of aquifer, and 

269 the relative distances between the cut-off wall and the saltwater boundary (D’) were 30%. 

270 The nitrate infiltration rate (Ni) for both groups was 2.3 m/d. In the second set of 

271 simulations, cases with 10 different H’ values and the same D’ and Ni values as above 

272 were considered. In the third set of simulations, cases with 9 different D’ values, an H’ of 

273 50%, and the same Ni as above were considered. The fourth set of simulation included 
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274 cases with 11 different Ni values, an H’ of 50%, and a D’ of 30%. Other parameters used 

275 in the simulations were the same in all sets and are presented in Table 1. The influence of 

276 the subsurface cut-off wall on nitrate contamination in groundwater was evaluated within 

277 each of the four sets of simulation.

278 4. Results and discussion

279 4.1. Evaluation methods

280 Hu et al. (2005) used the Indicator Kriging method with a semivariogram model to 

281 assess nitrate contamination in groundwater using a threshold of 20 mg/L NO3
--N to filter 

282 the raw data. The spatial distribution range of nitrate is a common index used to evaluate 

283 the degree of nitrate contamination (Chen et al., 2010; Srivastava and Ramanathan, 

284 2018). In this study, a NO3
--N concentration of 10 mg/L was used as the threshold, which 

285 is within established drinking water standards (NO3
--N to 10–11.3 mg/L) established by 

286 the WHO and many countries (Radfard et al., 2018). The area enclosed by the 10 mg/L 

287 concentration contour and the upper boundary was defined as the nitrate contamination 

288 area. Three pollution-evaluation indexes were proposed: the maximum depth of the 

289 contamination zone Nd (m) (Fig. 2); the nitrate contaminated area Ns (m2) (Fig. 2); and 

290 the total dissolved KNO3 mass in Ω Ng (g). Some of the indices and variables were 

291 transformed to dimensionless form:

292 Nd’ = Nd/d, the relative maximum nitrate pollution depth;

293 Ns’ = Ns/S, the relative nitrate contaminated area. S is the area of the domain, which 

294 equals L×d;

295 H’ = H/d, the relative height of the subsurface cut-off wall;
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296 D’ = D/L, the relative distance between the subsurface cut-off wall and Гs.

297 4.2. Influences of SI and the subsurface cut-off wall on nitrate contamination

298 4.2.1. Nitrate contamination under the condition of SI without the subsurface cut-off wall

299 The nitrate solution and saltwater have different densities and exist simultaneously in 

300 the domain. To better understand the distribution of the nitrate pollutant, the flow fields 

301 before and after the construction of the cut-off wall were analyzed. Fig. 5a shows the flow 

302 field under the condition of SI. A low-velocity zone (< 1 m/d) formed in the region occupied 

303 by the SW, because the velocity inside the SW region was slow compared to the surface 

304 velocity (Chang and Clement, 2013). There was saltwater circulation within the SW region 

305 (Smith, 2004), and a vertical flow component formed on the interface that carries the mass 

306 upward against the vertical gravitational force (Post et al. 2007). The vertical flow 

307 component combined with the horizontal velocity component, making the freshwater and 

308 mass migrate along the interface of the SW region. As the height of the SW region 

309 increased and its boundary migrated towards the discharge zone, the flow velocity 

310 accelerated (Fig. 5a). The maximum flow rate, with a value of 18.95 m/d, appeared near 

311 the discharge zone, and the mean velocity of the domain was 2.24 m/d.

312 In the steady state, a semi-elliptic nitrate pollution plume (Fig. 5c) was formed in the 

313 upper portion of the aquifer. Nd’ and Ns’ were 52.50% and 33.82%, respectively. The 

314 NO3
--N concentration was the highest (> 90 mg/L) around the nitrate-infiltration zone, and 

315 a narrow transition zone was formed at the edge of the plume. Zhang et al. (2002) found 

316 that density was the main factor that influenced the shape of the pollution plume; when it 

317 was low, the contaminated zone was mainly concentrated in the upper portion of the 
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318 aquifer with a relatively sharp outline. This is consistent with our observations that the 

319 boundary of the nitrate contamination plume was very sharp. We also observed that the 

320 pollution plume was contained in the upper portion of the aquifer, because the density of 

321 the KNO3 solution used was only 1.004 g/cm3. 

322 4.2.2. Nitrate contamination with the use of a subsurface cut-off wall

323 Fig. 5b shows the flow field patterns after construction of the subsurface cut-off wall 

324 (H’ = 62.5%; D’ = 30%). The SW was completely blocked outside the cut-off wall, the low-

325 velocity area on the left side of the cut-off wall disappeared, and a small high-velocity zone 

326 formed directly above the cut-off wall. A fan-shaped zone characterized by increasing 

327 velocity formed around the discharge zone. The area of the low-velocity (1 m/d–2 m/d) 

328 zone on the left side of the cut-off wall enlarged, and the mean velocity decreased to 1.93 

329 m/d. 

330 The nitrate migration ability decreased with the decrease in mean velocity, which 

331 cause the nitrate-contaminated area to expand and Nd’ and Ns’ to increase to 54.68% 

332 and 34.58%, respectively. The NO3
--N average concentration in the upstream aquifer 

333 increased from 24.23 mg/L to 25.25 mg/L. A similar trend was reported in Yoshimoto et al. 

334 (2013). Due to the action of the high-velocity flow above the cut-off wall, the pollution 

335 plume became concave, the width of the nitrate transition zone increased significantly, 

336 and the nitrate pollution plume became more diffuse where it approached the saltwater 

337 interface (Fig. 5d). The latter observation is consistent with the findings of Zhang et al. 

338 (2002), who reported that the front of the plume always becomes more diffuse as it 

339 approaches the saltwater interface.
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340

341 Fig. 5 Comparison of flow fields under the conditions of (a) SI with no subsurface cut-

342 off wall and (b) SI with the subsurface cut-off wall. (c) and (d) show the nitrate distributions 

343 under the same SI conditions as (b) with no subsurface cut-off wall and with the 

344 subsurface cut-off wall, respectively. The 50% saltwater concentration contour is denoted 

345 by the dark blue dashed line.

346 4.3. Influence of subsurface cut-off wall height on nitrate contamination

347 The change in H' significantly impacted the dimensions of the nitrate-contaminated 

348 area (see below), but it did not cause a notable change in the seawater-contaminated 

349 area (Fig. 6). When H’ was 50% (Fig. 6a) and 60% (Fig. 6b), the nitrate pollution plumes 

350 were mainly concentrated in the upper portion of the aquifer, the transition zones were 

351 narrow, and the total mass of dissolved KNO3 (Ng) hardly changed (Fig. 7). As H’ was 

352 increased to 80% (Fig. 6c), the nitrate-contaminated area expanded, and Ng increased to 

353 33.23 g. The thickness of the low-concentration transition zone above the saltwater region 

354 increased noticeably. When H’ was further increased to 90% (Fig. 6d), Nd’, Ns’, and Ng 

355 substantially increased to 81.50%, 55.95%, and 45.25 g, respectively. In this case, the 

356 aquifer was severely contaminated by nitrate.
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357 The curve of the change in the mean velocity in the domain with H’ was parabolic 

358 (concave down) (Fig. 8), which means that the velocity decreased as the cut-off wall 

359 height increased. Wu et al. (2016) found that this crossing velocity was the major factor 

360 affecting the extent of nitrate migration in saturated zones, and that the vertical pollution 

361 depth increased with decreased crossing velocity. When the cut-off wall was tall, the flow 

362 velocity rapidly decreased, which ultimately led to a rapid increase in Nd’ and Ns’ in the 

363 aquifer (Fig. 9) as H’ increased. When H’ was lower than 65%, Nd’ and Ns’ increased 

364 slowly as H’ increased, with Ns’ increasing by 0.94% on average for a 10.00% increase in 

365 H’. Nd’ and Ns’ began to increase more rapidly with respect to an increase in H’ starting at 

366 H’=0.65. In the region 0.65<H’<0.8, Ns’ increased by 7.20% on average for a 10.00% 

367 increase in H’. However, when H’ was higher than 80%, Nd’ and Ns’ increased rapidly with 

368 respect to an increase in H’, with Ns’ increasing by 13.98% on average for a 10.00% 

369 increase in H’. We thus denoted H’ = 0.8, i.e., the height of the cut-off wall when it is equal 

370 to 80% of the thickness of the aquifer, as the critical height. We conclude that cut-off walls 

371 should be designed to be less than or equal to the critical height in order limit the nitrate-

372 contaminated area in groundwater aquifers. 

373
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374 Fig. 6 Steady-state nitrate and saltwater distribution at different relative heights of the 

375 subsurface cut-off wall (H’): (a) 50%; (b) 60%; (c) 80%; and (d) 90%. The 50% saltwater 

376 concentration contour is denoted by the dark blue dashed line.

377

378  Fig. 7 The total dissolved KNO3 mass (Ng) under steady-state conditions at different 

379 relative heights of the subsurface cut-off wall (H’).



  

24

380

381 Fig. 8 Mean velocity in the domain at different H’.

382

383 Fig. 9 The relative maximum steady-state nitrate pollution depth (Nd’) and the relative 

384 nitrate contaminated area (Ns’) at different H’.
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385 4.4. Influence of the distance between the subsurface cut-off wall and the saltwater 

386 boundary on nitrate contamination

387 Change in the relative distance between the subsurface cut-off wall and Гs (D’) had 

388 little impact on the distribution of the nitrate pollutant but influenced the saltwater-

389 contaminated area significantly. Specifically, the saltwater intruded further with increasing 

390 D’ (Fig. 10). When D’ was increased from 15% to 35%, Ng hardly changed (Fig. 11) and 

391 Ns’ decreased very slightly (Fig. 12). Nd’ tended to decrease with increases in D’ because 

392 the concave configuration maintained a fixed distance from the cut-off wall; as the 

393 distance between the cut-off wall and Nd decreased, Nd' decreased. Overall, the changes 

394 in D’ had little impact on the distribution of the nitrate pollutant. We note that the closer the 

395 cut-off wall was to the saltwater boundary, the taller the cut-off wall needed to be to 

396 maintain its effectiveness in controlling SI; this increased Ns’ indirectly. Therefore, we 

397 suggest that cut-off walls be constructed at positions such that the lowest possible cut-off 

398 wall height that can still control SI be less than or equal to the critical height. In this way, 

399 the dual purposes of controlling SI and reducing nitrate contamination can be achieved 

400 simultaneously.

401
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402

403 Fig. 10 Steady-state nitrate and saltwater distribution corresponding to different 

404 relative distances between the subsurface cut-off wall and Гs (D’): (a) 15%; (b) 20%; (c) 

405 30%; (d) 35%. The 50% saltwater concentration contour is denoted by the dark blue 

406 dashed line.

407

408 Fig. 11 Steady-state total dissolved KNO3 mass (Ng) at different relative distances 

409 between the subsurface cut-off wall and Гs (D’).

410
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411

412 Fig. 12 Steady-state relative maximum nitrate pollution depth (Nd’) and the relative nitrate 

413 contaminated area (Ns’) at different D’.

414 4.5. Influence of infiltration rate on nitrate contamination with subsurface cut-off wall

415 Fig. 13 shows the influence of Ni on the distribution of nitrate and saltwater in steady 

416 state. The changes in Ni had little effect on the saltwater-contaminated area. When Ni was 

417 low, the nitrate pollution plume was distributed along the upper portion of the aquifer in an 

418 elongated ellipse (Fig. 13a). As Ni (< 2.78 m/d) increased from 1.38 m/d to 2.3 m/d, Ng 

419 increased from 16.18 g to 21.79 g (Fig. 14), with a 10% increase in Ni leading to a 10.67% 

420 increase in Ng. With an increase in the infiltration rate, the depth to which the nitrate 

421 pollution reached increased noticeably. When the nitrate infiltration rates were 3.45 m/d 

422 (Fig. 13c) and 3.68 m/d, Ng values were 45.01 g and 49.71 g, respectively. For a 10% 

423 increase in Ni, Ng increased by 15.66% on average. Ng increases were more rapid with 

424 respect to increases in Ni when the latter value was more than 2.76 m/d. In all cases, the 
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425 nitrate contaminated area expanded to the upstream aquifer. 

426 As can be seen from Fig. 15, the infiltration rate played a decisive role in the vertical 

427 migration of the nitrate pollutant. Nd’ increased linearly with respect to increases in Ni, 

428 with every 10% increase in Ni leading to an average increase in Nd’ of 4.12%. When Ni 

429 was lower than 2.76 m/d, Ns’ increased linearly, with an increase of 2.74% on average for 

430 a 10% increase in Ni. However, when Ni was greater than 2.76 m/d, the curve of Ns’ 

431 versus Ni had positive acceleration, leading to an average increase in Ns’ of 4.28% for a 

432 10% increase in Ni. Ni was identified as the main factor influencing the distribution of 

433 nitrate in groundwater; thus, reducing the infiltration rate during fertilization through water-

434 saving irrigation would be an effective way to prevent expansion of the area of nitrate 

435 contamination in groundwater near a subsurface cut-off wall.

436

437

438 Fig. 13 Steady-state nitrate and saltwater distributions at different nitrate infiltration 

439 rates (Ni): (a) 1.38 m/d; (b) 2.3 m/d; (c) 3.45 m/d; (d) 3.68 m/d. The 50% saltwater 

440 concentration contour is denoted by the dark blue dashed line.
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441

442

443 Fig. 14 Steady-state total dissolved KNO3 mass (Ng) at different nitrate infiltration rates 

444 (Ni).

445
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446

447 Fig. 15 Steady-state the relative maximum nitrate pollution depth (Nd’) and relative nitrate 

448 contaminated area (Ns’) at different Ni. 

449

450 5. Conclusion

451 In this study, we used numerical simulations to investigate the influence of a 

452 subsurface cut-off wall on nitrate contamination in steady state in a model coastal aquifer. 

453 Three indices (Nd’, Ns’, and Ng) were used to analyze the influences of changes in H’, D’, 

454 and Ni on nitrate distribution and contamination in groundwater resources. Fig. 16 shows 

455 an overall comparison of the sensitivity of the parameters: when H’ was lower than 65%, 

456 Ns’ increased slowly, with an increase of 0.26% on average for a 10.00% increase in H’. 

457 there is an elevated increase starting from H’>65%, due to an accelerated increase in Ns’ 

458 with respect to increases in H’, this parameter increased by 5.28% on average for a 

459 10.00% increase in H’. D’ had very little impact on Ns’. Ns’ linearly increased with respect 
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460 to an increase in Ni, with every 10% increase in Ni leading to an average increase of 

461 3.56% in Nd’. Thus, we conclude that H’ and Ni are key factors influencing the nitrate 

462 contamination in groundwater near a subsurface cut-off wall. 

463

464

465 Fig. 16 Sensitivity of the steady-state relative nitrate contaminated area (Ns’) to the 

466 relative height of the subsurface cut-off wall (H’), the relative distance between the 

467 subsurface cut-off wall and Гs (D’), and nitrate infiltration rates (Ni). In the control,

468  H’=65%, D’=25%, Ni=2.3 m/d.

469 Under SI conditions without a subsurface cut-off wall, a low-velocity zone (< 1 m/d) 

470 was formed due to the existence of the SW. Freshwater and nitrate migrated along the 

471 interface of the SW, forming a semi-elliptical pollution plume along the upper portion of the 

472 aquifer. The mean velocity in the domain was 2.24 m/d, and Nd’ and Ns’ were 52.5% and 

473 33.82%, respectively. After constructing the cut-off wall, the flow pattern became more 
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474 complicated. The area of the low-velocity zone (1–2 m/d) enlarged, the domain mean 

475 velocity decreased to 1.93 m/d, the nitrate-contaminated area expanded, and Nd’ and Ns’ 

476 increased to 54.68% and 34.58%, respectively. Further, the pollution plume caved inward 

477 just above the cut-off wall, the width of the transition zone increased, and the nitrate 

478 pollution plume became more diffuse as it approached the saltwater transition zone.

479 Changes in H’ had little effect on the size of the saltwater-contaminated area but 

480 significantly influenced the nitrate distribution in groundwater; Ns’ and Ng increased with 

481 increases in H’. We chose the height at which the cut-off wall was 80% of the thickness of 

482 the aquifer to be the critical height. When H’ was lower than the critical height, Ns’ slowly 

483 increased with respect to an increase in H’ . When H’ was higher than the critical height, 

484 Ns’ increased rapidly--13.98% on average for a 10.00% increase in H’. Therefore, we 

485 suggest that subsurface cut-off walls be designed such that their height is less than or 

486 equal to the critical height to avoid enlargement of the nitrate-contaminated area in 

487 groundwater.

488 Changes in D’ had a minor impact on the groundwater nitrate contamination but 

489 significantly influenced the size of the saltwater-contaminated area, which expanded with 

490 increases in D’. Nd’ decreased with increasing D’, Ns’ slightly decreased, and Ng hardly 

491 changed. Considering the dual effects of the subsurface cut-off wall on SI prevention and 

492 nitrate contamination, we suggest that the subsurface cut-off wall be constructed to 

493 control SI and be less than or equal to the critical height.

494 Changes in Ni had little effect on the saltwater-contaminated area but had a 

495 significant effect on Nd’, Ns’, and Ng. Nd’ showed a linear increase with increases in Ni; a 
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496 10% increase in Ni led to a 4.12% increase in Nd’. When Ni was lower than 2.76 m/d, Ns’ 

497 increased linearly, with an average increase of 2.74% for a 10% increase in Ni. However, 

498 when Ni was greater than 2.76 m/d, Ns’ increased rapidly, with a 10% increase in Ni 

499 leading to a 4.28% increase in Ns’, on average. The increases in Ng were also 

500 accelerated when Ni was more than 2.76 m/d. Thus, reducing the infiltration rate by using 

501 water-saving irrigation techniques would be an effective way to prevent the spread of 

502 nitrate contamination in groundwater near a subsurface cut-off wall.

503 In field applications, the dual effects of the height of the subsurface cut-off wall on the 

504 SI and nitrate contamination in groundwater should be considered in the wall’s 

505 construction. The minimum height of the cut-off wall should be based on the height of SW 

506 where the wall is constructed. Typically, the subsurface cut-off wall is constructed close to 

507 the shoreline to increase the aquifer area, but that increases the height of the wall and 

508 leads to nitrate contamination in the aquifer. Therefore, the cut-off wall should be 

509 constructed at a location such that its height is both less than the critical height and is able 

510 to control SI. In this way, the wall can both control SI and reduce nitrate contamination.

511 In the future, we plan to perform studies that take denitrification and evaporation 

512 processes into account. Field denitrification kinetics will be studied, and hydrogeological 

513 parameters will be measured to set up a field-scale model and enhance the practical 

514 applicability of the theory developed herein.
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