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A B S T R A C T   

The previous studies primarily identify the two types of saltwater encroachment processes like active SI 
(seawater intrusion) and passive SI (submarine groundwater discharge). Under passive SI, the hydraulic gradient 
inclines towards the sea, making density and fresh groundwater flow work in opposite directions. Under active 
SI, the hydraulic gradient inclines landward, and density and fresh groundwater flow work in the same direction, 
causing more aggressive salinization and wider mixing zones. Mechanical dispersion’s effects in controlling the 
mixing zones in coastal aquifers have become the subject of ongoing debate in SI studies. In this study, numerical 
experimentations of scaled-tank and a field-scale model were used to explore the influence of longitudinal and 
transversal dispersivities, separately, on the width of the mixing zone under passive and active SI, in response to 
inland freshwater head decline. The results show that under steady SI conditions, increasing the longitudinal 
dispersivity value widened the lower part of the mixing zone while increasing the transversal dispersivity value 
increased the mixing zone’s width both at the lower and the upper part of the saltwater wedge. The same 
phenomenon as steady-state SI results was observed for passive SI conditions even though with larger effects. 
While under active SI, both an increase of longitudinal and transversal dispersivities widened the width of the 
mixing zones but their quantitative impacts are larger compared to those in passive SI conditions. As an instance, 
when the transverse dispersivity is increased 50 times, the width of the mixing zone at the middle of the saltwater 
wedge is almost doubled compared to it in the passive case. Ultimately, it is found that under active circum-
stances, the shear effect of transverse dispersivity pushes the toe position back.   

1. Introduction 

Progressive seawater intrusion (SI) into coastal aquifers is one of the 
common effects of groundwater overexploitation in coastal areas (Cus-
todio, 2002). SI is a phenomenon where seawater intrudes into a coastal 
aquifer and pollutes fresh groundwater resources (Bear, 2012). Mixing 
zones delineate the water exchange between groundwater and intruded 
seawater and are affected by mechanical dispersion and molecular 
diffusion. (Lu et al., 2009). Effective management of coastal ground-
water resources usually requires a good description of the position and 
the thickness of the mixing zone in coastal aquifers (Abarca and 
Clement, 2009; Werner et al., 2013). 

Previous studies have recognised two types of SI: passive and active 
(Bear and Dagan, 1964; Mahesha, 1995; Morgan et al., 2013). In passive 
SI, the positive hydraulic gradient is toward the sea and forces seawater 
and fresh groundwater to flow in the opposite direction. This results in 

the normal wedge-shaped saltwater plumes that are mostly associated 
with SI. In active SI, the hydraulic gradient slopes towards the land, and 
density and fresh groundwater flow act in the same direction, causing 
more destructive salinization and wider mixing zones (Werner et al., 
2012; Morgan et al., 2013; Badaruddin et al., 2015, 2017). 

An important and difficult parameter to assess in SI in corresponding 
to the mixing zone is mechanical dispersion (Abarca et al., 2004; Neu-
pauer et al., 2020). The effect of dispersivity parameter in controlling 
the dispersion region has become a debatable issue in SI studies since 
this is assumed to control the width of mixing zones produced in SI 
(Zhang et al., 2002; Abarca et al., 2007). Several studies have been 
carried out to investigate the relationship between dispersivity param-
eters and the mixing zone characteristics under stable SI configurations 
(i.e., steady-state/passive SI), and there are very limited relevant works 
of literature available that focused on transient SI conditions (e.g., 
Ataie-Ashtiani et al., 1999; Badaruddin et al., 2017). 
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Dagan (2006) showed that under steady-state conditions, transversal 
dispersivity is the main factor responsible for the width of the solute 
mixing between freshwater and saltwater in homogeneous coastal 
aquifers. Several experimental investigations of SI also demonstrated 
that pore-scale transverse dispersion causes thin dispersion zones in SI 
physical models (e.g., Goswami and Clement, 2007; Abarca and 
Clement, 2009; Chang and Clement, 2012; Abdoulhalik and Ahmed, 
2018). On the other hand, Abarca et al. (2007) showed through the 
numerical modelling of the benchmark Henry problem that under 
steady-state conditions, the contributions of longitudinal and trans-
versal dispersivity are quantitatively similar in widening the mixing 
zone in coastal aquifers. They showed that an increase of longitudinal 
dispersivity widens the lower part of the mixing zone in which the 
concentration gradient and the velocity vector are parallel, while an 
increase of transversal dispersivity widens the mixing zone in general 
due to its shear effect, making the mixing zone moves seaward at the 
bottom and inland at the top. In the case of tidal effects, Ataie-Ashtiani 
et al. (1999) found that under transient passive SI conditions, both 
longitudinal and transversal dispersivity are essential for the configu-
ration of the freshwater-saltwater interface but the interface shape is 

most sensitive to the changes in longitudinal dispersivity relative to 
transversal dispersivity. 

Since the previous studies are mainly based on steady-state/passive 
SI conditions, the influence of dispersivity parameters on the zone of 
mixing under active SI situation has been neglected, despite some SI 
studies have identified the occurrence of active SI in many areas (i.e., 
Yakirevich et al., 1998; Fetter, 2018; Werner and Gallagher, 2006; 
Morgan et al., 2013). Badaruddin et al. (2015 and 2017) have shown 
through numerical modelling that under active SI circumstances due to 
an inland freshwater head decline (FHD), the width of the mixing zone 
at the upper region of the coastal aquifer is very critical in generating 
water table salinization phenomenon, particularly in shallow uncon-
fined coastal aquifers due to its potential to salinize the unsaturated zone 
above aquifers through capillary rise (Werner and Lockington, 2006). 
Badaruddin et al. (2017) also have indicated through numerical 
modelling that mechanical dispersivity has a significant effect in 
increasing the width of the mixing zone both under passive and active SI 
conditions. Nonetheless, both Badaruddin et al. (2015) and (2017) did 
not explore further to what extent longitudinal and transversal dis-
persivities affect the width of the mixing zone under such conditions. 

Fig. 1. Conceptual model of an unconfined coastal aquifer subjected to: (a) passive SI and (b) active SI and (modified from Badaruddin et al., 2017).  
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Due to the scarce of research on active SI, in this study, numerical 
modelling is used to undertake an investigation on the effect of longi-
tudinal and transversal dispersivity on the width of the mixing zone 
under active SI, in response to an inland FHD. Intense FHD as the 
consequence of groundwater overexploitation is reported in previous 
researches (e.g. Alfarrah and Walraevens, 2018; Ochoa-González et al., 
2018). FHD in stressed aquifers in association with drought may cause 
land subsidence (Vahidipour et al., 2021). For comparison, the effects of 
dispersivities on the mixing zone under passive and steady-state SI sit-
uations are also considered. This study is essential to continue the work 
of Werner et al. (2013), Badaruddin et al. (2015), and (2017) to provide 
systematic numerical experimentation in examining the individual in-
fluence of longitudinal and transversal dispersivities on the mixing 
zones in coastal aquifers under passive and active SI situations. This 
study is also beneficial in clarifying the significance of the mechanical 
dispersivity parameter in solute transport modelling. 

2. Methodology 

2.1. Conceptual model 

Fig. 1 shows a schematic model of an unconfined coastal aquifer, 
following the conceptual case used in Badaruddin et al. (2015). Three 
different salinity contours were measured in evaluating the interface 
configuration (i.e., 5, 50, and 95% of seawater salinity), and both the 5% 
interface toe at the aquifer base xtoe [L] and the 5% interface tip at the 
water table xtip [L] were evaluated. The horizontal length between 5% 
and 95% of seawater salinity contour at the aquifer base (Wm1 [L]), at 
the half of the interface (Wm2 [L]), and at the water table (Wm3 [L]) was 
considered as the width of the transition zone. In Fig. 1, the right and the 
left sides represent the coastal and the inland boundaries, respectively, 
with hs [L] the depth seawater below sea level, and hf [L] the inland 
freshwater head. Moreover, q0 is freshwater discharge to the sea [L2/T] 
and Of [L] is the freshwater/brackish water outflow face. 

In examining the effect of mechanical dispersivities on the mixing 
zone under passive and active SI, the 2D model domain of a scaled-tank 
was first considered. Parameters of the scaled-tank model follow an SI 
experimental study presented by Badaruddin et al. (2015). The FHD 
experiment in their study was carried out by a tank with 52 mm width 
filled by natural sand. In their work, the interface was first established as 
a steady-state condition and then an instantaneous inland FHD of Δhf [L] 
causes the interface to move landward. In their study, the steady-state 
conditions were confirmed after 4 h where hf and hs were maintained 
at 50.4 cm and 48.2 cm, respectively (refer to Fig. 1). Passive SI in 
response to an FHD was induced by dropping hf from 50.4 to 49.4 cm 
instantaneously (refer to Fig. 1) and passive SI was run for 210 min. To 
induce active SI, hf was instantaneously dropped from 49.4 to 43.4 cm (i. 

e. below the hs: refer to Fig. 1) and active SI was run for 18 min. All the 
parameters for the scaled-tank model are measured and summarized in 
Table 1. The measurement process of soil and fluid characteristics is 
provided by Badaruddin et al. (2015) and is not stated here for brevity. 

2.2. Numerical model 

In this study, numerical experimentations were conducted using the 
variable-density groundwater flow and transport code SEAWAT version 
4 (Langevin et al., 2008), which is commonly used and has been vali-
dated using some benchmarks (Brovelli et al., 2007; Goswami and 
Clement, 2007). For each steady-state simulation, specified-head 
boundary conditions were used at the left and the right sides of the 
model, and the base of the domain was prescribed no-flow conditions. 
The right sea boundary represents seawater hydrostatic conditions, 
whereas a constant freshwater head was applied at the inland boundary. 
A steady-state condition was used in transition simulations as an initial 
condition. 

In order to meet the accuracy and convergence requirement for grid 
spacing in the model, the mesh Peclet number (Pem) (Voss and Souza, 
1987; Zhang et al., 2002; Brovelli et al., 2007) was used to specify the 
discretization of the model domain: 

Pem =
ΔL
αL

< 4 (1)  

where ΔL [L] is the grid spacing. Following Badaruddin et al. (2015), for 
the scaled-tank model, a uniform grid size of Δx = 0.50 cm and Δz =
0.25 cm was used, resulted in a grid of 48,672 cells and a Pe of 1.25. A 
time step of 30 s was employed, and the transport step size was set to 3 s. 
Three stress periods were defined in the numerical model of the 
sand-tank scale model, as: (1) a 4-h period to reach steady-state condi-
tions with hs at 48.2 cm and hf at 50.4 cm (refer to Fig. 1), (2) hf was 
dropped by 1.0 cm instantaneously, and passive SI was simulated for 
210 min, and (3) hf was dropped instantaneously by 6.0 cm to produce 
active SI for 18 min. 

Following Abarca et al. (2007), different ratios of longitudinal dis-
persivity (αL:[L]) to transversal one (αT [L]) according to Table 2 were 
introduced in the numerical experiments, representing the individual 
increase of αL (i.e., 20, 30, and 50 times): and αT (i.e., 2, 1, and 0.2 times) 
to realize the effect of longitudinal and transversal dispersivity param-
eters independently on the mixing zones. 

3. Results and discussion 

3.1. Steady-state SI conditions 

Fig. 2 (a, b, and c) compare the salinity distribution of Case 1 with 
Cases 2, 3, and 4 under steady-state SI conditions. Cases 2, 3, and 4 
represent the increase of αL by 2, 3, and 5 times, respectively, relative to 
the αL of Case 1. The figure shows that the length of xtoe, xtip, Wm1, Wm2, 
and Wm3 is 26.7, 0, 3.5, 5.3, and 0 cm, respectively. These results are in 
accordance with the results of Badaruddin et al. (2015). The results 
demonstrate that the value of xtoe (26.7 cm) and xtip (0 cm) are constant 
for these cases, but there are slight variations observed on the width of 
the mixing zones, particularly at Wm1 and Wm2. For example, increasing 
αL by 5 times changed the values of Wm1 from 3.5 cm in Case 1–8.2 cm in 
Case 4 (almost doubled) and Wm2 from 5.3 cm in Case 1–6.3 cm in Case 
4. From Fig. 2, it is clear that under steady-state SI conditions, increasing 
longitudinal dispersivity by 5 times will widen the lower part of the 
mixing zone by 130%. The line of 5% salinity remained static but the 
mixing zones broaden seaward and downward. 

Fig. 3 (a, b, and c) present the comparison of salinity distribution 
between Case 1 and Cases 5, 6, and 7. Cases 5, 6, and 7 represent the 
increase of αT by 5, 10, and 50 times, respectively, compared to the αT 
used in Case 1. The figures present that in general, the xtoe values are 

Table 1 
Parameter values for the scaled-tank model.  

Parameter Variable Value 

Domain length (m) L 1.17 
Domain height (m) H 0.52 
Domain width (m) W 0.05 
Hydraulic conductivity (m/d) K 269 
Initial inland freshwater head (m) hf0 0.504 
Post-inland freshwater head 1 (m) hf1 0.494 
Post-inland freshwater head 2 (m) hf2 0.434 
Seawater level (m) hs 0.482 
Porosity (− ) n 0.4 
Specific yield (− ) Sy 0.32 
Longitudinal dispersivity (m) αL 0.004 
Transversal dispersivity (m) αT 0.0004 
Molecular diffusion (m2/d) Dm 8.64 × 10− 5 

Seawater density (kg/m3) ρs 1018.3 
Freshwater density (kg/m3) ρf 998.1 
Sea concentration (kg/m3) Cs 26.4  
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decreased and the width of the mixing zones are increased with the 
increase of αT. The xtoe values in Cases 5, 6, and 7 are 24.9 cm, 23.5 cm, 
and 20.2 cm, respectively. The length of xtip is zero in these cases, except 
for Case 7 where the xtip is 2.1 cm. These results imply that an increase of 
transversal dispersivity widened the width of the mixing zones in all 
parts of the saltwater wedge but its shear effect drove the mixing zone at 
the bottom to move backward and landward at the top. This potentially 
increases salinization at the water table. 

3.2. Passive SI conditions 

Fig. 4 (a, b, and c) compare the salinity distributions between Case 8 
and Cases 9, 10, and, 11. Cases 9, 10, and 11 represent the increase of αL 
by 2, 3, and 5 times, respectively. The salinity distribution under tran-
sient passive SI condition for Case 8 (base case 2) is depicted in Fig. 4a. 
As the figure presents the xtoe, xtip, Wm1, Wm2 and Wm3 are 59, 0, 7.1, 
10.22, and 0 cm, respectively. These results are the same as the results of 
Badaruddin et al. (2015). The results demonstrate that the values of xtip 
(0 cm) and Wm3 (0 cm) are constant for these cases, but there are slight 
changes noticed on xtoe and the width of the mixing zones, particularly at 
Wm1 and Wm2. Raising αL by 5 times increased the values of Wm1 from 
7.1 cm in Case 8–15.7 cm in Case 11 (almost doubled) and Wm2 from 
10.2 cm in Case 8–17 cm in Case 11 (67% increase). On the contrary, 
decreasing the xtoe from 59 cm in Case 8–55 cm in Case 11. The same 
phenomenon was observed between steady-state and passive SI condi-
tions where increasing the αL y may widen the lower part of the mixing 

Fig. 2. Comparison of salinity distribution between Case 1 (base case 1) with 
(a) Case 2 (b) Case 3, and (c) Case 4 under steady-state SI. 

Table 2 
Mechanical dispersivity parameters for all simulations.  

Simulation Parameter 

αL (m) αT (m) 

Case 1 (base case 1) (steady) (Scaled-tank model) 0.004 0.0004 
Case 2 (steady) 0.008 0.0004 
Case 3 (steady) 0.012 0.0004 
Case 4 (steady) 0.02 0.0004 
Case 5 (steady) 0.004 0.002 
Case 6 (steady) 0.004 0.004 
Case 7 (steady) 0.004 0.02 

Case 8 (base case 2) (passive SI) (Scaled-tank model) 0.004 0.0004 
Case 9 (passive SI) 0.008 0.0004 
Case 10 (passive SI) 0.012 0.0004 
Case 11 (passive SI) 0.02 0.0004 
Case 12 (passive SI) 0.004 0.002 
Case 13 (passive SI) 0.004 0.004 
Case 14 (passive SI) 0.004 0.02 

Case 15 (base case 3) (active SI) (Scaled-tank model) 0.004 0.0004 
Case 16 (active SI) 0.008 0.0004 
Case 17 (active SI) 0.012 0.0004 
Case 18 (active SI) 0.02 0.0004 
Case 19 (active SI) 0.004 0.002 
Case 20 (active SI) 0.004 0.004 
Case 21 (active SI) 0.004 0.02 

Case 22 (base case) (Field-scaled model) 1 0.1 
Case 23 0.1 0.01 
Case 24 10 1  

Fig. 3. Comparison of salinity distribution between Case 1 (base case 1) and (a) 
Case 5 (b) Case 6, and (c) Case 7 under steady-state SI. 
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zone. However, a tiny difference in response was detected. Under 
transient passive SI, the lower part of the 5% salinity contour was 
pushed back slightly seaward whereas the mixing zone still broadened 
seawards and downwards. 

Fig. 5 (a, b, and c) present the comparison of salinity distribution 
between Case 8 (base case 2) and Cases 12, 13 and 14. Cases 12, 13, and 
14 denote the increase of αT by 5, 10, and 50 times, respectively, 
compared to the αT in Case 8. The figure shows that in general, the xtoe 
values are decreased and the width of the mixing zones are increased 
with the increase of αT, similar to the results of steady-state SI. The xtoe 
values in Cases 12, 13, and 14 are 57.9 cm, 56.5 cm, and 50.9 cm, 
respectively. The length of xtip is also zero in these cases, except for Case 
14 where the xtip is 3.5 cm. These results imply that an increase of 
transversal dispersivity under passive SI widened the width of the 
mixing zones in both the lower and the upper part of the saltwater 
wedge and increased the slope of salinity contours. This also potentially 
increases salinization at the water table. 

3.3. Active SI conditions 

Fig. 6 (a, b, and c) compare the salinity distribution of Case 15 (base 
case 3) with Cases 16, 17, and 18. Cases 16, 17, and 18 represent the 
increase of αL by 2, 3, and 5 times, respectively, relative to the αL of Case 
15. Fig. 6a shows that the values of xtoe, xtip, Wm1, Wm2, and Wm3 are 
87.5, 14.6, 16.9, 17.1, and 9.8 cm, respectively. These results are in 
agreement with the results of Badaruddin et al. (2015). The results show 

that the value of xtoe and xtip are slightly modified for these cases but 
there are significant changes noted on the width of the mixing zones. 
Increasing αL by 5 times changed the values of xtoe from 87.5 cm in Case 
15–99 cm (13% increase) in Case 18 and xtip from 14.6 cm to 22 cm (1.5 
times). The values of Wm1 are also changed from 16.9 cm in Case 
15–36.2 cm in Case 18 (214% increase), Wm2 from 17.1 cm to 34.3 
(doubled) cm, and Wm3 from 9.8 cm to 22.4 cm (2.3 times). From Fig. 6, 
it is obvious that under active SI conditions, increasing αL widened the 
mixing zone both at the lower and upper part of the wedge, albeit the 
upper part was more sensitive to the change. This potentially increases 
salinization at the water table. The performance of the mixing zone in 
this condition is different from the previous results in steady-state and 
passive SI. Here all parts of 5% and 95% salinity contours were pushed 
inland and seaward respectively which results in the broad mixing zone. 

Fig. 7 (a, b, and c) provide the comparison of salinity distribution 
between Case 15 (base case 3) and Cases 19, 20, and 21. The values of αT 
increased by 5, 10, and 50 times in Cases 19, 20, and 21, respectively. 
The figures show that in general, the values of xtoe decreased and the xtip 
increased with the increase of αT. In Cases 19, 20, and 21, the xtoe values 
are 83.5 cm, 81.5 cm, and 74.5 cm, respectively and the xtip values are 
16.1 cm, 18.2 cm, and 29 cm. The widths of the mixing zones are 
increased with the increase of αT. These results imply that under active 
SI conditions, an increase of αT widened the mixing zones in all parts of 
the interface but in a different fashion compared to the change of lon-
gitudinal dispersivity. At this condition, the shear effect of transversal 
dispersivity becomes more obvious, pushing the mixing zone backward 

Fig. 4. Comparison of salinity distribution between Case 8 (base case 2) and (a) 
Case 9 (b) Case 10, and (c) Case 11 at 210 min after steady-state condition. 

Fig. 5. Comparison of salinity distribution between Case 8 (base case 2) and (a) 
Case 12 (b) Case 13, and (c) Case 14 at 210 min after steady-state condition. 
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at the bottom and landward at the top which is also potentially 
increasing salinization at the water table. 

3.4. Field-scale model 

Fig. 8 provides the comparison of salinity distribution between a 
field base case and the cases with low and high dispersivities. This result 
is taken from Badaruddin et al. (2017) to confirm the results obtained in 
this study. Aside from the type of aquifer which is unconfined, the ge-
ometry of the coastal aquifer and the values of hydrologic parameters 
used in the field base case of the study mainly followed those in Lu and 
Werner (2013). The length of aquifer L [L] was 1000 m with hs of 30 m. 
The coastal aquifer was assumed as homogeneous isotropic with a hy-
draulic conductivity K [L/T] of 10 m/d, and an effective porosity n [− ] 
of 0.3. Seawater and freshwater densities were 1025 kg/m3 and 1000 
kg/m3, respectively. 35 kg/m3 salt concentration was considered for 
seawater boundary. For the base case, the longitudinal dispersivity was 
1 m and the transverse dispersivity was one-tenth of αL (Lu and Werner, 
2013; Abarca et al., 2007). Following Jakovovic et al. (2011), a mo-
lecular diffusivity Dm [L2/T] of 8.64 × 10− 5 m2/d was adopted. 

Fig. 8 shows the effect of modifying dispersivity on active SI. It can be 
seen that higher dispersion values (increasing both aL and aT) led to rates 
of interface movement that were lower at the toe but higher at the tip 
(thereby increasing the saltwater wedge steepness), and resulted in 
mixing zone widths that were larger both at the toe and tip. These results 

are in good agreement with the results gained in Cases 15 to 18. This is 
also consistent with the steady-state SI findings of Kerrou and Renard 
(2010), who found that stronger dispersion leads to decreased density 
contrasts due to the wider mixing zone. This condition causes rotation of 
the mixing zone alignment such that the interface toe moves seaward 
relative to the interface tip. 

4. Conclusion 

In this research work, the individual effect of mechanical dis-
persivities (i.e., longitudinal and transversal) on the freshwater- 
saltwater interface profile was investigated using numerical model of 
SEAWAT. The results of this study highlight the role of these two pa-
rameters in shaping the extent of seawater intrusion especially under 
active state which was not studied in detail at the previous works of 
literature. Based on the results of numerical modelling, the individual 
effect of longitudinal and transversal dispersivities on mixing zone’s 
profile under steady-state SI are in accordance with the results of pre-
vious studies. Under steady-state SI conditions, an increase of longitu-
dinal dispersivity widens the lower part of the mixing zone while an 
increase of transversal dispersivity widens the mixing zone in all part of 
the saltwater wedge and the same phenomenon was observed on the 
results of transient passive SI conditions. Under transient active SI 
condition, both an increase of longitudinal and transversal dispersivities 
may increase the width of the mixing zones in all part of the freshwater- 

Fig. 6. Comparison of salinity distribution between Case 15 (base case 3) and 
(a) Case 16 (b) Case 17, and (c) Case 18 at 220 min after steady-state condition 
(10 min after passive simulation). 

Fig. 7. Comparison of salinity distribution between Case 15 (base case 3) and 
(a) Case 19 (b) Case 20, and (c) Case 21 at 220 min after steady-state condition 
(10 min after passive simulation). 
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saltwater interface but in different fashion. This implies that both lon-
gitudinal and transversal dispersivity are significantly important in 
controlling the width of the mixing zone and each of this parameter 
cannot be neglected in numerical model. The result of this research is 
useful as guidance in solute transport modelling, at least to identify the 
effect of mechanical dispersion involved in affecting the results of nu-
merical modelling. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

The authors wish to thank anonymous reviewers for their construc-
tive suggestions. 

References 

Abarca, E., Carrera, J., Held, R., Sánchez-Vila, X., Dentz, M., Kinzelbach, W., Vázquez- 
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