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* An approach for assessing the transport of
benzene on the beach was proposed.

* The behavior of benzene in the subsurface of
the beach was impacted by tide.

* Tidal amplitude influenced the travel speed and
the benzene biodegradation.

* Hydraulic conductivity had the impact on
plume residence time and biodegradation.

* Plume dispersed and concentration decreased
due to high longitudinal dispersivity.
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ABSTRACT

The release and transport of benzene in coastal aquifers were investigated in the present study.
Numerical simulations were implemented using the SEAM3D, coupled with GMS, to study the
behavior of benzene in the subsurface of tidally influenced beaches. The transport and fate of the
benzene plume were simulated, considering advection, dispersion, sorption, biodegradation, and
dissolution on the beach. Different tide amplitudes, aquifer characteristics, and pollutant release
locations were studied. It was found that the tide amplitude, hydraulic conductivity, and longitudinal
dispersivity were the primary factors affecting the fate and transport of benzene. The tidal amplitude
influenced the transport speed and percentage of biodegradation of benzene plume in the beach. A
high tidal range reduced the spreading area and enhanced the rate of benzene biodegradation.
Hydraulic conductivity had an impact on plume residence time and the percentage of contaminant
biodegradation. Lower hydraulic conductivity induced longer residence time in each beach portion
and a higher percentage of biodegradation on the beach. The plume dispersed and the concentration
decreased due to high longitudinal dispersivity. The results can be used to support future risk
assessment and management for the shorelines impacted by spill and leaking accidents. Modeling the
heterogeneous beach aquifer subjected to tides can also be further explored in the future study.
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1 Introduction
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Unexpected discharges of organic pollutants have had an
increasing effect on coastal aquifers in recent decades
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(Zhao et al., 2019; Chen et al., 2020; Lietal., 2021;
Wang et al.,, 2021). Pollutants released from petrol
stations, pipelines, and industrial activity, for instance,
have a detrimental effect on shoreline groundwater (Lee
et al., 2015; Boufadel etal., 2016). Such subsurface
pollution may further affect the coastal ecosystem and its
inhabitants. To evaluate and remediate subsurface
contamination, however, a deeper understanding of the
status and transport mechanism of pollutants in
groundwater is critical (Colombani et al., 2015; Liu et al.,
2016). In coastal aquifers, due to the complex
mechanisms underlying groundwater flow (e.g., tide,
waves, dissolved solutes), identifying the residence time,
fate, and natural degradation of the plume is a challenge
(Heiss and Michael, 2014; Geng et al., 2017).

Various studies have been carried out to investigate the
behavior of groundwater and the plume transport in
coastal aquifers (Robinson et al., 2007; Santos et al.,
2012). Several factors have been identified as affecting
subsurface flow pathways and solute transport. For
instance, tides can recirculate groundwater and seawater
on the oceanic side of aquifers, making them a critical
oceanic force (Heiss,2011; Geng et al., 2020b). Oil
discharged to groundwater undergoes various processes
that modify its structure and concentration. These
chemical, physical, and biological processes have a
significant impact on the toxicity and permanence of the
pollution (Liuetal., 2012; Bi et al., 2020). Various
physical remediation strategies have been applied in
response to oil spills to eliminate or disperse oil in order
to mitigate its harmful effect on the environment.
Microbial degradation, meanwhile, is a biological process
that can be applied to clean up petroleum hydrocarbon
contamination (Leahy and Colwell, 1990; Atlas and
Hazen, 2011; Jiang et al., 2019). In the biodegradation
process, petroleum hydrocarbons are typically electron
donors. The electron acceptors vary from oxygen (O,) to
sulfate (SO,>7), nitrate (NO;"), ferric ions (Fe(Ill)),
oxidized manganese (Mn(IV)), and carbon dioxide (CO,).
Microbes use the energy released from this redox reaction
for microbial growth.

Due to the restriction of field experiments and lack of
experimental data, numerical simulation is often used as a
good supplement for investigating the pollutant transport
and fate (Geng et al., 2020a; Zhai et al., 2020b; Babamiri
etal., 2021). A number of numerical models have been
introduced by researchers based on particular field
situations. Uraizee et al. (1997) constructed a mathema-
tical model that considered the relationship between the
biodegradation of crude oil and the bioavailability
parameter. A two-dimensional model was developed by
Boufadel et al. (1999) to estimate the solute in relation to
water density and viscosity using the MARUN model.
Essaid et al. (2003) quantified BTEX (benzene, toluene,
ethylbenzene and xylene) dissolution and biodegradation
of crude oil using the BIOMOC code combined with the

UCODE. The inverse modeling incorporating transport
and degradation processes as well as a single dissolution
rate coefficient was proposed to study a complex system.
Li and Boufadel (2010) conducted two-dimensional
variable density and saturation simulations using the
MARUN model to assess the durability of the oil
Torlapati and Boufadel (2014) applied the numerical
model, BIOB, to simulate the biodegradation of oil
captured in sediment. Based on Monod kinetics, this
model can analyze the bacteria growth considering
nutrient presence and hydrocarbon consumption. Xu et al.
(2015) predicted the fate of spilled gasoline in soil and
groundwater using the Hydrocarbon Spill Screening
Model (HSSM) coupled with the modified Modular
Three-Dimensional ~ Multispecies  Transport Model
(MT3DMS). HSSM was used to simulate the gasoline
migration in vadose zone and the benzene dissolution in
oil lens, and the modified MT3DMS was used to predict
the transport and biodegradation of dissolved benzene in
groundwater. Although these works are encouraging,
knowledge of the fate and transport of petroleum
pollutants in shoreline groundwater remains limited. The
impacts of some shoreline conditions, such as tide, are
not clear.

Benzene is a natural component of crude oil, and it has
been identified as a lethal chemical that can cause acute
and chronic poisoning. Benzene is a low molecular
weight aromatic that has a comparatively high solubility
in water (Lu et al., 1999; Brovelli et al., 2007; Sbarbati
et al., 2015). In this context, the objectives underlying the
research presented in this paper are (a) to use the
numerical model SEAM3D (Sequential Electron
Acceptor Model, 3 Dimensional) coupled with GMS
(Groundwater Modeling System) as a reactive transport
model to simulate transport, fate, and complex
biodegradation processes involving benzene and different
electron acceptors (e.g., oxygen and nitrate); and (b) to
identify the key factors influencing a pollution plume’s
fate in shorelines, such as tide amplitude and beach
properties (i.e., hydraulic conductivity and longitudinal
dispersivity).

2 Methods

2.1 GMS models

Environmental simulation is an important approach for
investigating the transport and fate of pollutants (Asif and
Chen, 2020; He et al., 2020; Zhai et al., 2020a). In the
present study, numerical models are used to investigate
and evaluate the validity of various studies available in
the literature concerning (i) the situation and nature of
flow-system boundaries; (ii) recharge and discharge
locations; and (iii) the hydrogeological framework.
MODFLOW-2000 is a three-dimensional saturated
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groundwater flow model, and SEAM3D is a tool for
modeling three-dimensional solute transport coupled with
aerobic and sequential anaerobic biodegradation and
dissolution of non-aqueous phase liquid (NAPL). Both of
them are available in GMS software (Aquaveo; USA). In
the present study, hydraulic heads and cell-by-cell fluxes
were estimated using the MODFLOW model, while the
flow simulation and SEAM3D were applied to model
multiple solutes in a three-dimensional, anisotropic,
heterogeneous aquifer subject to advection, dispersion,
sorption, and biodegradation. These two models were
implemented in a two-step (flow and transport)
simulation following the GMS.

MODFLOW, a finite-difference code coupled in the
GMS, was applied in order to develop a steady- and
unsteady-state groundwater flow model (Mehl and Hill,
2001). The three-dimensional flow of a subsurface of
uniform density through porous ground, it should be
noted, can be characterized using the following partial
differential equation:

2 (K,\.a—h) + ﬁ (K).a—h) + 2 (Ka—h) +W= SS@
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where K,,K,, and K, represent hydraulic conductivity
along the x, y, and z axes, respectively; 4 is the hydraulic
head; W represents sources and sinks of water (the
volumetric flux per unit of volume); S, represents the
specific storage; and ¢ is time. This equation is used to
demonstrate the groundwater flow of the non-equilibrium
state in heterogeneous and anisotropic soil. To achieve
approximate solutions of this equation, numerical
schemes such as the finite-difference method are applied
based on the discretization of points in time and space
(Anderson et al., 2015).

The advection-dispersion equation is employed to
describe the aqueous phase transport of all biodegradable
substrates, electron acceptors, final products, mineral
nutrients, and nonbiodegradable solutes. Equation (2)
demonstrates the 3D transport of contaminants in
groundwater:
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where S, is the aqueous phase substrate concentration
[M,,L7] for Is = 1, 2,..., NS (number of substrates); S "
is the substrate point source concentration [M,L™]; v; is
the average pore water velocity [LT-']; x; is the distance
[L]; D;; is the tensor for the hydrodynamic dispersion
coefficient [L27-']; R"S, . is the substrate biodegradation
sink term [M, L7 °T']; REA™ is the substrate source term
due to NAPL dissolution [M,L7>T']; R, is the
retardation factor for substrate Is [L°]; ¢ is time [T]; 6 is
aquifer porosity [L°]; and g, is the volumetric flux of
water per unit volume of the aquifer [7-'] with ¢, > O for

sources and g, < O for sinks. In the case of a point sink,
the concentration is generally not specified, and the
model uses S;;" = §;; (Widdowson et al., 1988). The model
follows Monod kinetics for the biodegradation of each
substrate. The effects of electron acceptors and nutrient
availability, inhibition, and threshold concentration are
also considered.

2.2 Numerical implementation

The domain of the flow and transport model is 200 m
long with a slope of 4% (i.e., 200 cells) in the x-direction
(domain length), 10 m (i.e., 10 cells) in the y-direction
(domain width), and 25 m (i.e., 3 layers) in the z-direction
(domain depth), as shown in Fig. 1. The cells are 1 m
long and 1 m wide. In the present study, the deepest layer
is 10 m thick, while the middle layer is 5 m thick, and the
top elevation of this layer is 15 m. Meanwhile, the top
elevation of the surface layer is 25 m on the shoreline
side, and, due to the slope, about 19 m on the seaside (the
thickness changed from 10 to 4 m). However, the upper
layer’s hydraulic head changes with time (different tide
levels), resulting in transient sea-side boundary
conditions governed by the tides. The inland head is
about 23 m (2 m below the beach surface), and the sea-
side head is about 19 m in the no-tide state, while it
ranges from 22 to 24 m under different tide conditions.
The cosine function is approximated for the tide on the
seaside, as follows:

Hlide = HO +ACOSCL)I (3)

where H, is the average sea level (H =21 m); 4 is the tide
amplitude (4 = 1, 2, or 3 m); w is the tidal angular
frequency (w = 0.26 rad/h); and ¢ is the tidal period. The
density difference between salty coastal water and fresh
groundwater is an essential component for most aquifer
systems, while there are various scenarios in which
density effects are negligible. Based on different tracers,
like an isotopic compound of Cl and Sr, deep saline water
exists for some shoreline groundwater (Khaska et al.,
2013). In the present study, the density effect was not
significant for the mixing simulation.

The domain characteristics (e.g., hydraulic conductivity
and longitudinal dispersivity) and the boundary inputs to
the model to simulate the transport and fate of the
benzene, nutrients, and oxygen were obtained from the
study of Geng et al. (2015) for a tidally affected seashore
in the Gulf of Mexico. The concentration of nitrate was
found to be 1.2 mg-N/L on the shoreline and 0.2 mg-N/L
on the seaside. The overall oxygen concentration in the
whole area under consideration was 8.2 mg/L. It was
assumed that the benzene was released into the shoreline
accidentally through the point source (I m x 10 m
landfill) positioned at x = 50 m, which is 110 m away
from the sea side. The contaminant release period was 15 d
at a benzene concentration of 100 mg/L (Geng et al.,
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2017). The parameters of microbial kinetics applied in
simulating the biodegradation of benzene were obtained
from Chen et al. (1992), Essaid et al. (1995), and El-Kadi
(2001). The values of these parameters were assumed to
be uniform in all layers of the aquifer in the three-
dimensional model. The concentrations of aerobes and
nitrate reducers at the outset of the simulation were
consistent throughout the aquifer. The starting biomass of
aerobes was higher than that of the nitrate reducers, given
the theory that aerobic biomass will predominate when
the domain has a significant oxygen level under primary
conditions. The aerobic biomass of 5 g/m3 corresponded
to 16.6 x 109 cells/cm3, assuming a cell volume of 1 pm?3,
cell density of 1.0 g/cm3. Therefore, the high amount of
aerobic maximum utilization rate and the quantity of the
cell’s permissive considerable aerobic uptake of
hydrocarbon substrates occur instantly. However,
anaerobic microbes can only survive in anaerobic
microenvironments if they are inside soil aggregates
(Brock etal., 2003). Hence, the nitrate reducer
concentrations were a magnitude lower than the aerobic
biomass concentrations.

The yield coefficients were applied in the model to
determine the theoretical microbe growth resulting from
the degradation of hydrocarbon substrates. As per the
calculations reported by Bailey and Ollis (1986), the
stoichiometric coefficient for oxygen utilization based on
complete mineralization was set to 3.47 mg of O,/mg of
substrate. The yield coefficient for oxygen and nitrogen
consumption during the complete mineralization of
biomass was 1.56 mg of O,/mg of microcolonies and
0.15 mg of N/mg of microcolonies, respectively (Bailey

Groundwater table

and Ollis, 1986). For the simulations, the model,
MODFLOW, was run for the unsteady condition flow.
The SEAM3D model, meanwhile, was used for the fate
and biodegradation of hydrocarbon. The stress period to
simulate the flow and transport and biodegradation on the
beach was six months.

Eight scenarios were simulated to investigate the effect
of tide amplitude and beach properties (i.e., longitudinal
dispersivity, hydraulic conductivity). The parameter
values of each scenario are shown in Table 1, where
scenario 1 is considered the base case. The properties of
each of the eight scenarios considered are summarized in
Table 2. Table 3 shows the microbial parameters used in
the numerical model.

3 Results and discussion

3.1 Model validation

The experimental data reported by Chen et al. (1992) was
run in the SEAM3D model for validation as well as for
the purpose of predicting the aerobic biodegradation and
transport of benzene. Chen etal. (1992), it should be
noted, presented both experimental and simulation results
for benzene transport and biodegradation in a water-
saturated soil column with a continuous flow. In their
study, fixed amounts of benzene (20 mg/L) and hydrogen
peroxide (132.7 mg/L O) were released to the column,
and benzene concentration samples were analyzed
accordingly in the simulation. The porosity and
longitudinal dispersivity were found to be 0.38 and
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Fig.1 (a) The front view of the model grid. The leaking location is 110 m from the seaside and 50 m in the shoreline, and the
groundwater table is 2 m below the surface. (b) The schematic diagram of the three-dimensional model grid. (c) The plan view of the
leaking location on x = 50 m with the contaminant concentration contours at = 0.
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0.0224 m, respectively. The kinetic parameter values
were obtained from Essaid et al. (1995), who determined
these values based on laboratory measurements and a
literature review. These data have been used to validate
various reactive solute transport models in past studies
(Essaid et al., 1995; El-Kadi, 2001; Ramakrishnan et al.,
2015).

Figure 2 shows the experimental data, as well as the
results achieved by the SEAM3D and those obtained by
the models used in other studies (Chenetal., 1992;
Essaid et al., 1995; El-Kadi, 2001; Geng et al. 2017). It
can be seen that the modeling with BIOMOC
overpredicts benzene concentration. Chen etal. (1992)
reported that the estimate of benzene degrader biomass
underpredicted benzene concentrations. Therefore, the
difference in the model and experimental data remains
within the range of uncertainty in the model parameter
evaluation. SEAM3D is able to delineate the subsurface
transport of various solutes in a 3D, anisotropic,
heterogeneous region subject to advection, dispersion,
adsorption, and biodegradation. This model can be used
to simulate complicated biodegradation problems such as
multiple substrates and multiple electron acceptors. As
shown in the figure, the SEAM3D model has been proven
effective in representing the aerobic biodegradation and
transport of benzene in the soil column.

3.2 Groundwater flow distribution

In this study, groundwater flowed vertically downward
through the three-dimensional model grid. In the base
scenario, the tide amplitude was 1 m and the upper
hydraulic head changed with time in a range of 19 to 22
m. In other scenarios, the tide amplitude changed to 2 and
3 m, with the maximum hydraulic head of 23 and 24 m,
respectively. The hydraulic head of the upper boundary
on the seaside changed with time in different scenarios
due to the tide effect, thus resulting in transient
groundwater flow in terms of magnitude and flow
direction.

Figure 3 shows the groundwater flow and velocity
fields in response to different tide levels when the tide
was under the highest condition. In particular, Fig. 3(a)
shows the model contours and the velocity magnitude of
transient flow in the no-tide state; as can be seen,
terrestrial groundwater flow discharged from the beach to
the sea near the intersection between the shoreline and
mean sea level. The flow moved from the shoreline (with
higher groundwater level on the left side) toward the
seaside and discharged into the sea. Figure 3(b) illustrates
the flow condition with a tide amplitude of 1 m and tide
exposure about 30 m toward the beach. As the tide
amplitude increased, so did the span of the intertidal zone,
as shown in Figs. 3(c) and 3(d) ; the tide exposure for tide
amplitudes of 2 and 3 m were 60 and 90 m, respectively.
In shorelines, there is the interaction between
groundwater and nearshore sea water. As the tide comes,

Table 1 Characteristics of the numerical experiments and different
scenarios that are analyzed in this study

Scenario Tide amplitude Longitudinal dispersivity Hydraulic conductivity

(m) (m) (m/h)
1 1 0.3 1.8
2 2 03 1.8
3 3 0.3 1.8
4 0 0.3 1.8
5 1 03 3.6
6 1 0.3 0.9
7 1 0.6 1.8
8 1 0.1 1.8

Table 2 Physical parameters used in the numerical simulations

Definition Unit Value
Porosity / 0.3
Hydraulic conductivity m/h 1.8
Specific storage 1/m 1074
Vertical anisotropy / 10
Horizontal anisotropy / 1
Longitudinal dispersivity m 0.3
Table 3 Microbial parameters used in numerical model
Microbial properties Units Value
Distribution coefficient of benzene m3/g 3.6 g
10~
Initial mass fraction of benzene / 0.05
Solubility of benzene mg/L 1780
Inhibition coefficient of NO;-O, g/m? 0.6
Stoichiometric coefficient for oxygen consumption mg of O,/mg  3.47
based on complete mineralization of S
Stoichiometric coefficient for oxygen consumption mg of O,/mg  1.56
during the complete mineralization of biomass of X
Stoichiometric coefficient for nitrogen consumption mg of N/mg  0.15
during the complete mineralization of biomass of X
Dissolved rate 1/d 0.05
o 04 \ — SEAM3D sim
-2 0635 BIOMURUN sim
g 03 * Chen et. al. Exp.
s .2 025 ---- Chen et. al. Sim
Eg 02 -~ BIOMOC Sim.
2 = 0.15
Q
e 0.1 . .ot
S 0.05 Tete
0 Rty
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Fig.2 Evaluated aerobic biodegradation of benzene and simulation
results using SEAM3D and models developed by other studies (Chen
et al., 1992; El-Kadi, 2001; Essaid et al., 1995; Geng et al., 2017). The
experimental results were reported in Chen et al. (1992).
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the impacted flow may also result in the change of
pollutant movement (Gengetal.,, 2015). At high tide
condition, the groundwater table was elevated toward the
shoreline side. Due to the tide effect, the front water
affected the groundwater flow. Increasing the tide
amplitude caused an increase in the intertidal zone and
intrusion of the seawater to the groundwater, having an
impact on the groundwater flow velocity and direction.
The downward movement occurs with increasing tides,
while the seaward flow occurs mainly as tides fall
(Bhosale and Kumar, 2002).

3.3 Fate and transport of contaminants

Figure 4 shows the transport of the benzene plume and
dissolved oxygen and nutrient concentrations on the
beach 7, 30, and 90 d after the primary contaminant
discharge. Due to the constant release in the first 15 d, the
benzene plume extended around its source point, as
shown in the figure. It is evident that the plume of
contaminant was expanding in the seaward and
downward directions due to the fact that the regional
groundwater hydraulic gradient was in a seaward
direction. Movement deeper into the beach both
facilitated plume transport in the groundwater and caused
greater expansion in the downward direction. After 15 d,
the benzene release ceased, and the contaminant plume
began to relocate and move seaward. As can be seen in
the Fig. 4(a), the benzene plume concentration began to
diminish at this juncture, since it had left its source point.
This could be the result of dispersion in the surrounding
groundwater and biodegradation.

The simulation shows that approximately 99% of
benzene was biodegraded on the beach before being

(@)
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(b)

100

100

(d)

100

X-axis (m)

released to the sea. Low oxygen and nutrient plumes were
produced on the beach following the initial release of
benzene due to biodegradation and associated microbial
degradation. The oxygen reduction plume initially
expanded around the source point of the contaminant and
moved seaward, a behavior which is in line with the
expected evolution of a benzene plume. The reduction of
the oxygen and nutrient plumes, meanwhile, is due to the
hydrocarbon biodegradation. Following the primary
benzene discharge, bacteria degrade the benzene and
convert it to biomass, carbon dioxide, and water.
However, for aerobic biodegradation, the dissolved
oxygen is required as an electron acceptor, and nutrients
are needed for growth and for functions such as
adenosine triphosphate (ATP) production. In fact, 3 g of
oxygen is needed for 1 g of carbon to biodegrade.
Therefore, the amount of oxygen required for
biodegradation is greater than the number of nutrients
required. Figure 4 illustrates that the low oxygen plume
formed is considerably larger than the size of the nutrient
consumption plume in the shoreline. Moreover, the model
results show that natural degradation is a critical process
as the contaminant plume migrates. Simultaneously, the
dissolved oxygen conditions are a vital indicator for
evaluating the fate of benzene.

3.4 Effects of the tide

Environmental conditions can often play an important
role in the pollutant transport and fate (Ordieres-Meré
et al., 2020; Shrestha and Wang, 2020). In the present
study, four simulations were conducted with different
tidal amplitudes (4 = 1, 2, 3, and 0 m) in order to
investigate the effect of the tide on the fate and transport

AT
ANy
AR
............. i

JUnnuunOm (1L
nannoLununumImIe

150 200
Head (m)
23
22
5 21
150 200 20

150 200

150 200

Fig.3 Velocity vectors and flow condition. (a) Case 4 (no tide). (b) Case 1 (4 =1 m). (c) Case 2 (4 =2 m). d) Case 3 (4 =3 m).
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Fig. 4 Concentration contour in base scenario (4 = 1). (a) Fate and transport of the benzene after 7, 30 and 90 d. (b) Oxygen
consume due to microbial degradation after 7, 30 and 90 d. (c) Nutrient concentration in domain after 7, 30 and 90 d.

of contaminants in the beach. As shown in Table 1, case 1
(4 = 1) is considered the base case with which the other
cases are compared. Figure 5 reports the concentration of
benzene (mg/L) in relation to time (d) in different
locations. As mentioned above, the point source location
is at x = 50 m. Figure 5(a) illustrates the concentration of
benzene after 40 d at x = 60 m (10 m after the release
position), while Figs.5(b) and 5(c) represent the
concentration of benzene at x = 130 m (80 m downwards

from the benzene point source location in the saturated
zone).

Figure 5(a) shows that the plume reached 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 was transported 10 m from the
point source location with a lag of approximately two
days. The figure shows that the benzene concentration
was affected by the tide amplitude, as well. For instance,
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the concentration of benzene in case 3 (4 = 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. 3, the tidal zone was different in each
case; in cases 1 and 2, the tidal zone was 120 and 110 m,
respectively, from the point source release, while in case
3, the tidal zone was 90 m from the source, meaning that
the effect of tide amplitude in case 3 was more
significant.

Figures 5(b) and 5(c) represent the benzene concen-
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Fig.5 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).

tration in relation to time at the point 80 m from the
benzene release and 70 m from the seaside. It can be seen
that, in case 1 (4 = 1 m), 22% of the benzene reached this
location, while this proportion is 15% for case 2 (4 =2 m),
0.00033% for case 3 (4 = 3), and 25% for case 4 (no
tide). It was also found that approximately 99% of the
benzene was biodegraded on the beach before being
released into the sea. The results show that 30% of the
benzene released was biodegraded within 10 m of the
release point and almost 70% within 80 m. Figure 5(c)
shows that the tide tended to augment the dispersion and
chemical reaction effects on the plume; accordingly, the
amount of benzene that reached point x = 130 m was very
small compared to other situations. A higher tide
amplitude served to enhance the seawater infiltration and
mixing between oxygen-rich seawater and benzene-
contaminated  groundwater, leading to  faster
biodegradation and larger dispersion of the benzene
plume. Since the tidal zone started at 140 m in case 3, the
effect of the tide was significant.

Figure 6 shows the spreading area of the plume after
releasing benzene under different tide amplitude
conditions. As the tide amplitude increased, the spreading
area shrank, and this effect was 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 spread
approximately 180 to 200 m, while in case 3, the benzene
plume extended just 110 m. It is shown that when the tide
amplitude increased, the span of the intertidal zone
increased. With a 1 m tide amplitude, the tide exposure
was about 30 m toward the beach, while the distances
were 60 and 90 m for a tide amplitude of to 2 and 3 m,
respectively. At high-tide conditions, the groundwater
table was elevated toward the shoreline side.

In this study, it should be noted, our focus is on tidally-
influenced aquifer systems of either freshwater or
saltwater (but not a combination of both), and therefore
density effects and associated freshwater—saltwater
mixing are not considered. Density gradients generated
by the mixing of terrestrial fresh groundwater and
seawater have been found to have a significant effect on
nearshore flow and transport processes. Although the
density difference between seawater and terrestrial
freshwater is an important consideration in most aquifer
systems, there are numerous scenarios in which the
density effects are negligible. For example, saltwater can
intrude inland a long distance in coastal aquifers. In
addition, pore water salinity in tidal freshwater marshes
can be low and, therefore, density gradients are negligible
in these tidally-influenced aquifer systems. The findings
of the present study are applicable to such scenarios.

3.5 Effects of hydraulic conductivity

Different scenarios were simulated to investigate the
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Fig. 6 Spreading area of the benzene plume after 15 d affected by different tide amplitude for the first scenario; the area shrinks due

to an increase in the tide amplitude.

effect of various beach characteristics on plume transport
and fate. Various properties, such as hydraulic
conductivity, specific storage, and specific yield, can
affect plume transport (Bear and Cheng, 2010;
Kheirandish et al., 2020). The sensitivity analysis shows
that the simulation model was 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 and Mahesha,
2016). As Table 1 shows, cases 5 and 6 had different
hydraulic conductivities (3.6 and 0.9 m/h, respectively).
To better understand the effect of hydraulic conductivity,
these two cases were compared to case 1 (1.8 m/h), as
shown in Fig. 7. Figure 7(a) 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 reached the point x = 60 m after 20 d. In
comparison, the maximum concentrations transferred to
this point in cases 5 and 6 were 66 mg/L (after 17 d) and
41 mg/L (after 27 d), respectively. Figures 7(b) and 7(c)
show the benzene concentration that reached the saturated
zone (x = 130 m) after a specific time in different
situations. In case 1, approximately 80% of the benzene
was biodegraded before reaching this point. In contrast,
this proportion was 50% for case 5 and 99% for case 6.
The diagrams also show that, on the beach with more
permeable sediment, the plume transport was faster and,
as such, the microbial degradation benzene’s of was
lower. Due to the low hydraulic conductivity in this case,
the plume moved more slowly, meaning that the

(a)
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Fig. 7 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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contaminant’s residence time on the beach was longer,
and the plume had a longer resistance to degrade at
each part of the beach. In case 6, due to the longer
residence time at the x = 60 m zone and adequate oxygen
replenishment, a greater portion of the contaminant was
biodegraded along its pathways than in case 5. The
significant goal for successful bioremediation is to
maximize the oil’s residence time on the beach and hence
its contact with microorganisms (Boufadel et al., 2006).
Figure 8 demonstrates that hydraulic conductivity
affects the plume expansion significantly. As shown in
Fig. 8(a) with respect to case 6, the plume expansion was
minimal after 30 d and was still in the unsaturated zone.
As shown in Fig. 8(c) with respect to case 5, in contrast,
the plume expansion was greater, and it reached the
saturated zone. These results indicate that hydraulic
conductivity is an important consideration when assessing
the resistance of pollution on coastal beaches. The
simulation results also demonstrate that hydraulic
conductivity can considerably affect the plume
degradation rate at various parts of the shoreline.

3.6 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 were 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 kinds of sandy aquifers (Schulze -
Makuch, 2005). As shown in Table 1, cases 7 and 8 had

Benzene concentration (mg/L)

0 50

100 150

different longitudinal dispersivities—0.6 m and 0.1 m,
respectively —compared to case 1 (0.3 m). Figure 9(a)
shows the simulation results of cases 1, 7, and 8 at point
x = 60 m (10 m after benzene release), while Fig. 9(b)
shows the results when the plume passed 80 m into the
beach (i.e., x = 130 m). The results show that the
maximum plume concentration was reached at point x =
60 m in approximately 20 days in all cases.

Figure 9(a) indicates that about 63% of the benzene
released in the groundwater reached x = 60 m in case 1,
while this proportion was 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. 9(b). As
can be seen, by the time the longitudinal dispersivity
doubled, 88% of the benzene had dispersed and
biodegraded along its flow path. In comparison, this
proportion was about 77% in the base case and 60% when
the longitudinal dispersivity was 0.1 m. The simulation
results illustrate that changing the longitudinal
dispersivity does not significantly affect the plume
duration transport, while it does considerably affect 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 does the
dispersion, and the benzene concentration decreases
accordingly.

4 Conclusions

The research presents the numerical simulation of
benzene transport in shoreline groundwater affected by
tides under different conditions. First, on tide-influenced
beaches, aerobic biodegradation plays a significant role in

N T T m
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100 150
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Fig. 8 Plume transport after 30 d. (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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Fig. 9 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.

plume transport and benzene fate, particularly when the
point source is far from the sea zone. In microbial
biodegradation, a large amount of oxygen is required, so
a low-oxygen plume emerges in the groundwater.
Second, benzene released into the groundwater is found
to biodegrade up to 70% in beach aquifers, meaning that
30% of the initial benzene release is discharged into the
ocean. Third, an increase in tide amplitude serves to
augment the microbial biodegradation due to the
significant increase in the plume’s residence time.
Moreover, a higher tide amplitude makes the contaminant
plume smaller and reduces the spreading area of the
pollution. Fourth, hydraulic conductivity has an enormous
impact on the biodegradation rate in beach groundwater.
Finally, longitudinal dispersivity also affects the
concentration of benzene passing through its flow path to
the sea without biodegrading. These results can be used to
support future risk assessment and management for the
shorelines impacted by spill and leaking accidents.
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