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Fig. 5: Concentration contour in base scenario (A=1) a) Fate and transport of the benzene after 7, 

30 and 90 days. b) Oxygen consume due to microbial degradation after 7, 30 and 90 days. c) 

Nutrient concentration in domain after 7, 30 and 90 days 

 

4.4. Effects of Tide 

 

The environmental conditions may often play an important role in the pollutant transport and fate 

(Ordieres-Meré et al., 2020; Shrestha et al. 2020). In the present study, four simulations are 

conducted with different tidal amplitudes (A = 1, 2, 3, and 0 m) in order to investigate the effect 

of tide on the fate and transport of contaminants in the beach. As shown in Table 2, case 1 (A = 1) 

is considered the base case with which the other cases are compared. Fig. 6 reports the 

concentration of benzene (mg/L) in relation to time (day) in different locations. As mentioned 

above, the point source location is at x = 50 m. Fig. 6a illustrates the concentration of benzene after 

40 days at x = 60 m (10 m after the release position), while Fig. 6b and Fig. 6c represent the 

concentration of benzene at x = 130 m (80 m downwards from the benzene point source location 

in the saturated zone). 

 

Fig. 6a shows that the plume reaches this location (x = 60 m) in cases 1, 2, and 4 with the tide 

amplitude of 1 m, 2 m, and no tide, whereas in case 3 (tide amplitude = 3 m) the benzene plume 

transports 10 m from the point source location with a lag of approximately two days. The figure 

shows that the benzene concentration is affected by the tide amplitude, as well. For instance, the 

concentration of benzene in case 3 (A = 3) is almost 10 mg/L less than that in the base case, 

signaling greater plume dispersion and chemical reaction than in the base case. The maximum 

concentration transport of benzene in cases 2 and 3, meanwhile, is almost the same as in case 1. 

As shown in Fig. 4, the tidal zone is different in each case; in cases 1 and 2, the tidal zone is 120 

and 110 m, respectively, from the point source release, while, in case 3, the tidal zone is 90 m from 

the source, meaning that the effect of tide amplitude in case 3 is more significant. 

 

Fig. 6b and Fig. 6c represent the benzene concentration in relation to time at the point 80 m far 

from the benzene release and 70 m from the seaside. It can be seen that, in case 1 (A = 1 m), 22% 
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of the benzene reaches this location, while this proportion is 15% for case 2 (A = 2 m), 0.00033% 

for case 3 (A=3), and 25% for case 4 (no tide). It is also found that approximately 99% of the 

benzene is biodegraded on the beach before being released to the sea. The results show that 30% 

of the benzene released is biodegraded within 10 m of the release point, and almost 70% within 80 

m. Fig. 6c shows that the tide tends to augment the dispersion and chemical reaction effects on the 

plume; accordingly, the amount of benzene that reaches point x = 130 is very small compared to 

other situations. A high tide amplitude serves to enhance the seawater infiltration phenomenon in 

the shoreline and increase the groundwater table near the beach's seaward location. Since the tidal 

zone starts at 140 m in case 3, the effect of the tide is significant, and it has a circulating graph due 

to the sinusoidal tide function. 
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Fig. 6: Tide effect on the concentration of benzene in time at a different location: a) Tide effect 

on different scenarios (Case 1, 2, 3 and 4) at x=60 m (10 m after source point). b) Tide effect on 

case 1, 2, 4 at x=130 (80 m after the benzene release source). c) Benzene concentration at x=130 

for case 3 (due to the small amount of benzene concentration in this location the graph has been 

shown separately). 
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Fig. 7 shows the spreading area of the plume after releasing benzene under different tide amplitude 

conditions. As the tide amplitude increases, the spreading area shrinks, and this effect is more 

pronounced in case 3 due to the high tide amplitude and the zone affected by the tide. In cases 1, 

2, and 4, the benzene plume spreads approximately 180 to 200 m while, in case 3, the benzene 

plume extends just 110 m. It is shown that when the tide amplitude increases, the span of the 

intertidal zone increases. With 1-m tide amplitude, the tide exposure is about 30 m toward the 

beach, while the distances are 60 and 90 m for tide amplitude of to 2 and 3 m, respectively. At 

high-tide conditions, the groundwater table is elevated toward the shoreline side. 

 

 

Fig. 7: Spreading area of the benzene plume after 15 days affected by different tide amplitude in 

for the first scenarios, the area shrink due to an increase in the tide amplitude 
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4.5. Effects of Hydraulic Conductivity 

 

Different scenarios are simulated to investigate the effect of various beach characteristics on plume 

transport and fate. Various soil properties, such as hydraulic conductivity, specific storage, and 

specific yield, affect plume transport. The sensitivity analysis shows that the simulation model is 

most sensitive to hydraulic conductivity changes among these properties. Fig. 8 represents the 

sensitivity of the model to hydraulic conductivity, specific storage, and specific yield. This figure 

illustrates changing the hydraulic conductivity has a significant effect on the numerical model 

while varying specific storage and specific yield doesn't have a remarkable impact on the 

simulation model. 
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Fig. 8: Checking the sensitivity of the model to a) hydraulic conductivity b) Specific yield c) 

Specific storage. 
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Different scenarios are simulated to investigate the effect of various beach characteristics on plume 

transport and fate. Various properties, such as hydraulic conductivity, specific storage, and specific 

yield, affect plume transport. The sensitivity analysis shows that the simulation model is most 

sensitive to hydraulic conductivity changes among these properties. As such, in this section, 

hydraulic conductivity changes and the corresponding effect on benzene transport are discussed. 

Hydraulic conductivity, it should be noted, describes the ability of the soil to transfer fluid through 

voids. The hydraulic conductivity range for the coastal aquifer can be from 0.049 to 8.09 m/h 

(Lathashri et al. 2016). As Table 2 shows, cases 5 and 6 have different hydraulic conductivities 

(3.6 and 0.9 m/h, respectively). To better understand the effect of hydraulic conductivity, these 

two cases are compared to case 1 (1.8 m/h) as shown in Fig. 9. Fig. 9a represents the effect of 

different hydraulic conductivities on the amount of benzene transport 10 m after point source and 

the associated time lag for plume transport. 

 

The results show that, in the base case (case 1), 60% of the benzene reaches the point, x = 60 m, 

after 20 days. In comparison, the maximum concentrations transferred to this point in cases 5 and 

6 are 66 mg/L (after 17 days) and 41 mg/L (after 27 days), respectively. Fig. 9b and Fig. 9c shows 

the benzene concentration that reaches the saturated zone (x = 130 m) after a specific time in 

different situations. In case 1, approximately 80% of the benzene is biodegraded before reaching 

this point. In contrast, this proportion is 50% for case 5 and 99% for case 6. The diagrams also 

show that, in the beach with more permeable soil, the plume transport is faster, and as such the 

benzene’s microbial degradation is lower. Due to the low hydraulic conductivity in this case, the 

plume moves slower, meaning that the contaminant's residence time at the beach is longer and the 

plume has a longer resistance to degrade at each part of the beach. In case 6, due to the longer 

residence time at x= 60 m zone and adequate oxygen replenishment, a greater promotion of the 

contaminant is biodegraded along its pathways compared to in case 5. The significant goal for 

successful bioremediation is to maximize the oil's residence time in the beach and subsequently 

contacting microorganisms (Boufadel et al. 2006). 

 

Fig. 10 demonstrates that hydraulic conductivity affects the plume expansion significantly. As 

shown in Fig. 10a with respect to case 6, the plume expansion is minimal after 30 days and it is 

still in the unsaturated zone. As shown in Fig. 10c with respect to case 5, in contrast, the plume 
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expansion is greater and it reaches the saturated zone. These results indicate that hydraulic 

conductivity is an important consideration when assessing the resistance of pollution in coastal 

beaches. The simulation results also demonstrate that hydraulic conductivity can affect 

considerably the plume degradation rate at various parts of the shoreline. 
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Fig. 9: Effect of hydraulic conductivity on plume concentration during the specific time: a) 

concentration versus time at x=60 m (10 m after benzene released). b) and c) plume 

concentration versus time at x=130 (80 m after point source). 
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Fig. 10: Plume transport after 30 days. a) hydraulic conductivity 0.9 m/h (case 6). b) 

Hydraulic conductivity 1.8 m/h (case 1). c) Hydraulic conductivity 3.6 m/h (case 5). 
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4.6. Effect of Longitudinal Dispersivity 

 

Longitudinal dispersivity is one of the main beach properties that may affect the plume transport 

and fate. Therefore, in this research, two cases are considered in order to observe the consequences 

of longitudinal dispersivity changes. Fluid does not move at uniform velocity throughout the soil; 

instead, mixing occurs along flow paths in a phenomenon known as longitudinal dispersion. 

Longitudinal dispersivity values obtained from experiments and simulations range from 0.07 to 11 

m for different kind of sandy aquifers (Schulze‐Makuch 2005). As shown in Table 2, cases 7 and 

8 have different longitudinal dispersivities—0.6 m, and 0.1 m, respectively—compared to case 1 

(0.3 m). Fig. 11a shows the simulation results of cases 1, 7, and 8 at point x = 60 m (10 m after 

benzene release), while Fig. 11b shows the results when the plume passes 80 m into the beach (i.e., 

x = 130 m). The results show that the maximum plume concentration is reached at point x = 60 m 

in approximately 20 days in all cases. 

 

Fig. 11a indicates about 63% of the benzene released in the groundwater reaches x = 60 m in case 

1, while this proportion is 59.5% for case 7 and 64% for case 8. The results for different 

longitudinal dispersivity cases 80 m after point source are shown in Fig. 11b. As can be seen, by 

the time the longitudinal dispersivity doubles, 88% of the benzene has dispersed and biodegraded 

along its flow path. In comparison, this proportion is about 77% in the base case and 60% when 

the longitudinal dispersivity is 0.1 m. The simulation results illustrate that changing the 

longitudinal dispersivity does not significantly affect the plume duration transport, while it does 

affect considerably the concentration of benzene. In other words, the plume disperses and 

biodegrades during its transport, causing a reduction in the contaminant concentration. Therefore, 

when the longitudinal dispersivity increases, so too does the dispersion, and the benzene 

concentration decreases accordingly. 
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Fig. 11: Effect of longitudinal dispersivity on Benzene concentration during the time. a) 

Concentration of benzene 10 m after the point source. b) Concentration of benzene 80 m after 

releasing contaminant. 
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