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Contamination of groundwater in coastal aquifers is a significant environmental concern for coastal
populations across the world. As it not only leads to the depletion of available freshwater resources, but
also threatens the ecology and economy of the coastal zones. A quantitative understanding of contaminant transport processes within coastal aquifer systems is, therefore, essential for eDcient planning and
management of coastal environments. The overarching aim of this research is to investigate the behaviour
of contaminant transport patterns for various contaminant transport scenarios in a coastal unconBned
aquifer. For this purpose, a series of laboratory-scale experiments have been carried out in the setup of a
rectangular Cow tank using dye to trace the movement of contaminant plume patterns with homogeneous
soil formations. The experimental data indicate that the contaminant travels upward towards the seaward boundary when it approaches the saltwater wedge and then exits around the coastline. Upon
installation of the pump, the saltwater intrusion wedge was moving rapidly towards the freshwater
aquifer, and the contaminant was also moving along with the saltwater wedge towards the pump location.
Experimental results also clearly show that the contaminant plume formed an elongated shape as it
approached the saltwater–freshwater interface due to dispersion eAects. The Bndings from this experimental study helped us to have a better understanding of the contaminant transport processes occurring
in a coastal unconBned aquifer.
Keywords. Groundwater; contaminant transport; saltwater interface; laboratory experiment;
unconBned coastal aquifer.

1. Introduction
Coastal regions are considered to be the most
vulnerable areas around the globe with over 70% of
the earth’s population lives along the coastal zones
(Bear et al. 1999; Cheng and Ouazar 2003; Webb
and Howard 2011) and rely on freshwater aquifers
for their survival. However, with the growing global population, substantial development of coastal
resorts and coastal urbanization, and increasing
agricultural water demand in the last few decades,
coastal groundwater aquifers have become

extremely vulnerable due to the contamination by
pollutants. The pollutant sources can be such as
landBlls of solid wastes, industrial wastes disposal,
leakage from septic tanks and widespread use of
pesticides, fertilizers and herbicides for agricultural
activities, etc. (Bear and Cheng 2010), which are
perilous for the natural environment and human
health. These wastes comprise of major ions such
as calcium (Ca2+), sodium (Na+), magnesium
(Mg2+), chloride (Cl ), potassium (K+), nitrate
(NO3 ), bicarbonate (HCO3 ) and sulfate (SO42 )
(Freeze and Cherry 1979). These anthropogenic
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pollutants not only contaminate the freshwater
aquifers, but also threaten the associated entire
seashore environment. A better understanding of
contaminant transport processes in coastal aquifers
is, therefore, necessary to prepare and implement
proper water resources planning and management
strategies for sustainable use of groundwater
resources.
In general, the pollutants from surface sources
Brst inBltrate to the unsaturated zone and then
further percolates into the saturated coastal aquifer and eventually migrate along with groundwater
Cow (Bear and Cheng 2010). The physical process
of groundwater Cow in a typical aquifer system is
inCuenced by several factors, such as the hydraulic
gradient, aquifer hydraulic properties, boundary
conditions, and other hydrogeological settings, etc.
(e.g., Bear 1972; Freeze and Cherry 1979; Gerke
and van Genuchten 1996; Bakker et al. 1999; Kim
et al. 2000; Simmons et al. 2001). The subsurface
Cow and contaminant transport in coastal aquifers
are intrinsically complicated and non-linear processes in nature. In coastal aquifers, the existence
of a freshwater–seawater dispersion zone and tidal
Cuctuation of sea-level at the seaward boundary
contributes to the complexity of groundwater Cow
and consequently, contaminant transport (Nielson
1990; Zhang et al. 2001, 2002) and thus separate
from other aquifer systems.
The saltwater diffusion zone plays a significant
role in the transport and fate of contaminants in a
coastal aquifer (Zhang et al. 2002; Chang and
Clement 2013; Werner et al. 2013). Indeed, the
extension of seawater intrusion towards the coastal
aquifers depends on various factors such as
groundwater recharge, aquifers lithology, hydraulic
gradient, and coastal topography (Freeze and
Cherry 1979; Kouzana et al. 2010; Fadili et al.
2016) and the diffusion zone could vary from a few
meters to several kilometers (Barlow and Reichard
2010). Some studies suggested that the fresh
groundwater Cow changes gradually from horizontal to upward direction as it approaches near to
the interface (Glover 1959; Volker et al. 2002). It
travels upward towards the coastline along with
saltwater wedge and discharges into the coast.
In the last few decades, several extensive
research works were carried out investigating the
behaviour of saltwater wedges in coastal aquifers
(Ataie-Ashtiani et al. 1999; Bhattacharjya and
Datta 2005, 2009; Bhattacharjya et al. 2007, 2009;
Abarca and Clement 2009; Morgan et al. 2013;
Abdoulhalik et al. 2017). Physical models are very
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valuable and eDcient research tools to understand
as well as visualize the processes and also for verifying the analytical and numerical models. In this
regard, physical aquifer models have been used to
study this phenomenon (e.g., Schincariol and
Schwartz 1990; Zhang et al. 2002; Goswami and
Clement 2007; Konz et al. 2009a, b; Werner et al.
2009; Abdollahi-Nasab et al. 2010; Jakovovic et al.
2011; Luyun et al. 2011; Stoeckl and Houben 2012;
Chang and Clement 2012; Lu et al. 2013; Dose et al.
2014; Mehdizadeh et al. 2014; Li et al. 2018). In a
previous paper, Goswami and Clement (2007) had
carried out both laboratory experiments and
numerical simulations to investigate the saltwater
wedge proBle occurring in unconBned coastal
aquifers. The authors used the SEAWAT model to
simulate their experimental datasets. The experimental datasets, along with the model results were
presented as benchmark problems for testing density-dependent groundwater Cow models. Furthermore, Werner et al. (2009) conducted a series
of experiments to study the saltwater up-coning in
the laboratory-scale aquifer model. The authors
compared their experimental results with the analytical solution of Dagan and Bear (1968), and a
close agreement was achieved up to a speciBc
density pumping condition. The experimental
results could help as a useful basis for testing
density-dependent groundwater Cow and transport
models. Nevertheless, several laboratory experimental studies have also been carried out to test
the performance of numerical models (e.g., Zhang
et al. 2001; Thorenz et al. 2002; Watson et al. 2002;
Oswald and Kinzelbach 2004; Mao et al. 2006a; Shi
et al. 2011; Abdoulhalik and Ahmed 2017).
In addition, many researchers have been previously employed laboratory and numerical simulations so as to investigate the contaminant
transport dynamics in porous media (e.g., Boufadel
2000; Zhang et al. 2001, 2002; Simmons et al. 2002;
Volker et al. 2002; Mao et al. 2006b; Brovelli et al.
2007; Robinson et al. 2009; Bakhtyar et al. 2013;
Chang and Clement 2013; Liu et al. 2014, 2016; He
et al. 2018). Through an experimental study,
Zhang et al. (2002) investigated the behaviour of
contaminant plumes of different densities in a
freshwater–saltwater Cow system. The authors
concluded from the analysis that the dense contaminant plume has a more diffusive front than the
less dense one in the seaward direction towards the
shoreline. They observed the contaminant plume
became more diffusive when it approached the
interactive zone of saltwater and freshwater.
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Brovelli et al. (2007) applied Zhang et al. (2002)
experimental datasets to simulate the interactions
between the contaminant plume and the saltwater
interface in coastal aquifers. The authors observed
that the two dense water phases were never completely mixed, and the plume front was continuously removed from the main contaminated
volume by the freshwater Cow. Recently, Chang
and Clement (2013) employed both laboratory and
numerical simulation to investigate the dynamics
of subsurface Cow and transport processes occurring within and above the saltwater interface in
unconBned coastal aquifers. The authors implied
that the solute transport processes occurring
within the saltwater wedge are much slower than
the contaminant transport processes occurring
above the wedge.
However, contaminant transport in the coastal
aquifer system is a significant concern owing to its
impact on the coastal marine and estuarine environment. Therefore, an exhaustive understanding
of contaminant transport in coastal aquifers is
necessary to manage the contaminant problems
eAectively. The systematic review of the literature
shows that some experimental works have been
carried out at different laboratories; however, to
the knowledge of the authors, no laboratory-scale
experiment was performed to visualize the contaminant transport processes occurring on or above
a saltwater wedge under pumping conditions. As
such, the main objective of the study is to perform
contaminant transport experiments to examine the
behaviour of contaminant transport patterns in
an unconBned coastal aquifer with and without
pumping conditions. A series of physical experiments have been carried out in a laboratory-scale
aquifer model with homogeneous soil formations
for different contaminant transport scenarios.

2. Laboratory approach
2.1 Experimental setup
A series of laboratory-scale experiments were
carried out in a two-dimensional rectangular Cow
tank with internal dimensions of length 55.6 cm,
width 6.8 cm, and a total height of 40 cm, representing a homogenous and unconBned coastal
aquifer (Bgure 1).
The experimental aquifer was constructed using
6 mm thick glass sheets so that the dyed plume
could be distinctly observed. The Cow tank model
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is divided into three distinct sections, and the
middle section represents the porous media, the
unconBned aquifer. The other two side sections
were used for maintaining constant hydrostatic
pressure boundary conditions across the Cow tank.
The left and right side Cow chambers were used to
feed saltwater and freshwater, representing the
coastal and inland boundary, respectively. The
saltwater solution was supplied into the saltwater
chamber from an overhead reservoir at a constant
Cow rate and discharged through an adjustable outlet pipe to hold a constant salinity and
water head in the saltwater chamber throughout
the experiments. On a similar way, the freshwater
chamber was supplied with freshwater from the
overhead reservoir and maintained at the required
level. Both the side chambers are 5.3 cm long and
are separated from the porous media chamber by
perforated Plexiglas sheet. That allows water to
Cow from side chambers to the main chamber. The
latter was wrapped by Bne stainless-steel mesh
screens to hinder the passage of porous material
from the main chamber to the side ones.
Printable rulers were pasted on the sides and at the
bottom of the Cow tank for quick measurement of
the saltwater wedge proBle as well as the water
heads at the side boundary.
In particular, glass beads have been extensively
used to represent the porous media as used by
various researchers in their research work (Volker
et al. 2002; Zhang et al. 2002; Goswami and Clement 2007; Abarca and Clement 2009; Luyun et al.
2009, 2011; Chang and Clement 2012, 2013, etc.)
and thereby we selected clear glass beads to represent the aquifer material in this study. The
samples of glass beads were sieved to determine
their grain-size distributions, and the median grain
size (D50) was found to be 0.57 mm. A uniformity
coefBcient (D60/D10) was also estimated as 1.78,
indicating that the grain size distribution of the
glass beads is relatively uniform (Simmons et al.
2002). Figure 2 shows the grain size distribution of
glass beads used in the experiments.
We prepared a saltwater solution before the
laboratory experiments by dissolving 35 g of commercial salt (NaCl) in 1 l of tap water, yielding an
eAective concentration of 35 g/l. Food colour has
been eAectively employed to act as a dye tracer in
several variable-density Cow experiments in the
published literature (e.g., Zhang et al. 2002;
Goswami and Clement 2007; Luyun et al. 2009, 2011;
Goswami et al. 2012; Kuan et al. 2012; Chang and
Clement 2013; Oz et al. 2014), and has the beneBts of
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Figure 1. Schematic diagram of experimental setup.

pump screen was 4 cm long and a diameter of 1 cm.
A tube of 4 mm diameter was inserted into it for
connecting to the pump, and the bottom and top
annular space between the tube and roll was sealed
with M-Seal adhesive. A Btted mechanism is
allowed to the pump withdrawal pipe for controlling the discharge.
2.2 Experimental procedures
Figure 2. Grain size distributions of glass beads.

non-sorbing, inexpensive and non-reactive. Therefore, we added 3.125 ml of red food colour in a liter of
the saltwater solution to discriminate it from ambient
freshwater. The density of both dyed saltwater solution and freshwater was measured using a speciBc
gravity hydrometer (G8030@JAPSINR). The density
of dyed saltwater was estimated to be 1.025 g/cm3
and that of freshwater to be 0.997 g/cm3. On the
other hand, tap water was used as freshwater in all the
experiments.
For this study, we used a 12 V micropump
having a maximum discharge rate of 7 cm3/s to
apply freshwater injection or extraction. To prevent the passage of porous material into the pump,
we made a pump screen by rolling a Bne stainlesssteel mesh screen into a cylindrical shape. The

Prior to the laboratory experiments, we Blled the
middle section of the Cow tank with clear glass
beads to simulate a coastal unconBned aquifer. The
glass beads were tamped under fully saturated
conditions to avoid air entrapment within the
aquifer. The glass beads were packed from the
bottom up to a height of 30.5 cm in layers of about
5 cm. We carefully compacted the glass beads
within the Cow tank to achieve a homogenous
packing condition, after each layer was complete.
Firstly, the pump screen was emplaced within the
aquifer at the desired location before packing the
aquifer. That allows for starting the pump at any
stage of the experiment without disruption of
aquifer media. After Blling the aquifer, the entire
system was initially Cushed with tap water from
the overhead freshwater reservoir through a Bxed
hydraulic head gradient. This hydraulic gradient
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was large enough to transmit freshwater through
the system towards the saltwater chamber. The
freshwater and saltwater heads in the respective
chambers were measured from the bottom of the
Cow tank. The system was then allowed to continue until it reaches a steady-state Cow. After the
freshwater Cow stabilized, we adopted the in-situ
method similar to that of applied by Goswami and
Clement (2007) to estimate the hydraulic conductivity of the porous media. The average value was
determined to be 0.251 cm/s. The porosity of the
porous media was calculated using the volumetric
method, and its mean value was measured as 0.43.
Table 1 presents the geometrical and hydraulic
properties of porous media.
After a steady-state Cow was established, the
saltwater chamber was then fed quickly with the
red-dyed saltwater solution from the overhead
saltwater reservoir through the bottom to replace
freshwater, and once the saltwater attained a
constant level, the saltwater began to intrude the
fully freshwater aquifer. The saltwater intrusion
process was then allowed to progress through the
system until an equilibrium saltwater wedge position was obtained. As the saltwater intrusion process advanced, the position of the toe of the
intruding wedge was determined and captured
through digital images at different times. All contaminant transport experiments were performed
after the steady-state saltwater wedge was
established.
After reaching the steady-state saltwater wedge,
a tracer slug was then injected at a constant rate
through a pipette at a speciBc location during each
experiment. The used pipette was 43.8 cm long and
a diameter of 1.4 cm. The pipette was buried
within the aquifer, while the aquifer media was wet
packed. The tracer slug was poured with a Bnetipped syringe into the pipette. In the experiments,
we used food colour (yellow) dye as a contaminant
to visualize the contaminant transport patterns.
We considered the origin at the left bottom
corner of the porous media chamber to capture
Table 1. Properties of the porous media.
Parameter

Value

Average grain size, mm
Average bulk density, g/cm3
SpeciBc gravity
Average hydraulic conductivity, cm/s
Porosity

0.57
1.443
2.49
0.251
0.43

experimental observations. All the laboratory-scale
experiments were captured at various time intervals with a Nikon digital camera. We used a digital
timer to record the experimental timing. The captured colour images were cropped, which were
presented at an appropriate scale to allow better
visualization.
3. Laboratory-scale experiments:
Results and discussions
Several scenarios have been considered in
the study. They are presented in the following
sections.
3.1 Contaminant transport above a saltwater
wedge
The Brst experiment was performed to explore the
contaminant transport processes occurring above
the saltwater wedge in a coastal groundwater
aquifer. In this experiment, the overCow outlet
pipes were adjusted to maintain constant heads of
28.2 and 27.3 cm on the freshwater and saltwater
boundary, respectively. This hydraulic gradient
allowed to transmit freshwater towards the saltwater boundary. After achieving the steady-state
saltwater wedge, about 12 ml of tracer slug was
injected into the Cow tank to initiate the experiment. The location of the injection point was at
22 cm from the coastal boundary and 16 cm above
the bottom of the Cow tank. The tracer plume was
allowed to migrate with the freshwater Cow, and
the digital images were taken at various times after
the injection. The time of injection of the tracer
slug was recorded as 37 min from starting the
experiment.
The experimental results for the contaminant
transport patterns injected above the saltwater
wedge are shown in Bgure 3. The steady-state
condition was achieved in about 37 min in the
experiment. At the steady-state, the toe of
the saltwater wedge was located at 13 cm from the
saltwater chamber, and the elevation of the wedge
at the saltwater boundary (at x = 0) was 17 cm.
Figure 3(a) shows that the initial shape of the
injected tracer slug is approximately circular.
While time advances, the tracer plume moves
vertically in a downward direction towards the
saltwater interface. As the plume approaches the
interface, the Cow direction changes gradually, and
the plume initiate to rise under the inCuence of
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Figure 3. Contaminant transport above saltwater wedge
experimental results.

Figure 4. Contaminant transport above saltwater wedge
under pumping condition experimental results.

the wedge. The laboratory results (see Bgure 3b)
indicate that the plume achieved an elongated
shape as it approached the saltwater wedge. The
tracer plume formed an elongated shape due to
advection–dispersion eAects. The experimental
investigations demonstrate that the existence of
the saltwater diffusion zone plays a vital role in the
transport patterns of the contaminant plume. It is
a remarkable observation that the tracer slug
travelled vertically along with the saltwater wedge,
and the slug eventually discharged at the coastal
boundary due to the strong advection-dominated
Cow condition that takes place near the wedge
(seen Bgure 3c). Figure 3(b, c) shows the migration
pattern of the tracer plume in the Cow tank. These
photographs were captured at 23 and 48 min,
respectively, after injecting the tracer slug.

3.2 Contaminant transport above saltwater
wedge under pumping condition
This laboratory experiment was designed to study
the eAects of pumping on the contaminant migration patterns occurring above the saltwater interface. The height of water levels on freshwater and
saltwater sides were Bxed to 28.2 and 27.3 cm,
respectively, as used in the previous experiment.
The steady-state saltwater intrusion wedge was
achieved in about 40 min. The injecting volume of
the tracer slug was approximately 20 ml, and it
was injected within 25 s, yielding an eAective
injection rate of 0.8 ml/s. The coordinates of the
injection point were: x = 13 cm and z = 23 cm.
After a noticeable movement of the tracer plume,
the pump was then started at a rate of 2.16 cm3/s.
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The location of pump in the Cow tank was:
x = 33 cm, y = 4 cm and z = 9 cm. The time of
starting the pump was noted as 8 min after
injecting the slug. Similar to the previous experiment, digital photographs were captured at different times to investigate the contaminant migration
patterns.
Figure 4 shows the transient datasets of the
contaminant migration processes occurring above
the saltwater interface under pumping conditions.
The images were recorded from the Cow tank
experiment at 0, 15, 30 min after injecting the slug.
Analysis of the digital image showed that the
height of the saltwater wedge at the saltwater
boundary (at x = 0) was 14 cm. At the steadystate condition, the toe of the wedge was

approximately located at 12 cm from the saltwater
boundary. It can be seen in Bgure 4(a), the initial
shape of the injected slug is nearly circular. The
tracer slug initially began to become sink, and this
process was continued for about 5 min. As time
evolved, the tracer plume migrated slightly upward
owing to the buoyancy forces induced by density
contrast between the freshwater and saltwater
present in the system. Furthermore, upon application of the pump, the saltwater intrusion wedge
rapidly advanced through the system towards the
freshwater boundary, and the tracer plume was
also drawn along with the saltwater wedge towards
the pump location (Bgure 4c). As the initiation of
pumping establishes a transient Cow pattern that
leads to a lowering in the water table within the

Figure 5. Contaminant transport on saltwater wedge experimental results.

Figure 6. Contaminant transport on saltwater wedge under
pumping condition experimental results.
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Figure 7. Graph showing the transient position of the toe
of the saltwater intrusion wedge for all the transport
experiments.

system, and consequently, the contaminant along
with the wedge moves towards the inland direction.
It is remarkable to note that the upconing characteristics of the contaminant along with the saltwater wedge, take place near the pump as a result
of pumping.
3.3 Contaminant transport on a saltwater wedge
This laboratory-scale experiment was undertaken
to simulate the contaminant transport patterns
occurring on a saltwater wedge present in an
unconBned coastal aquifer. In this experiment, the
constant heads of 28.2 and 27.5 cm were set on the
freshwater and saltwater boundary, respectively.
The tracer slug almost 5 ml in volume was injected, and the time of injection of contaminant was
noted as 34 min. The total time taken for injection
is 9 s, yielding an eAective injection rate of
0.55 ml/s. The injection point was located at 9 cm
from the saltwater chamber and 7 cm above the
bottom boundary. This experiment was terminated
at 40 min, after injecting the slug.
Figure 5 represents the experimental data for
transport patterns of the injected tracer slug on the
saltwater wedge. The Bgure shows colour images of
the tracer slug as it moved from the injection point
towards the discharge boundary. The digital images
were captured at 0, 29, and 40 min after injecting the
tracer slug. The laboratory data implied that the
tracer plume took almost 30 min to traverse the
entire Cow domain. In this laboratory experiment,
the steady-state saltwater intrusion wedge was
attained at about 34 min. At the steady-state condition, the toe of the saltwater wedge was located at
14 cm from the shoreline, and the height of the
wedge at the coastal boundary (at x = 0) was 17 cm.
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Initially, the shape of the tracer plume was
almost circular at the time of injection (t = 0 min)
(see Bgure 5a). As time progressed, the circular
plume attained an elongated shape due to dispersion eAects. That is because higher velocities take
place near the wedge, creates a rapid transport of
tracer plume mass along the dispersion zone,
forming this elongated shape. This pattern can be
observed in Bgure 5(b). It is interesting to note
that the tracer slug does not move further seaward
through the saltwater intrusion wedge. However,
as observed from laboratory results, the tracer
plume travels vertically by forming a thin layer
over the saltwater wedge and then exits around the
coastline because of the strong advective Cow Beld
present near the wedge (see Bgure 5c).

3.4 Contaminant transport on saltwater wedge
under pumping condition
This experiment aims to study the eAects of
pumping on the behaviour of contaminant transport processes occurring on the saltwater interface.
This laboratory experiment was performed immediately after the completion of the previous
experiment. The pump was initiated in the system
at the rate of 1.45 cm3/s, and the subsequent
migration patterns of contaminant plume were
observed. The location of pump in the Cow tank
was: x = 29 cm, y = 3.2 cm and z = 7 cm. This
experiment was continued until 16 min from
starting the experiment.
The laboratory results for the transport patterns
of the injected tracer plume on the saltwater wedge
with pumping conditions are shown in Bgure 6.
The experimental images were recorded at 0, 8, and
16 min after starting the experiment. As expected,
upon application of the pump, the saltwater
intrusion wedge started to rapidly advance into the
freshwater system, similar to the second experiment. As we can see in Bgure 6(c), the tracer plume
was also drawn along with the saltwater wedge
towards the pump location. In similar to the second
experiment, upconing characteristics of the contaminant along with the saltwater wedge, take
place near the pump because of pumping
conditions.
Figure 7 shows the transient position of the toe
of the saltwater intrusion wedge for all the transport experiments. It can be observed that the toe
length increasing with the elapse of time for the
transient case, is as intuitively expected.
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4. Summary and conclusions
Contamination of groundwater into coastal aquifers
has become the most significant environmental concern faced by water resource planners worldwide.
However, contaminant transport in coastal aquifers is
intrinsically complex due to the presence of seawater
diffusion zone and tidal Cuctuations. A quantitative
understanding of contaminant transport dynamics
in coastal aquifer systems is, therefore, essential
to prepare and implement proper water resources
planning and management strategies for sustainable
use of groundwater resources. This paper examines
the behaviour of contaminant transport patterns in
an unconBned coastal aquifer under pumping conditions experimentally. A series of physical experiments were carried out in a laboratory-scale aquifer
model with homogeneous soil formations for different
contaminant transport scenarios. The experimental
data suggest that the initial shape of the contaminant
plume is almost circular at the time of injection. Due
to advection–dispersion eAects, the circular plume
achieved an elongated shape as it approached the
saltwater intrusion wedge. That is because higher
velocities take place near the wedge creates a rapid
transport of tracer plume mass along the dispersion
zone, forming this elongated shape. The experimental
results also show that the contaminant travels
upward towards the coastal boundary when it
approaches the saltwater wedge and then exits
around the coastline. It is a remarkable observation
that the contaminant plume does not travel further
seaward through the saltwater intrusion wedge. This
behaviour of the contaminant plume near the coastal
aquifer can be used for taking remedial measures to
decontaminate the coastal aquifer. As expected, upon
application of the pump, the saltwater intrusion
wedge was started to move rapidly toward the
freshwater aquifer. The contaminant plume was also
driven along with the saltwater wedge towards the
pump location. Furthermore, the experimental
investigations demonstrate that the saltwater diffusion zone present in the coastal aquifer system plays
a pivotal role in the behaviour of contaminant
transport.
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