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Abstract  31 

This study examined the influence of preferential flow on salinity change, pore water flows, 32 

and solute transport reaction in variable saturation and variable density coastal aquifers. The 33 

2-D unconfined aquifer model established was based on the finite element software 34 

COMSOL by coupling the dynamic and chemical processes together. The simulated results 35 

showed that both preferential flow and tide wave affect groundwater flow, leading to a more 36 

complicated mixing process than by only considering a single factor. Compared with the tidal 37 

force, the preferential flow was found to effectively reduce the length of seawater intrusion. 38 

The deeper the depth of preferential flow, the more significant the effect. Owing to this 39 

complex and dynamic process, nitrification mainly took place in the shallower zone adjacent 40 

to the coast, where oxic seawater and groundwater interact intensively. Denitrification, on the 41 

other hand, was dominant in the middle zone of the aquifer, where the oxygen was relatively 42 

lesser. Further quantitative analysis revealed an increase in the intensity of nitrification and 43 

dissolved oxygen inflow flux with preferential flow depth. This also led to a decrease in the 44 

nitrate removal efficiency. This phenomenon usually occurs on coasts where biological caves 45 

are abundant. The results also offer significant implications for designing engineering 46 

measures to mitigate saltwater intrusion and groundwater quality management in coastal 47 

zones. 48 

 49 

Keywords: preferential flow, saltwater intrusion, nitrification, denitrification, removal 50 

efficiency. 51 

 52 

1. Introduction 53 

Groundwater is an important freshwater resource for industrial and agricultural purposes 54 

in coastal areas (Lu et al., 2013; Zhang et al., 2019). Since the 1960s, the nitrate pollution of 55 

global groundwater has deteriorated due to the increase in population, over-extraction of 56 

groundwater, and rising sea levels (Werner et al., 2013; Kim et al., 2018). Saltwater intrusion 57 

(SWI) as globally problem seriously threatens freshwater resources and coastal productivity 58 

(Chmura et al., 2003). The NO3
- concentrations in drinking water derived from groundwater 59 

exceed the standard of 10 mg/L set by the World Health Organization (WHO) in most parts 60 

of the world (Burow et al., 2010; Kringel et al., 2016; Radfard et al., 2018), especially in 61 

China. Approximately 34.1% of groundwater contamination concentration reaches 11.9 mg/L 62 

(Lu et al., 2019).  63 

[Fig. 1 here.] 64 
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Groundwater flow and solute transport in aquifers under the tidal influence are very 65 

complex (Fig. 1), with high salt exchange and density difference between saltwater and 66 

freshwater become extremely active (Robinson et al., 2007a; Santos et al., 2009; Charbonnier 67 

et al., 2013; Kong et al., 2016; Geng et al., 2020). Previous studies have shown that periodic 68 

tidal fluctuations can lead to the formation of two saltwater plumes in aquifers: (i) a saltwater 69 

wedge (SW) due to density-driven seawater recirculation and (ii) an upper saline plume 70 

(USP) due to tide-driven seawater recirculation (Robinson et al., 2007b; McAllister et al., 71 

2015; Kuan et al., 2019; Yu et al., 2019). Land-derived groundwater is generally transported 72 

between SW and USP and discharged into the ocean near the low tide mark, a seawater-73 

freshwater mixing area between two different saltwater plumes. Several surveys also report a 74 

large number of macro-pores (such as crab burrows and invertebrate nests) in aquifers 75 

(Hughes et al., 1998; Botto et al., 1999; Gardner et al., 2001; Perillo et al., 2005; Minkoff et 76 

al., 2006; Xin et al., 2009). Spivak et al. (1994) and Iribarne et al. (1997) demonstrated that 77 

burrowing crabs were found in almost all the zones of the marsh is intertidal with a mean 78 

density of 20 crabs m-2. The presence of crab holes and macro-pores appear to increase the 79 

overall surface infiltration rate to a range of 0.1 to 1 m/day, which is 1 to 2 orders of 80 

magnitude larger than the matrix hydraulic conductivity (Hughes et al., 1998). When the tide 81 

inundates the beach, the preferential flow in the macro-pores dominates the solute transport 82 

and nutrient exchange rate between seawater and groundwater (Ursino et al., 2004; Li et al., 83 

2005; Gardner et al., 2007; Xin et al., 2009). Some studies find that the vertical direction 84 

preferential flow enhances the infiltration rate of surface water and impacts the differences in 85 

salinity (Williams et al., 2014; Edith et al., 2015; Enrique et al., 2018). Additionally, 86 

preferential flow also intensifies the heterogeneity of the aquifer, leading to greater hydraulic 87 

conductivity, more so than in the case of homogeneity (Kreyns et al., 2020). Yu et al. (2019) 88 

find that heterogeneity increases the USP, which can effectively resist saltwater intrusion.   89 

Seawater brings a large amount of dissolved oxygen (DO), dissolved organic carbon 90 

(DOC), nitrate (NO3
-), and ammonium (NH4

+) into the aquifer, which is a non-negligible 91 

source of chemical materials in groundwater. In addition, a series of chemical reactions such 92 

as DOC degradation, aerobic respiration, nitrification, and denitrification can take place in 93 

the same area (Slomp et al., 2004; Riuett et al., 2008; Meile et al., 2009). These processes are 94 

all affected by tidal force, which can change the recycling rate and chemical composition of 95 

seawater before flowing into the nearshore aquifer (Santos et al., 2008; Rocha et al., 2009; 96 

Charbonnier et al., 2013; Rocha et al., 2013). Shuai et al. (2017) established a 2-D estuarine 97 

subsurface flow model based on the numerical simulation, assuming that DO, DOC, NO3
-, 98 



4 

 

NH4
+ primarily originate from rivers. The nitrification process occurs in the shallow layers, 99 

while the denitrification process occurs in the deeper anaerobic layers, which plays an 100 

important role in removing NO3
--N in the aquifer. The study also points out that both 101 

reactions are limited by redox conditions and the DOC concentrations. Several studies have 102 

stated that preferential flow affects the transformation of nitrogen in sediments (Tuominen et 103 

al., 1999; Welsh and Castadelli 2004). On the one hand, preferential flow can directly or 104 

indirectly change soil properties, while solutes affect the reaction rate (redox condition, 105 

aeration, particle composition, etc.) (Xin et al., 2007; Simioni et al., 2014) on the other hand. 106 

Heiss et al. (2020) evaluated nitrate removal efficiencies in aquifers for a range of buried 107 

wrack scenarios and indicated the role of organic carbon sources on nitrate removal.  108 

Previous studies have determined the effects of preferential flow by considering the 109 

existence of crab burrows. However, the effects of preferential flow under tidal conditions at 110 

the tidal range zone on salinity change, pore water flow, and solute transport reaction in 111 

coastal unconfined aquifers remain unclear. This study, therefore, conducted numerical 112 

experiments to address the potential effects of preferential flow and depth on salinity 113 

distribution, nitrification, and denitrification under tidal action. The results may provide a 114 

theoretical reference for designing engineering measures to mitigate saltwater intrusion, 115 

groundwater quality management, and the ecological restoration of coastal zones. 116 

 117 

2. Numerical model 118 

2.1 Groundwater flow and solute transport model 119 

A 2-D coastal wetland model was developed to study the salinity change and solute 120 

transport of aquifers with variable saturation and density using the COMSOL finite element 121 

software. The simulation of flow with variable saturation and density is based on Richard's 122 

equation. Solute transport is based on the advection-dispersion-reaction equation in porous 123 

media ( Anwar et al., 2014; Shuai et al., 2017):  124 
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where ρ is fluid density (kg∙m-3), Ci is the concentration of species i, P is the pressure, Z is the 127 

elevation head. The value of ks is the saturated hydraulic permeability while kr stands for the 128 

relative permeability. u is the Darcy velocity (m∙s-1), εp equals θ (where θ is the water 129 
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content), g is the acceleration of gravity (9.81m∙s-2), Qm in this equation represents a stress 130 

source term, Cm is the specific moisture capacity, D is the hydrodynamic dispersion 131 

coefficient (m2∙s-1), and Ri is the reaction rate for species i. The constitutive relationship 132 

between relative permeability and pore pressure obeys van Genuchten model (1980): 133 
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139 

where θs and θr is the saturated water content and relative water content, respectively; α and n 140 

is obtained by van Genuchten (1980). 141 

The model is a 2-D beach aquifer cross-section (Fig. 1), where the BAE and CD sides 142 

are both set as no flow and zero salt flux boundaries (Shen et al., 2017; Xin et al., 2017). DE 143 

is set as the inland boundary, while BC is the permeable layer which is used to represent the 144 

interface between the beach surface and seawater or atmosphere. The process is realized by 145 

the following formula: 146 
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150 

where Rb is the conductivity, Hb is the external head at sea level (m), and H is the total head 151 

(m). 152 

In order to deal with the boundary conditions reasonably, two conditions have been 153 

considered, (i) when the aquifer is saturated, and the external head (Hb) of sea level is higher 154 

than the elevation head, the head is determined by the difference between the overlying 155 

seawater and the beach interface. However, if the total head (H) is higher than the sea level 156 
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(Hb) and the pressure head is equal to or higher than the atmospheric pressure, the boundary 157 

is a seepage surface; (ii) if the value of Rb is zero when the aquifer is unsaturated, the 158 

boundary is a no-flow boundary. The salinity is determined by the groundwater velocity at 159 

the node. If the velocity is inward, the salinity is estimated by seawater salinity (Csea). 160 

Otherwise, the groundwater salinity near the node is used. Previous studies have 161 

demonstrated that this modeling approach is useful in describing water level movement and 162 

residence times within the transition zone (Wilson et al., 2006; Xin et al., 2010; Shen et al., 163 

2019). 164 

A time-varying head (H(t)) was implemented at selected cells on the specified elements 165 

by: 166 

   ωtAHtH msl sin
                                                    (12) 

167 

where H(t) is tidal head (m), determined by time; Hmsl is the mean sea level (10m); A is tidal 168 

amplitude (0.5m); Tπω 2 is the angular frequency, T is the tidal cycle (semidiurnal tide, 169 

12h). Experimental parameters have been used many times in previous studies ( Anwar et al., 170 

2014; Shuai et al., 2017). 171 

The model domain represented a homogeneous and isotropic coastal aquifer with a 172 

thickness of 12 m and a sloping beach boundary (the slope of 0.1, Fig. 1). The model 173 

parameters can be refered to the typical sandy coastal aquifer system (Carsel and Parrish, 174 

1988) and Anwar et al. (2014) with the hydraulic conductivity of 15 m d-1, porosity of 0.25, 175 

longitudinal dispersivity (aL) of 0.2 m, and transverse dispersivity (aT) of 0.02 m. And in the 176 

van Genuchten (1980) formulas, the residual saturation (Se) of 0.1, and the parameters n and 177 

a were set to 14.5 m-1 and 2.68, respectively. The residual saturation (Se), a, and n have been 178 

adopted in previous studies on groundwater flow and solute transport in aquifers (Anwar et 179 

al., 2014; Shen et al., 2019). Moreover, seawater salt concentration and density were set to 35 180 

ppt (mass fraction, approximately equivalent to 35 kg m-3) and 1025 kg m-3
, respectively. And 181 

freshwater salt concentration of 0 ppt and the density of 1000 kg m-3 (see table 1), both 182 

adopted from Robinson et al. (2014) and Shen et al. (2019). 183 

[Table 1 here.] 184 

 185 

The preferential flow model (PFM) has a width of 0.1 m and is assumed to be a 186 

homogeneous medium with high permeability and porosity (the permeability is 100 times 187 

higher than that of the matrix and the porosity is set 1) (Shull et al., 2009; Xin et al., 2009; 188 

Xin et al., 2016; Xiao et al., 2019; Etsias et al., 2021). This technology enables simulations 189 

of the preferential flow rapid responses to tidal water level fluctuations without affecting the 190 
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simulation results (Xin et al., 2009). Similar techniques and parameters have been previously 191 

used in groundwater models to simulate pore-water flow and solute transport induced by 192 

macro-porosity (Xin et al., 2009; Xiao et al., 2019).  193 

All simulations used the same numerical mesh, with 70,513 nodes and 70,216 elements. 194 

The mesh density increased in preferential flow zones and at the beach, with a minimum Δx 195 

of 0.07 m. The values for the Courant number and numerical Péclet number are not exceed 1 196 

and 2, respectively, which satisfies the stability criterion and avoids numerical oscillation. 197 

During the simulation, a constant temperature was maintained, resulting in constant dynamic 198 

viscosity. 199 

The simulation first conducted a no preferential flow model under the tidal action and 200 

then a preferential flow model under the tide with different depths (6 groups of experiments 201 

were conducted). The specific parameters are listed in table 2. 202 

[Table 2 here.] 203 

 204 

2.2 Solute reaction model 205 

To study the transformation of marine nutrients, a reaction network of four reactive 206 

species was applied in the reaction model. The model considers nitrification, denitrification, 207 

aerobic respiration, and DOC degradation.  208 

The reaction model simulates the first-order reaction that requires mixing for the inflow 209 

of NO3
-, DO, NH4

+, and DOC. The study omitted the production of NH4
+ from DOC 210 

degradation and nitrification and only focused on the NO3
- transformation of marine-derived 211 

sources lose sight of land-derived sources. The reactions and kinetic rate expressions are 212 

shown in table 3. 213 

[Table 3 here.] 214 

 215 

By referring to the work of Spiteri et al. (2008) and Bardini et al. (2012), the parameters 216 

of the reactions are shown in table 1. Similar to salt transport, the nutrient concentration was 217 

set along with the aquifer-ocean interface for the reactive solutes. The boundary conditions of 218 

the nutrients are presented in Fig. 1, and the specific nutrient values are shown in table 1. The 219 

TOE (the saltwater wedge toe) used to evaluate the length of the saltwater wedge and the 220 

NO3
- removal efficiency (RN ) is quantified by: 221 

dlfc
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where Ω is the domain area, t is the tidal cycle time (12 h), fb is the boundary flux, RdnNO3
- is 223 

the rate of denitrification, and l is the length of the boundary layer. 224 

Three steps were conducted: (i) variable-density flow and salt transport were simulated 225 

under tidal action until a steady-state for all conservative transport simulations without and 226 

with preferential flow; (ii) tidally phase-averaged hydraulic head, and salt concentrations 227 

across the aquifer-ocean interface were used to simulate steady-state groundwater flow and 228 

transport for all cases; (iii) the final concentrations of nutrient species from these simulations 229 

were set as the initial concentrations for the reactive transport. The simulations were run for 230 

700 days to allow the reactive solutes to reach equilibrium. 231 

 232 

2.3 Model reliability verification 233 

Three different scenarios were simulated to calibrate the reliability of this study model 234 

(non-preferential flow, vertical-middle, and vertical-right preferential flow condition). The 235 

model and preferential flow size and parameters are consistent with those adopted by Etsias 236 

et al. (2021) (the aquifer is 0.38 m long, 0.134 m high, and preferential flow is 0.008 m wide, 237 

0.1 m high). Fig. 2 (a-1), (a-2), and (a-3) presents the result of the salinity distribution of the 238 

laboratory experiment, and Fig. 2 (b-1), (b-2), and (b-3) presents the results of the salinity 239 

distribution and the pore water flow of simulations (SUTRA), both by Etsias et al. (2021), 240 

while Fig. 2 (c-1), (c-2) and (c-3) presents the results of the salinity distribution and pore 241 

water flow of simulations of this study.  242 

 [Fig. 2 here.] 243 

Fig. 2 demonstrates that the saltwater forms an SW driven by density. Under the 244 

experiment by Etsias et al. (2021), the preferential flow had a significant impact on the extent 245 

of saltwater intrusion. Under non-preferential flow, the TOE was found to be 0.1262 m; 246 

under the middle preferential flow condition, the TOE increased from 0.1262 m to 0.1409 m, 247 

while the TOE was found to be 0.1275 m under the right preferential flow condition. Fig. 2 248 

(c-1), (c-1), and (c-3) present the results of the salinity distribution and the pore water flow of 249 

the simulations in this study, where although the TOE was slightly different, they presented 250 

the same trend (Fig. 3). Fig. 2 (b-1), (b-2), (b-3) and (c-1), (c-2), (c-3) constitutes a well-251 

documented mechanism; the lesser dense freshwater overtops saltwater and outflows from 252 

the upper right area of the aquifer. The presence of preferential flow results in the majority of 253 

the freshwater mass transport through it and increases the widening of the mixing zone 254 

around the preferential flow.  255 

[Fig. 3 here.] 256 
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 257 

3. Results  258 

This section presents the salinity distribution and pore water flow under the three basic 259 

conditions - no-tide, tide, and preferential flow. Additionally, the transport and reaction of 260 

marine solutes without and with preferential flow are presented in 3.3 and 3.4. 261 

 262 

3.1 Salinity 263 

The salinity distribution under three different conditions is presented in Fig. 4. As 264 

demonstrated by previous studies (Robinson et al., 2006; Kuan et al., 2012; Shen et al., 2020), 265 

tidal action leads to the formation of a upper salinity plume (USP) and the saline wedge (SW) 266 

as well as freshwater discharges between the USP and SW (Fig. 4(b)) (Robinson et al., 2006; 267 

Kuan et al., 2012; Heiss and Michael, 2014; Buquet et al., 2016). Under non-tidal conditions, 268 

the TOE was found to be 33.6 m (Fig. 4 (a)), while the TOE under tide conditions was 24.18 269 

m (Fig. 4 (b)), consistent with previous studies (Robinson et al., 2006; Kuan et al., 2012; 270 

Heiss and Michael, 2014; Buquet et al., 2016). As anticipated, the USP limited the length of 271 

SW under tidal action. The salinity was found to be 161.41 m and 123.30 m under non-tidal 272 

and tidal action, respectively. Under the non-tidal condition (Fig. 4 (a)), the thickness of the 273 

mixing zone was relatively smaller (around 0.24 m). However, the mixing is evident under 274 

the tidal condition, i.e., approx. 1.8 m in thickness (Fig. 4 (b)). This confirms that the tidal 275 

fluctuation enhanced freshwater-seawater mixing.  276 

Preferential flow leads to significantly variation in salinity distribution under tide 277 

influence. The average salinity in the aquifer decreased from 123.30 mM to 120.3 mM (Fig. 278 

4), while the TOE decreased from 24.18 m to 23.09 m. Preferential flow weaken the length of 279 

saltwater wedge toe in the aquifer and significantly reduce the salinity. 280 

[Fig. 4 here.] 281 

  282 

3.2 Groundwater flow and circulation 283 

To determine the impact of preferential flow on groundwater flow, seawater circulation, 284 

and saltwater-freshwater exchange under tidal conditions, the travel time for specified 285 

particles in the aquifer was calculated. The trace tracked the movement of the particles driven 286 

by the pore-water flow (the phase-averaged velocity field was used for the tidal case as in Xin 287 

et al. (2010)). Four particles were released to both near the inland boundary and the beach 288 

surface (refer to Fig. 4 for the specific release location).  289 

Under non-tidal conditions (Fig. 4 (a)), the particles released from the inland boundary 290 

moved horizontally along the moving path of inland water and then went up the edge of the 291 
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SW in the aquifer. The particles in the deeper sections of the aquifer required a longer time 292 

than those in the shallow sections, e.g., the particle starting from x = 75 m, z = 9.062 m took 293 

452 d, while that from x = 75 m, z = 0.244 m took 548 d (Fig. 4 (a)), increasing by 21.2 %. 294 

The difference in travel time among the four particles at the seaside varied dramatically as the 295 

particles released to the deeper beach moved further landward and took longer paths. The 296 

travel time increased significantly with the increase in beach depth, e.g., the particle starting 297 

from x = 10.774 m, z = 8.536 m took 2607 d, while that from x = 1.127 m, z = 7.159 m took 298 

24901 d (Fig. 4 (b)), revealing an 855 % increase. With the tide (Fig. 4 (b)), a USP developed 299 

in the intertidal zone, increasing the travel time from the inland shallow layer, e.g., the 300 

particle starting from x = 75 m and z = 9.062 m took 328 d, instead of the 426 d under the 301 

non-tidal conditions. As the tide pushed the SW seaward, the travel time increased for the 302 

particles moving through the SW in the inland depth, while the travel time became shorter 303 

from the beach released, e.g., it took 2607 d for the particle released from x = 10.774 m and 304 

z = 8.536 m without the tide while it took 644 d under the tide. Under the effect of the tide, 305 

the travel time of the particle at the beach boundary significantly shortened and reduced by 306 

order of magnitude to the greatest extent (e.g., the particle released from x = 1.127 m and z = 307 

7.159 m required 24901 d, while under the action of the tide, it only took 7104 d, with a 308 

reduction of 71.5 %). Therefore, the action of the tide enhances the mixing of saltwater-309 

freshwater and accelerates seawater circulation. 310 

Preferential flow leads to pore-water flow and an increase in hydraulic conductivity (Xin 311 

et al., 2009; Zhao et al., 2016; MacAllister et al., 2018). Therefore, although particles 312 

released from the inland shallow layer are subject to USP resistance across the preferential 313 

flow, the travel time decreased slightly, e.g., it took 426 d for particles released from x = 75 314 

m and z = 9.062 m, and 410 d for preferential flow (Fig. 4 (c)); the particle released from 315 

x = 75 m, z = 6.114 m required 433 d, while it required 427 d under preferential flow. 316 

However, the bypass path of deep inland particles from below USP increased significantly 317 

with the travel time, e.g., the particle released from x = 75 m, z = 7.516 m needed 457 d, 318 

while needing 465 d under preferential flow, increasing by 1.8 %. The travel times of 319 

particles released from the beach is consistent with the travel time under non-preferential 320 

flow, decreasing with increasing USP, e.g., the particle released from x = 1.127 m and 321 

z = 7.159 m needed 7104 d with the non-preferential flow, but only 5936 d in the presence of 322 

preferential flow, presenting a reduction of 16.4 %.    323 

 324 
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3.3 Nutrients distribution 325 

The concentration distributions of NO3
-, DO, NH4

+ and DOC under tidal (Fig. 5 (a-1), 326 

(b-1), (c-1) and (d-1)) and preferential flow conditions (Fig. 6 (a-1), (b-1), (c-1) and (d-1)), 327 

are presented in this section. The NO3
-, DO, NH4

+, DOC, and salinity demonstrate similar 328 

actions under the effect of the tide, i.e., they present the same diffusion and distribution as the 329 

salinity in the aquifer, forming two high concentration areas (USP and SW).  330 

There are significant differences in the distribution of nutrients before and after the 331 

reaction (Fig. 5 and Fig. 6 (a-2), (b-2), (c-2) and (d-2)). In the shallow and medium layers of 332 

the aquifer, NO3
- was found to be the primary ion (Fig. 5 (a-2) and Fig. 6 (a-2)), the DO was 333 

mainly concentrated in the shallow layers of the aquifer (Fig. 5 (b-2) and Fig. 6 (b-2)), while 334 

NH4
+ (Fig. 5 (c-2) and Fig. 6 (c-2)) and DOC (Fig. 5 (d-2) and Fig. 6 (d-2)) were distributed 335 

in the entire aquifer with a relatively high concentration in the shallow layer, and in the 336 

middle and shallow layers, respectively. Compared with the non-preferential flow condition, 337 

preferential flow resulted in the extension of nutrients along with the preferential flow in the 338 

reaction process (Fig. 6 (a-2), (b-2), (c-2) and (d-2)).  339 

 340 

3.4 Reaction rate distribution 341 

The reaction rate distribution of nitrification (Fig. 7 (a-1), (b-1)), denitrification (Fig. 7 342 

(a-2), (b-2)), respiration (Fig. 7 (a-3), (b-3)) and DOC degradation (Fig. 7 (a-4), (b-4)) are 343 

described in this section.  344 

Nitrification and respiration occurred primarily in the surface layers of the aquifer (Fig. 345 

7 (a-1), (b-1), (a-3) and (b-3)), while denitrification was dominant under the influence of 346 

anaerobic bacteria in the middle and deep layers where oxygen is depleted (Fig. 7 (a-2), (b-347 

2)). DOC degradation occurred in the USP and SW of the whole aquifer under tidal action 348 

and preferential flow. However, the reaction rate in the middle and upper layers was found to 349 

be relatively high (Fig. 7 (a-4), (b-4)). Compared with the non-preferential flow condition, 350 

preferential flow resulted in the extension of nitrification, respiration, and DOC degradation 351 

along with the preferential flow in the reaction process. However, denitrification consistently 352 

took place in the deeper USP.  353 

[Fig. 5 here.] 354 

[Fig. 6 here.] 355 
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4. Discussion 356 

The previous section demonstrates the varied concentration distributions of salinity, 357 

groundwater flow, circulation, and solute transformation in the presence and absence of 358 

preferential flow. The inner dynamic mechanism is discussed as follows. 359 

4.1 Influence of preferential flow on salinity, groundwater flow and circulation 360 

Two high salinity areas were formed under tidal action, namely the density-driven 361 

saltwater wedge (SW) and the tidal recirculation-driven upper salinity plume (USP). The 362 

inland freshwater discharges between USP and SW (fresh water discharge area, FDZ) were 363 

consistent with previous studies (Kuan et al., 2012; Buquet et al., 2016). A USP promotes the 364 

retreat of SW under tidal action, which renders the SW closer to the ocean and limits the 365 

length of seawater intrusion by tidal action. Under the preferential flow condition (Fig. 4 (c)), 366 

SW was found to be closer to the ocean further. On the one hand, the high hydraulic 367 

conductivity of the preferential flow is two orders of magnitude higher than that of the sand 368 

(Hughes et al., 1998), with the salt transport enhanced dramatically (cf. Fig. 4 and Fig. 8, and 369 

we discuss in follow section), resulting in a larger USP than the non-preferential flow. On the 370 

other hand, preferential flow acted as a drain for the shallow layer during the falling tide and 371 

for a recharge well during the rising tide (Xin et al., 2009). This is an main reason for the 372 

increase of USPs and the decrease of salinity in the aquifer. 373 

The preferential flow was found to impact groundwater flow, seawater circulation, and 374 

saltwater-freshwater exchange under tidal conditions. In the presence of the tide (Fig. 4 (b)), 375 

a high salinity area (USP) was developed in the intertidal zone, and particles released from 376 

the inland shallow layer were blocked by the USP and the time increases. However, the travel 377 

time decreased slightly for the particles released from the same location (shallow layer) 378 

because they can transport by the preferential flow. This is because the groundwater flow was 379 

altered by the preferential flow. The deeper particles took a longer time because the larger 380 

USP increased the longer paths. As the tide pushed the saltwater wedge seaward, the travel 381 

time shortened from the beach released, consistently decreasing under preferential flow 382 

conditions due to the SW being closer to the ocean further (cf. Fig. 4 (b), (c)).   383 

To further discuss the influence of preferential flow on groundwater flow and circulation, 384 

Fig. 8 (a)-(h) presents the velocity distribution of rising tide, high tide, falling tide, and low 385 

tide with and without preferential flow. Only the velocity distribution in the area of 386 

preferential flow is shown for comparison.  387 
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As presented in Fig. 8, the velocity distribution varies with the seawater level. When the 388 

tide rose, the seawater flowed into the aquifer through the intersection of tidal level and 389 

aquifer. When the tide fell, the level of tidal water began to retreat, and the pore water flowed 390 

to the ocean (Fig. 8 (c)-(d), (g)-(h)). Under the preferential flow condition at the rising tide, 391 

the relatively large pore water velocity appeared and rapidly flowed into the aquifer, thereby 392 

providing a preferential gateway for the pore water. This is consistent with previous studies, 393 

for example, Xin et al. (2009) stated that burrows penetrating the mud layer might act as 394 

preferential flow paths for water. Additionally, compared with the rising tide (Fig. 8 (e)), 395 

falling tide (Fig. 8 (g)) and low tide (Fig. 8 (h)) without preferential flow, the pore water due 396 

to the vertical flow trend of pore water in the preferential flow (rising tide upward and falling 397 

tide downward (rising tide upward and falling tide downward). However, due to the cyclic- 398 

driven effect of pore water flow, the vertical flow tilts, and this is illustrated by the transverse 399 

flow and oblique flow in the preferential flow area in Fig. 8 (the transverse flow and oblique 400 

flow Fig. 8 (g) and (h)). When the flood completely flowed over the marsh platform (t = 3 h), 401 

the seawater level reached the maximum (10.5 m), a sharp rise in the pore water velocity near 402 

the preferential flow model was observed (Fig. 8 (f)). The direction of the pore water flow 403 

under preferential flow was vertically downward, and the magnitude increased greatly. This 404 

indicates that the over-topping water rapidly enters preferential flow and then diffuses into 405 

the surrounding marsh soil. In addition, the pore water circulation demonstrated by previous 406 

studies (Gardner et al., 2007; Xiao et al., 2019) is likely to be changed by macro-pores. 407 

Furthermore, preferential flow enhances the mixing and dilution of saltwater-freshwater, 408 

which reduces the salinity of groundwater and increases the quality of drinking water.  409 

These suggest that both tide and preferential flow affect groundwater flow and seawater 410 

circulation. Preferential flow can weaken the discharge of inland freshwater, further change 411 

the path and time scale of freshwater discharge. 412 

[Fig. 7 here.] 413 

[Fig. 8 here.] 414 

 415 

4.2 Influence of preferential flow on nitrification 416 

The nutrients from the sea were initially input in the numerical model with the salinity 417 

simultaneously. The distribution of nutrients under each condition was, therefore, consistent 418 

with the salinity (Fig. 5 (a-1), (b-1), (c-1) and (d-1), Fig. 6 (a-1), (b-1), (c-1) and (d-1)). 419 

The distribution of nutrients under each condition was, therefore, consistent with the 420 
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salinity (USP and SW). The nutrients flowed into the aquifer with the seawater circulation, 421 

nitrification, and respiration consumption of deeper DO as it took a longer residence time in 422 

the aquifer (cf. Fig. 4 (b) ). Therefore, with the continuous input of DO and NH4
+ into the 423 

aquifer (Fig. 6 (b-2), (c-2) DO and NH4
+ distribution), nitrification primarily occurred in the 424 

surface layer (Fig. 7 (a-1)).  425 

In the presence of preferential flow, nitrification mainly occurred in the surface layer of 426 

the aquifer and extended along with the preferential flow (Fig. 7 (b-1)). Nitrification and 427 

respiration consumption of deeper DO as its longer residence time in aquifer (cf. Fig. 4 (c)), 428 

and the preferential flow increased the concentration of DO in the aquifer (Fig. 6 (b-1) DO 429 

distribution), resulting in the extension of nitrification and respiration along the preferential 430 

flow (Fig. 7 (b-1), (b-3)). Preferential flow increased the concentration of nutrients at the USP 431 

due to the preferential flow dramatically enhancing nutrient transport and reduced SW as the 432 

USP pushed the SW seaward. However, the total nitrification was found to increase under 433 

preferential flow conditions (cf. Fig. 7 (c-1)), e.g., under the condition without preferential 434 

flow, 1.48 g/m of NO3
- was produced, while 1.61 g/m of NO3

- was produced with the 435 

preferential flow. 436 

 437 

4.3 Influence of preferential flow on denitrification 438 

Preferential flow impacted denitrification distribution, denitrification being dominant in 439 

the middle and deep layers of the aquifer at SW. The distribution at USP was found to be 440 

larger. In the deeper zone oxygen was depleted (Fig. 7 (a-2), (b-2)). 441 

In the presence of tidal action, the distribution of nutrients in the aquifer formed a USP 442 

and SW. The travel and residence time was lengthier in the deeper layers of the aquifer for 443 

nutrients, nitrification, and respiration consumption of deeper DO (Fig. 4 (b)), creating 444 

anaerobic conditions for denitrification. Subsequently, the NO3
- produced was consumed by 445 

denitrification, resulting in the reduction of NO3
- in the deep layer (cf. Fig. 5 (a-2) NO3

- 446 

distribution). Denitrification occurred in the deeper USP as nitrification in the upper USP not 447 

only provided the reactant for denitrification but also offered an anaerobic environment. This 448 

is consistent with previous studies, for example, Heiss et al. (2017) indicated that the 449 

denitrification process occurs in the deeper anaerobic layer of the USP. 450 

Under preferential flow conditions, an increase in the concentration of nutrients is 451 

observed at USP due to the preferential flow dramatically enhancing nutrients transport, 452 

while showing a reduction at SW. Although the travel and residence time for the nutrients 453 

were shorter in the deeper layers of the aquifer when compared with the tide condition, 454 
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nitrification and respiration consumption of deeper DO was still observed (cf. Fig. 4 (c)). 455 

Similarly, nitrification consumption of deep DO at USP provides an anaerobic environment 456 

and reactant for denitrification. However, preferential flow increased the concentration of DO 457 

in the aquifer (Fig. 6 (b-1) DO distribution), resulting in denitrification occurring in the 458 

deeper USP. The denitrification decreased when compared with no preferential flow (it can be 459 

see Fig. 7 (c-2)), e.g., the consumption of NO3
- without preferential flow was found to be 460 

0.148 g/m, while that under preferential flow was 0.143 g/m. 461 

Preferential flow increased the hydraulic conductivity of the aquifer, and further 462 

enhanced the exchange zone of saltwater and freshwater. It also increased the distribution of 463 

the nutrients at the USP zone and decreased at the SW zone, resulting in a slight decrease in 464 

the NO3
- inflow. Additionally, the preferential flow increased the input of O2, resulting in 465 

weaker denitrification. For example, the removal efficiency was found to be 1.84 % under 466 

preferential flow conditions, while it was 1.88 % under tide conditions. It can be observed 467 

that the existence of macro-porosity (such as crab burrows and invertebrate nests) is not 468 

conducive to the removal of NO3
-. 469 

4.4 Influence of preferential flow depth 470 

4.4.1 Influence of preferential flow depth on salinity, groundwater flow and circulation 471 

This section examines the importance of preferential flow depth on salinity distribution, 472 

groundwater flow, and circulation at fixed point x = 23 m. The salinity and TOE at different 473 

depths of preferential flow are presented in Fig. 9 (e) and Fig. 9 (f), respectively, reflecting 474 

the influence of preferential flow depth on mitigating saltwater intrusion. Fig. 9 (g) presents 475 

the removal efficiency of NO3
-, demonstrating the effect of preferential flow depth on the 476 

removal rate (as discussed in Section 4.4.2).   477 

As expected, the USP vertically varies with the change of preferential flow depth. It can 478 

be inferred that the retreat of SW and the decrease in salinity in the aquifer becomes 479 

gradually significant with increasing preferential flow depth, e.g., when preferential flow Pz 480 

was 9 m, the salinity was 122.96 m and the TOE 24.1 m. When Pz was reduced to 6 m, the 481 

salinity changed to 120.20 mM, and the TOE to 22.9 m (Fig. 9 (e) (f)). The distribution of 482 

nutrients before the reaction is consistent with the salinity distribution. The distribution range 483 

of nutrients at the USP vertically increased with preferential flow depth as the USP pushed 484 

the SW seaward. 485 

The travel time of particles released from deep inland increased with preferential flow 486 

depth. With the persistent vertical increase of USP, the travel time and path of the particle 487 
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passing the USP became longer, e.g., the particle released from x = 75 m and z = 3.178 m 488 

took 458 d and 467 d at Pz = 9 m and Pz = 6 m, respectively. Interestingly, along the shallow 489 

inland migration path, the travel time of the particle passing through the preferential flow was 490 

shorter than that not across, because the preferential flow increases the pore-water flow 491 

velocity and reduces the particle travel time, e.g., under the preferential flow condition, the 492 

travel time of particles released from x = 75 m and z = 6.114 m was 434 d at Pz = 9 m, while 493 

that increased to 437 d at Pz = 8 m, and decreased to 427 d at Pz = 7 m. The influence depth 494 

increased with the preferential flow depth. 495 

The travel time of the particle released from the beach was consistent with the previous 496 

section, decreasing with the preferential flow depth, e.g., the particle released from x = 497 

1.127m m and z = 7.159 m took 6875 d at Pz = 9 m, while under the preferential flow at Pz = 498 

6m, only required 5321 d, showing a reduction of 22.6 %. This is attributed to the retreat of 499 

SW with the change in preferential flow depth. 500 

These results demonstrate that the groundwater flow and seawater circulation become 501 

faster with the depth of the preferential flow. 502 

[Fig. 9 here.] 503 

 504 

4.4.2 Influence of preferential flow depth on nitrification and denitrification 505 

The distribution of nutrients post-reaction is consistent with the discussions in Sections 506 

4.2 and 4.3. NO3
- was primarily concentrated in the middle and shallow layers of the aquifer 507 

(Fig. 10 (a-1), (b-1) and (c-1)), while the DO was in the shallow layer (Fig. 10 (a-2), (b-2) 508 

and (c-2)). The distribution of NH4
+ was also relatively high in the shallow layer of the 509 

aquifer ( Fig. 10 (a-3), (b-3) and (c-3)). However, the DOC was found to be distributed in the 510 

entire aquifer with a relatively high concentration in the middle and shallow layers (Fig. 10 511 

(a-4), (b-4) and (c-4)). The input of NO3
- decreased with preferential flow depth as the 512 

nutrients were consistent with the salinity distribution (Fig. 11(a)), e.g., when the preferential 513 

flow was Pz = 9 m, the NO3
- inflow mass was found to be 7.855 g/m, while at Pz = 6 m, the 514 

NO3
- inflow mass was 7.790 g/m. 515 

Fig. 12 presents the significance of preferential flow depth on the distribution of 516 

nitrification (Fig. 12 (a-1) - (c-1)), denitrification (Fig. 12 (a-2) - (c-2)), respiration (Fig. 12 517 

(c-1) - (c-3)) and DOC degradation (Fig. 12 (d-1) - (d-3)). All the reactions were consistent 518 

with the discussions in sections 4.2 and 4.3. Nitrification and respiration consumption of 519 

deeper DO as its long residence time in the aquifer (cf. Fig. 9 the travel took long time from 520 

the beach). Nitrification and respiration primarily occurred in the surface layers (Fig.12 (a-1), 521 
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(b-1), (c-1) and Fig.12 (a-3), (b-3), (c-3)), while denitrification was dominant in the middle 522 

and deep layers of the aquifer (Fig. 12 (a-2), (b-2), (c-2)), DOC degradation occurred 523 

throughout the aquifer with a faster reaction rate in the middle and upper layers (Fig. 12 (a-4), 524 

(b-4), (c-4)). However, each reaction at the USP acted differently with preferential flow depth 525 

due to the rapid inflow of nutrients through the preferential flow. With the increase in the 526 

input of O2, the strength of nitrification and respiration increased with the preferential flow 527 

depth while denitrification decreased, e.g., when the preferential flow was at Pz = 9 m, the 528 

NO3
- consumed by denitrification was 0.146 g/m (Fig. 11 (b)), the NO3

- produced by 529 

nitrification was 1.553 g/m, and the NO3
- removal efficiency was 1.859 %. However, under a 530 

preferential flow of Pz = 6 m, the NO3
- consumed by denitrification was 0.142 g/m (Fig. 11 531 

(b)), the NO3
- produced by nitrification was 1.65 g/m, and the NO3

- removal efficiency was 532 

1.839 % (Fig. 9 (g)). In addition, denitrification occurred in the deeper USP with preferential 533 

flow depth. 534 

[Fig. 10 here.] 535 

[Fig. 11 here.] 536 

[Fig. 12 here.] 537 

 538 

The results demonstrate that the increase of preferential flow depth is not vulnerable to 539 

NO3
- removal. This study has important ecological and environmental meaning. Preferential 540 

flow can mitigate saltwater intrusion effectively and reduce soil salinization, significantly 541 

strengthen the exchange between surface water and groundwater, accelerate the migration of 542 

substances, and finally change the biogeochemical cycles of biogenic elements. Specifically, 543 

the O2 increases through preferential flow input and is transported inland, thereby improving 544 

the permeability of the soil and providing oxygen to plant roots, and vulnerable to plant 545 

growth (Xin et al., 2009; Wilson et al., 2015). However, the input of the DO increases 546 

nitrification and aerobic respiration and limits denitrification, which is adverse to NO3
- 547 

removal.  548 

 549 

5. Summary 550 

This study examined the combined effect of preferential flow and tides on salinity 551 

change, pore water flow, and solute transport reaction in unconfined aquifers. The following 552 

conclusions may be drawn: 553 

(i) The salinity under tidal action forms two high salinity areas, the density-driven 554 

saltwater wedge and the USP, which can lead to the retreat of SW.  555 
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(ii) Under tidal action, preferential flow increases the hydraulic conductivity of the 556 

aquifer and accelerates the pore water flow and solute transport. Preferential flow results in 557 

the vertical increase of the USP and further retreat of SW. Preferential flow can effectively 558 

mitigate SWI. With the presence of preferential flow, nitrification increases while 559 

denitrification decreases. Additionally, the NO3
- inflow and NO3

- removal efficiency are 560 

reduced. 561 

(iii) Nitrification mainly occurs in the surface layer of the aquifer, while denitrification 562 

dominates the middle and deep layers. The nitrification effect increases with the increase in 563 

the depth of preferential flow, while the denitrification efficiency and the discharge of inland 564 

freshwater decreases.  565 

It is worth noting that the study assumes that the aquifer is homogeneous and isotropic, 566 

that the inland water head is fixed, and that the tide is sinusoidal while the real aquifers 567 

always show the opposite characteristics, which will be the focus of future research. Macro 568 

porosity in aquifers significantly affects pore water flow, salinity, and solute transport 569 

reaction. This study reveals the influence of preferential flow on mitigating saltwater 570 

intrusion, pore water flow, seawater circulation, and solute transformation under tidal 571 

conditions. It examines the importance of depth of preferential flow, which guides the 572 

mitigation of saltwater intrusion and contaminant removal. However, the location, width, and 573 

density distribution of preferential flow should be further studied. In addition, further 574 

research should be conducted on the characteristics of the intertidal matrix, which is an 575 

important factor affecting pore water flow and solute transport reaction. 576 
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Figures: 820 

 821 

Fig. 1 (a) Conceptual diagram of the sea water level, groundwater flow and salinity distribution in a nearsh822 

ore aquifer under tide action. The still water level (SWL), high tide level (HTL), low tide level (LTL), the 823 

blue area is the preferential flow, and the arrow indicates the flow direction. The upper saline plume (USP) 824 

formed by tide-driven recirculation (TDR), the saltwater wedge formed by density-driven recirculation 825 

(DDR), and the saltwater wedge toe (TOE), are shown. The freshwater-seawater mixing zone associated  826 

with the saline plums are also depicted. (b) Numerical model domain,  parameters and boundary 827 

condition. The dashed box in (b) illustrates the area depicted in (a). 828 
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 854 

 855 

Fig. 2 Salinity distribution: (a-1), (a-2) and (a-3) of salinity distribution based on experimental (Etsias et al., 856 

2021), salinity distribution and pore water flow based on SUTRA (Etsias et al., 2021) ((b-1), (b-2) and (b-857 

3)) and COMSOL ((c-1), (c-2) and (c-3)), respectively ((a-1), (b-1) and (c-1) non-preferential flow (N-PF); 858 

(a-2), (b-2) and (c-2) vertical-middle preferential flow (M-PF); (a-3), (b-3) and (c-3) vertical-right 859 

preferential flow) (R-PF), the TOE indicates the the length of saltwater wedge, the black and gray vertical 860 

line indicates the preferential flow. 861 

 862 

Fig. 3 TOE under three different cases (non-preferential flow (N-PF), vertical-middle preferential flow (M-863 

PF) and vertical-right preferential flow (R-PF)). 864 

 865 

 866 

 867 

 868 

 869 

(a-1) N-PF-experimental        (b-1) N-PF-SUTRA           (c-1) N-PF-COMSOL 

(a-2) M-PF-experimental       (b-2) M-PF-SUTRA           (c-2) M-PF-COMSOL 

(a-3) R-PF-experimental       (b-3) R-PF-SUTRA            (c-3) R-PF-COMSOL 
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 870 

     871 

 872 

 873 

Fig. 4 (a) Salinity distribution without tidal action, (b) Salinity distribution of tidal action, (c) Salinity 874 

distribution of preferential flow at Pz = 7 m, (d) Salinity comparison diagram under three case, (e) TOE 875 

under three case (in the figure: the horizontal black dotted line shows the average sea level and tidal range; 876 

the white solid line and data are particle path and travel time (unit: day), respectively; The particles start 877 

from the inland boundary and the beach, respectively); The red arrow indicates the quasi steady 878 

groundwater flow velocity and the black vertical line indicates the preferential flow. Saltwater wedge 879 

(SW); Upper salinity plume (USP); Saltwater wedge toe (TOE) and fresh water discharge area (FDZ); 880 

TOE is the intersection of 50 % salinity contour and x-axis.  881 
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 888 

 

(c) Tide Px = 23m，Pz = 7m                      

 

(e) 

 

(b) Tide No P 

(a) No tide                                         (d)               
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 889 

 890 

 891 

Fig. 5 Nutrient concentration distribution under tidal action ((a-1)-(a-2), (b-1)-(b-2), (c-1)-(c-2) and (d-1)-892 

(d-2) is NO3
-, DO, NH4

+ and DOC distribution before and after reaction, the black solid line is the isoline 893 

of denitrification (mM)) 894 

 895 

 896 

 897 

Fig. 6 Nutrient concentration distribution under tidal action preferential flow ((a-1)-(a-2), (b-1)-(b-2), (c-898 

1)-(c-2) and (d-1)-(d-2) is NO3
-, DO, NH4

+ and DOC distribution before and after reaction, the black solid 899 

line is the isoline of denitrification (mM)) and the black vertical line indicates the preferential flow. 900 
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 915 

 （a-1）T-P-NR      （b-1）T-P-NR       （c-1）T-P-NR     （d-1）T-P-NR 

（a-2）T-R         （b-2）T-R          （c-2）T-R         （d-2）T-R 

（a-1）T-NR        （b-1）T-NR        （c-1）T-NR        （d-1）T-NR 

（a-2）T-P-R       （b-2）T-P-R        （c-2）T-P-R      （d-2）T-P-R 
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 916 

   917 

   918 

   919 

 920 

   921 

Fig. 7 Reaction rate distribution ((a-1)-(b-2), (a-2)-(b-2), (a-3)-(b-3) and (a-4)-(b-4) is nitrification, 922 

denitrification, respiration and DOC degradation rate distribution under tidal, preferential flow, 923 

respectively; (c-1), (c-2), (c-3) and (c-4) is nitrification, denitrification, aerobic respiration and DOC 924 

degradation reaction zone comparison under tidal, preferential flow, mol/(m3×s)), the black vertical line 925 

indicates the preferential flow. 926 

 927 

 928 

 929 

 930 

 931 

 932 

 933 

 934 

（a-1）Tide No P          （b-1）Tide Px = 23m, Pz = 7m   （c-1）Reaction Zone 

（a-2）Tide No P           （b-2）Tide Px = 23m, Pz = 7m  （c-2）Reaction Zone 

（a-3）Tide No P           （b-3）Tide Px = 23m, Pz = 7m  （c-3）Reaction Zone 

（a-4）Tide No P          （b-4）Tide Px = 23m, Pz = 7m  （c-4）Reaction Zone 
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 935 

 936 

 937 

 938 

Fig. 8 Flow velocity at rising tide (t = 1 h), high tide (t = 3 h), falling tide (t = 6 h) and low tide (t = 9 h), 939 

(a)-(d), (e)-(h) under with and without preferential flow, respectively. (Note: for comparison, only the 940 

velocity distribution in the area where the preferential flow). 941 
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 964 

 965 

(a) Rising tide        (b) High tide         (c) Falling tide       (d) Low tide 

(e) Rising tide        (f) High tide          (g) Falling tide       (h) Low tide 

 

transverse flow oblique flow 
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 966 

 967 

 968 

 969 

         970 

 971 

Fig. 9 Quasi steady state salinity distribution ((a), (b), (c) and (d) is preferential flow at Pz = 9 m, Pz = 8 m, 972 

Pz = 7 m and Pz = 6 m (z is the bottom of the preferential flow is located, the greater z, the smaller the depth 973 

of the preferential flow); (e) is the salinity with different preferential flow depth; (f) is the TOE with 974 

different preferential flow depth; (g) is the NO3
- removal rate with different preferential flow depth; (in the 975 

figure: the horizontal black dotted line shows the average sea level and tidal range; the white solid line and 976 

data are particle path and travel time (unit: day), respectively; The particles start from the inland boundary 977 

and the beach respectively); The red arrow indicates the quasi steady groundwater flow velocity and the 978 

black vertical line indicates the preferential flow. Saltwater wedge (SW); Upper salinity plume (USP); 979 

Saltwater wedge toe (TOE) and fresh water discharge area (FDZ); TOE is the intersection of 50% salinity 980 

contour and x-axis. 981 

 982 

 983 

(b) Tide Px = 23m, Pz = 8m                          

(c) Tide Px = 23m, Pz = 7m                          

(d) Tide Px = 23m, Pz = 6m                       

(a) Tide Px = 23m, Pz = 9m                       (e) 

 
 (f) 

 

(g) 
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 984 

 985 

 986 

 987 

 988 

 989 

 990 

 991 

Fig. 10 Concentration distribution after reaction of preferential flow on various depths under tidal action 992 

((a-1)-(a-4), (b-1)-(b-4), (c-1)-(c-4) is Pz = 9 m, Pz = 8 m and Pz = 6 m NO3
-, DO, NH4

+ and DOC 993 

concentration distribution after reaction, respectively; the black solid line is the isoline of denitrification 994 

(mM)) and the black vertical line indicates the preferential flow. 995 

 996 

    997 

    Fig. 11 NO3
- of inflow (a) and denitrification (b) mass of various depth of the preferential flow 998 

 999 

 1000 

 1001 

(a-2) DO Pz = 9m            (b-2) DO Pz = 8m            (c-2) DO Pz = 6m 

(a-4) DOC Pz = 9m          (b-4) DOC Pz = 8m          (c-4) DOC Pz = 6m 

(a-1) NO3
-
 Pz = 9m           (b-1) NO3

- Pz = 8m           (c-1) NO3
- Pz = 6m  

(a-3) NH4
+ Pz = 9m          (b-3) NH4

+
 Pz = 8m          (c-3) NH4

+ Pz = 6m 

(a)                                         (b) 
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 1002 

 1003 

 1004 

 1005 

 1006 

 1007 

 1008 

 1009 

Fig. 12 Reaction distribution ((a-1)-(a-4), (b-1)-(b-4), (c-1)-(c-4) is nitrification, denitrification, respiration 1010 

and DOC degradation distribution under preferential flow at Pz = 9 m, Pz = 8 m and Pz = 6 m, respectively; 1011 

mol/(m3×s)), the black vertical line indicates the preferential flow. 1012 
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(a-2) Pz = 9m               (b-2) Pz = 8m               (c-2) Pz = 6m  

(a-3) Pz = 9m               (b-3) Pz = 8m               (c-3) Pz = 6m  

(a-4) Pz = 9m               (b-4) Pz = 8m               (c-4) Pz = 6m  

(a-1) Pz = 9m               (b-1) Pz = 8m               (c-1) Pz = 6m  
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 1027 

Tables: 1028 

 1029 

Table 1 Model parameters, boundary condition and kinetic parameter 1030 

Model parameters  

Parameter Description Value Units 

K Hydraulic conductivity 15a md-1 

Φ Porosity 0.25a - 

Se Residual saturation 0.1a - 

n VG model 14.5b - 

a Capillary rise 2.68b m-1 

αL Transverse diffusion coefficient 0.2a m 

αT Longitudinal diffusion coefficient 0.02a m 

C0 

Cf 

ρs 

Seawater concentration 

Freshwater concentration 

Seawater density 

35c,d 

0c,d 

1025c,d 

kgm-3 

kgm-3 

kgm-3 

ρf Freshwater density 1000c,d kgm-3 

Boundary condition 

NO3- NO3- boundary concentration 0.25e mM 

NH4
+ NH4

+ boundary concentration 0.2e mM 

DO DO boundary concentration 0.2e mM 

DOC DOC boundary concentration 0.75e mM 

Kinetic parameter 
Kfox Rate constant for degradation of terrestrial DOC 3.0×10-9 e, f s-1 

Knitri Rate constant for nitrification 5.0×10-6 e, f mM-1s-1 

KmO2 Limiting concentration of O2 0.008 e, f mM 

KmNO3- Limiting concentration of NO3- 0.001 e, f mM 

1, The sources of literature are as follows: a, Anwar et al. (2014); b, Carsel and Parrish (1988); c, 1031 

Robinson et al. (2014); d, Shen et al. (2019); e, Spiteri et al. (2008); f, Bardini et al. (2012). 1032 

2, Units for solutes are in mmol dm-3 pore water, denoted as mM, background concentrations are set 1033 

to 0. 1034 
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 1042 
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 1044 

 1045 

Table 2 Model parameters and TOE and average salinity  1046 
 

Case 
 

Tide 
 

Preferential flow 
TOE 

(m) 
Average salinity 

(mM) 
Case1 N-T 

Case2 N-P 

Case3 P-7 

Case4 P-9 

Case5 P-8 

Case6 P-6 

× 

√ 

√ 
√ 

√ 

√ 

× 

× 

x=23, z=7 

x=23, z=9 

x=23, z=8 

x=23, z=6 

33.6 

24.2 

23.1 

24.1 

23.9 

22.9 

161.41 

123.30 

120.35 

122.96 

122.77 

120.20 

 1047 

 1048 

Table 3 Reaction and kinetic rate expressions（Bardini et al, 2012) 1049 

 Reaction Rate expression 

DOC degradation 

Aerobic respiration 

 

Nitrification 

 

 

Denitrification 

DOC→CO2 

DOC+O2→CO2+H2O 

 

NH4++2O2+2HCO3-→NO3-+2CO2+3H2O 

 

 

5DOC+4NO3-+4H+→5CO2+7H2O+2N2 

Rate=Kfox[DOC] 

If [O2] > KmO2; Rate = Kfox[DOC]  

If [O2] < KmO2; Rate = Kfox[DOC]

2

2

KmO

][O  

Rate = Knitri[NH4
+ ][O2] 

 

If [O2] > KmO2; Rate = 0 

If [O2] < KmO2 and [NO3
- ] > KmNO3

-;  

Rate = Kfox[DOC](1-

2

2

KmO

][O ) 

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

-;  

Rate = Kfox[DOC](1-

2

2

KmO

][O )




3

3

KmNO

][NO  
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