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Summary The tidal influence on groundwater hydrodynamics, salt-water intrusion and sub-
marine groundwater discharge from coastal/estuarine aquifers is poorly quantified for systems
with a mildly sloping beach, in contrast to the case where a vertical beach face is assumed. We
investigated the effect of beach slope for a coastal aquifer adjacent to a low-relief estuary,
where industrial waste was emplaced over the aquifer. The waste was suspected to discharge
leachate towards the estuary. Field observations at various locations showed that tidally
induced groundwater head fluctuations were skewed temporally. Frequency analysis suggested
that the fluctuation amplitudes decreased exponentially and the phase-lags increased linearly
for the primary tidal signals as they propagated inland. Salinisation zones were observed in the
bottom part of the estuary and near the beach surface. Flow and transport processes in a cross-
section perpendicular to the estuary were simulated using SEAWAT-2000, which is capable of
depicting density-dependent flow and multi-species transport. The simulations showed that
the modelled water table fluctuations were in good agreement with the monitored data. Fur-
ther simulations were conducted to gain insight into the effects of beach slope. In particular
the limiting case of a vertical beach face was considered. The simulations showed that density
difference and tidal forcing drive a more complex hydrodynamic pattern for the mildly sloping
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beach than the vertical beach, as well as a profound asymmetry in tidally induced water table
fluctuations and enhanced salt-water intrusion. The simulation results also indicated that con-
taminant transport from the aquifer to the estuary was affected by the tide, where for the
mildly sloping beach, the tide tended to intensify the vertical mass exchange in the vicinity
of the shoreline.

�c 2005 Elsevier B.V. All rights reserved.
Introduction

Serious environmental problems often occur in coastal
areas that are densely populated or have been industria-
lised. Challenges include salt-water intrusion due to
groundwater pumping and brine discharges from desalina-
tion plants, as well as coastal (estuarine) water pollution
by plume leachate from contaminated coastal aquifers
(e.g., Bear et al., 1999; Purnalna et al., 2003; Ullman
et al., 2003).

Coastal aquifers are complex zones due to the combined
influences of oceanic oscillations and inland groundwater
forcing. These influences lead to complex behaviour of sub-
surface contaminants discharging into the sea/estuary.
Important, unique factors of a coastal aquifer system in-
clude the influence of the density contrast between the salt
water and fresh groundwater, tidal fluctuations and the ef-
fect of beach slope. Their net effects lead to complicated
hydrodynamic conditions in coastal aquifers, which in turn
could influence the local ecological environment (Ataie-Ash-
tiani et al., 1999a; Bear et al., 1999).

Three topics related to the behaviour of coastal aquifers
have been intensively investigated in the past few decades:
tide-induced groundwater fluctuations, salt-water intrusion
and contaminant transport/submarine groundwater dis-
charge (SGD) from the coastal aquifer to the adjacent estu-
ary/coastal sea. We discuss each topic briefly below.

Analytical solutions have been vigorously pursued in
modelling of tide-induced groundwater fluctuations, with
solutions available for quantifying the effect of the vertical
beach, sloping beach, aquifer leakage, density differences
and varying tidal signal along the estuary (e.g., Nielsen,
1990; Barry et al., 1996; Jiao and Tang, 1999; Li and Barry,
2000; Li et al., 1997, 2000a,b,c; Cheng and Ouazar, 2003; Su
et al., 2003; Teo et al., 2003; Jeng et al., 2005a). These
solutions show that when the tidal signal propagates inland,
the amplitude of the groundwater fluctuation decreases
exponentially while the phase of the signal is shifted. As
most analytical solutions are based on the assumption of a
homogeneous aquifer, uniform beach slope (plane beach)
and relatively small tidal fluctuations, they will not always
be directly applicable to the field, although higher-order
solutions can be further explored to overcome some of
these shortcomings. Different approaches are necessary
for aquifer systems where the simplifying assumptions do
not apply, e.g., using numerical simulations that permit
consideration of layered or randomly heterogeneous aqui-
fers (e.g., Trefry, 1999; Trefry and Bekele, 2004), or the
more complex boundary conditions along the beach
(Ataie-Ashtiani et al., 1999b).
Since Henry (1964) developed an analytical solution for a
particular salt-water intrusion problem, much discussion
and modification of analytical and numerical solutions have
been presented. Bear et al. (1999) reviewed recent progress
on saltwater intrusion in coastal aquifers, including field
studies, theories, analytical solutions and numerical analy-
ses of real cases. Two kinds of approaches have been ap-
plied in the numerical simulation of salt-water intrusion:
the sharp interface and dispersed interface approaches.
While mixing between fresh groundwater and seawater is
not considered in the former approach, it is incorporated
by the latter. Cartwright et al. (2004) studied the oscillation
of the salt-freshwater interface due to a wave-induced
groundwater pulse using an analytical model based on the
sharp-interface assumption. Using a modified version
(Ataie-Ashtiani et al., 1999b) of SUTRA (Voss, 1984),
Ataie-Ashtiani et al. (1999a) studied the effect of tidal oscil-
lations on seawater intrusion in coastal aquifers based on
the dispersed interface approach. It was noted that the ef-
fect can be significant on near-shore groundwater hydrody-
namics and salt-water intrusion, especially for a low-relief
beach.

Submarine groundwater discharge (SGD) has been recog-
nised as an important factor influencing the near-shore
environmental ecology for over a decade (Simmons, 1992;
Moore, 1996). Field studies have shown that a variety of
contaminants can be discharged to estuaries through
groundwater, i.e., nutrients and pesticides from agricul-
tural land, organic matters from residential septic tanks
and trace metals from industrial landfills (Weiskel and
Howes, 1992; Buddemeier, 1996; Gallagher et al., 1996;
Robinson et al., 1998). Li et al. (1999) established a theoret-
ical model of mass transport with SGD including the influ-
ence of waves and tides. Kaleris et al. (2002) simulated
the net groundwater discharge to the sea using MODFLOW
(McDonald and Harbaugh, 1998). Uchiyama et al. (2000)
considered the effect of tidal fluctuations on SGD in a com-
bined field and numerical modelling study.

As most studies investigated separately the aforemen-
tioned three topics, it is now appropriate to combine the ti-
dal influence on groundwater dynamics, salt-water intrusion
and chemical transport in a coastal aquifer model to eluci-
date their interactions. Moreover, since previous research
has shown that the beach slope is a vital factor influencing
coastal aquifer water table fluctuations and salt-water
intrusion, and given the common occurrence of low-relief
estuaries, the study will consider particularly the effect of
tidal fluctuations at a mildly sloping beach. For this pur-
pose, a field site at Ardeer, Scotland, was monitored and
analysed. In this paper, using the numerical simulations
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based on the field data, the effect of tidal fluctuations on
groundwater dynamics, salt-water intrusion and contami-
nant transport in the coastal aquifer were explored. Then,
the effect of beach slope was examined by comparing sim-
ulations of sloping and vertical beaches.
Figure 2 Sketch map of the study area and field monitoring
design. Locations of monitoring wells are marked (Al01, SW2,
MLS01, MLS02, MLS03, Bh4, Beach and Mid-estuary).
Field monitoring and analysis

Site settings

Ardeer, near Irvine Bay in north Ayrshire, Scotland, is a for-
mer industrial site containing a substantial waste deposit as
a result of a century of waste disposal. The buried waste has
generated subsurface leachate into the coastal aquifer.
There are different types of wastes at the site, which are
concentrated in several places.

The study area is located on the west bank of the Gar-
nock River (Fig. 1), where a major source of acidic contam-
ination has been located about 100 m from the riverbank,
near bore SW2 (Fig. 2). The low-relief estuary has a mildly
sloping sandy beach. Between low and high tide the beach
width varies by 180 m. The main groundwater flow path is
towards the estuary. Given the proximity of the estuary to
the landfill/site configuration, leachate would inevitably
migrate toward the open water and possibly threaten the
estuarine ecosystem, although monitoring shows that there
is no contamination reaching the estuary.

There is no extraction of groundwater from the aquifer.
The vertical groundwater flux is mainly from rainfall re-
charge, evaporation and transpiration. In the beach area
the water table is less than 0.5 m under the sand while
the inland area is mostly grassland with the groundwater
depth greater than 2 m. This difference in the depth to
the water table is expected to lead to differences in ground-
water recharge due to, for example, increased evapotrans-
piration from the shallower parts of the water table.
Outflow occurs via the large seepage face on the estuary
Figure 1 Location of the Ardeer site – a coastal aquifer
adjacent to a low-relief estuary.
shore and also through groundwater discharge in the sub-ti-
dal area.

Field monitoring was performed to characterise the tidal
influence on the groundwater dynamics as well as the salt-
water intrusion. Water table monitoring was carried out
along the cross-section I–I (Fig. 2), which is almost perpen-
dicular to the estuary. The boreholes are Al01 (furthermost
from the estuary), Mid-estuary, with Bh4 and Beach in
between.

Salt-water intrusion and infiltration to the coastal aqui-
fer were monitored through measurements of pore water
electrical conductivity (EC) and chloride concentration.
Three multi-level samplers (MLS01, MLS02 and MLS03) were
set up in the cross-section II–II, which is near and almost
parallel to cross-section I–I (Fig. 2). The EC values of water
samples from MLS01, MLS02 and MLS03 were obtained and
converted to salinity. Additional shallow boreholes were
hand-dug directly on the beach face for additional EC
measurements.

Field observations

The hydraulic properties of the coastal aquifer near the
estuary were obtained from borehole geological logs,
grain-size analysis and borehole dilution tests. It was con-
cluded that the unconfined aquifer is composed of succes-
sive layers of river and marine alluvial sand and gravel,
with intermittent clay lenses as shown in Fig. 3. Note that
the elevation shown in all the figures in this paper is the ele-
vation above Ordnance Datum (Newlyn, UK). A boulder clay
layer located at approximately 15 m below the ground sur-
face acts as an aquitard.

Salinity of the water just beneath the beach surface is
nearly 50% that of normal seawater (Table 1), which indi-
cates mixing of infiltrated seawater and the discharging
groundwater. Along the MLS transect (II–II), the salinity
(Fig. 4) is higher towards the lower part of the aquifer, pos-
sibly resulting from density-driven salt-water intrusion.
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Figure 4 Vertical salinity distribution at MLS01, MLS02 and
MLS03.

Figure 3 The geological structure along the cross-section between the Beach bore and the Al01 bore.

Table 1 Salinity of the water under/on the beach

Distance from the Mid-estuary (m) 54.6 109.9 131.6 147.7 163.8 174.3 182
Depth under the beach surface (m) 0 0 0.05 0.1 0.2 0.3 0.5
Salinity (g l�1) 17.78 11.13 16.32 15.82 8.96 16.23 14.56
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There is also considerable salinity in the upper part of
MLS02, most likely the result of contaminant transport
near/at surficial depths. High salinity is found at large
depths for MLS01 which is about 280 m away from the Mid-
estuary bore. As salt-water intrusion to this location is unli-
kely, this might be the result of ancient water remaining in
pores of finer sediments.

The measured water table fluctuations in transect I–I are
shown in Fig. 5 for the period from August 2002 to January
2003. Clearly, the aquifer is greatly influenced by tidal load-
ing. The estuarine tide includes multiple frequencies such
that a detailed analysis of water head data is necessary to
resolve the aquifer–estuary relationship.
Tidal frequency analysis

Data collected in the cross-section I–I (Fig. 2) were sub-
jected to Fourier analysis using the fast Fourier transform
(FFT) function in MATLAB. The results, given in Fig. 6a,
show that the dominant period/frequency for the Mid-
estuary borehole is 0.52 d/1.94 d�1 (M2, lunar semi-diur-
nal constituent), followed by 0.50 d/2.0 d�1 (S2, solar
semi-diurnal constituent) and 1.08 d/0.93 d�1 (O1, lunar
diurnal constituent). Fig. 6b shows the results of the
phase analysis at the given dominant periods/frequencies.
Note that additional data (3s, as numbered in the figure
caption), extracted from the Bh4 dataset, was added to
the figure to give all datasets the same starting time.
While the starting time for the Al01 dataset is different
from those in the other three boreholes (see the notes
in Fig. 6), we create dataset (3s) to calibrate the phase
shift obtained for Al01. Fig. 7 shows the amplitude damp-
ing and phase shift for the dominant signal M2 based on
the FFT analysis. Here, the phase value of Al01 is calcu-
lated from the data in Fig. 6b, using the value in dataset
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Figure 5 Monitored water table fluctuations in four monitoring bores.
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(4) minus the value in (3s) plus the value in (3). When the
fluctuations propagated inland, the amplitude of semi-
diurnal signal M2 decayed exponentially with a linearly
increasing phase lag, in accordance with the field observa-
tions of Erskine (1991). However, the trend of amplitude
damping and phase shift for the Beach and Bh4 bores is
not so clear, possibly due to the hydrogeological hetero-
geneity in this area leading to different tidal impacts
along the river flow direction. Another possibility is
along-shore flow interacting with the cross-shore transmis-
sion of the tidal signal (Li et al., 2000a). The calculated
tidal frequencies were used in an analytical solution (Jeng
et al., 2005b), which models tide-induced beach water ta-
ble fluctuations in a sloping coastal aquifer. Results show
reasonable agreement with the monitored data for this
particular aquifer.
Simulation using SEAWAT-2000

Mathematical basis and model introduction

A model capable of multi-species transport with density-
dependent flow is required to simulate the tidal influence
on groundwater hydrodynamics, salt-water intrusion and
chemical transport. SEAWAT-2000 (Langevin et al., 2003)
was chosen to perform this simulation. It couples MOD-
FLOW-2000 and MT3DMS, and takes into account the effect
of density on groundwater flow. With the tidal fluctuations
over a mildly sloping beach, the cells near the groundwater
surface will experience temporally varying saturation
changes. SEAWAT-2000 (and MODFLOW-2000) has a drying/
rewetting function to simulate variable saturation although
it does not model directly the unsaturated flow.
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Figure 6 Fast Fourier transform (FFT) analysis of the water table in the four bores: (a) absolute value at different frequencies; (b)
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Guo and Langevin (2002) presented the governing
equation for variable-density groundwater flow in an
anisotropic medium. For this study, isotropic and hetero-
geneous conditions apply, in which case the governing flow
equation is

o

oxi
qKf

ohf

oxi
þ q� qf

qf

oZ

oxi

� �� �
¼ qSf

ohf

ot
þ h

oq
ot
� qsqs; ð1Þ
where xi [L] is the ith orthogonal coordinate; Kf [LT
�1] is the

hydraulic conductivity, hf [L] is the freshwater head, q
[ML�3] is the fluid density, Sf [L

�1] is the equivalent fresh-
water specific storage, h is the effective volumetric poros-
ity, and qs [ML�3] and qs [T�1] represent the density and
flux of the source/sink.

Multi-species transport with advection and dispersion is
modelled using (e.g., Zheng and Wang, 1999)
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Table 2 Hydrogeological properties of the aquifer used in the simulations

Zone numbera 1 2 3 4 5 6 7

Hydraulic conductivity (m d�1) 86,400 170 100 35 75 1 0.01
Effective porosity 1 0.22 0.22 0.22 0.22 0.22 0.22
Specific yield 1 0.04 0.04 0.04 0.04 0.04 0.04
Specific storage (m�1) 0.00001 0.000005 0.000005 0.000005 0.000005 0.000005 0.000005
Longitudinal dispersivity (m) 10 1 1 1 1 1 1
a The zone divisions and zone numbers are shown in Fig. 8.
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where Ck [ML�3] is the concentration for dissolved species k,
Dij [L

2T�1] is the hydrodynamic dispersion tensor, vi [LT
�1] is

the groundwater pore velocity, Cs
k [ML�3] is the concentra-

tion of species k from the source/sink and Rn [ML�3T�1] is
the reaction term.

Simulations of groundwater fluctuation, saltwater
intrusion and chemical transport at the Ardeer site

Introduction to the model design
Using SEAWAT-2000, contaminant/salt transport with den-
sity-dependent flow was simulated for the Ardeer site.
The cross-section I–I (Fig. 2) was chosen as the simulation
domain assuming negligible flow perpendicular to this
cross-section. Water table fluctuations were monitored in
several bores along this section. As mentioned above, based
on the field data (Fig. 3), the flow domain along the cross-
section was divided into several zones having different
hydrogeological properties (Fig. 8 and Table 2). Domain dis-
cretisation (grid sizes) aimed to capture the morphology of
the beach and maintain acceptable accuracy of the simula-
tions with manageable computational costs (Fig. 4).

The aquifer was assumed to be filled with fresh ground-
water initially, followed by a simulation of salt-water intru-
sion for nearly 10 y (3554 d). In the first 1719 d, the aquifer
was subject to fresh groundwater discharge and salt-water
intrusion, with a fixed salt-water head (the averaged tidal
water head, 0.515 m, for the monitoring period) applied
at the estuary boundary (Mid-estuary) and a constant water
head (1.98 m, which is the averaged value over the monitor-
ing period) applied at the landward boundary (Al01). At the
end of 1719 d, the groundwater flow and salt-water intru-
sion had reached steady state, according to the simulation
results. Then, a conservative contaminant plume was as-
sumed to be generated from the inland area (30 m from
Al01, near the position of bore SW2 where the real acidic
leachate plume is produced). The simulation ran for another
5 y (1825 d). After that, the tidal oscillation (using the ob-
served data from 19 to 29 December 2002) was switched
on and the simulation continued for 10 d, including the
influence of tidal fluctuations, density-dependent flow and
the transport of the contaminant plume (Table 3).

Groundwater table fluctuation and hydrodynamics
The simulated groundwater table fluctuations in bores
Beach and Bh4 were compared with the monitored data
(Fig. 9). In the simulations the rainfall infiltration and evap-
oration, were ignored. The surface soil layer is highly heter-
ogeneous which would result in spatially and temporally
variable recharge rates that could not be captured without
detailed field sampling. One possible effect of this neglect is
that the water table predictions in the beach area (where
the water table is near the surface) will be lower than the
measurements. Fig. 9a shows that the measured data and
model predictions are offset but otherwise are in reasonably
good agreement.

For both the Beach and Bh04 boreholes, the simulation
depicts the asymmetry character (sharp rise and slow de-
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cline) in the water table fluctuation as has been noticed
previously (e.g., Raubenheimer and Guza, 1999). The peaks
are more pronounced in the monitored data than in the sim-
ulations. The reasons for this difference could include: (i)
incomplete knowledge of the hydrogeological properties
and their variations within the aquifer, (ii) coarseness of
the grid used in the simulation (height 0.5 m and length
5 m for each cell), and/or (iii) modelling of the tidal flow
above the beach using an artificial, very permeable aquifer
layer.

For (i) we have considered limited changes to the aquifer
heterogeneity but without a much more detailed investiga-
tion of the site characteristics are unable to provide defin-
itive conclusions on its effect. Notwithstanding this, the
results shown in Fig. 9 are not improved by relatively small
changes in geological zonation or hydraulic conductivity val-
ues assigned to those zones.

In the case of (ii) we recall that SEAWAT-2000 is a finite-
difference code and does not include local coordinate map-
ping to convert the rectangular prism-shaped grid to one
that matches the slopes. Our numerical experiments did
not reveal any significant changes to the results presented
here. So, while using a more refined grid may provide small
changes, the issue of how to represent a curvilinear beach
profile within SEAWAT-2000 cannot be directly resolved.

Representing the overland beach flow as flow in a highly
permeable layer – item (iii) above – is an artifice of some-
what limited realism. We found numerical instability oc-
curred when the hydraulic conductivity contrasts between
the artificial layer and the beach become too large. Obvi-
ously, this will affect the infiltration and exfiltration rates
across the beach face, and so will affect the computed
water table fluctuations shown in Fig. 9. Ideally, resolution
to this problem would involve coupling of SEAWAT-2000 to a
surface water flow model. In previous work we have
achieved this but without density effects included (Li
et al., 2002). As this step was not taken here, the peaks
are possibly more smoothed than would be produced by
inclusion of a more realistic surface flow model.

Fig. 10 shows the overall flow field in the aquifer and
individual flow lines for typical high and low tide states.
The large magnitude of the flow velocity in the surface free
water is evident in Fig. 10a. As these flow rates are much
larger than those in the aquifer, other arrows in the plot
are difficult to discern. In order to show the flow direction
clearly, some arrows were added manually to the graph with
a size that does not correspond to the velocity magnitude.
In the area near Al01 (location shown in Fig. 3), the ground-
water flowed towards the estuary for both tidal states,
oscillating a little in the vertical direction due to tidal fluc-
tuations. In the area around the thin clay layer (Fig. 8), the
flow lines were sparse, indicating an area of relatively slow
flow. The hydrodynamic conditions were more complex be-
neath the beach. During the high tide state, the groundwa-
ter near the estuary flowed inland. As the groundwater away
from the estuary was still flowing towards the estuary at
that time, a flow convergence zone was formed in the aqui-
fer (Fig. 10a). As the tide ebbed, the water near the Mid-
estuary bore flowed downward towards the estuary. The
groundwater away from the estuary also flowed towards
the estuary but upwards as the water above the beach (in
the artificial highly permeable layer discussed above) re-
treated more quickly than in other areas, so inducing signif-
icant groundwater flow through it. The tidal fluctuation in
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the simulation produced a clockwise circulation zone near
the seepage face (Fig. 10b), as previously reported (Ataie-
Ashtiani et al., 1999a, 2002; Mango et al., 2004). Here, we
observe another anti-clockwise circulation zone (Fig. 10c)
under the mildly sloping beach. This zone gradually disap-
peared as the tide rose and the convergence zone formed.
This anti-clockwise circulation zone is due to the coupled
effects of tidal fluctuation, salt-water intrusion, and the
small, variable beach slopes for this particular coastal aqui-
fer. To our knowledge, this phenomenon has not been re-
ported previously and further research both numerically
and in the field is required to study it in detail.

Salt-water intrusion and contaminant transport
The simulated salt-water intrusion and contaminant trans-
port are difficult to compare with field observations. For
salt-water intrusion, no salinity data were collected in
cross-section I–I and the salinity data from the nearby
cross-section II–II require more field work for interpretation
as it is thought likely that the detected salinity is due to
salt-water intrusion or to contaminant migration from the
landfill, the latter process having been ongoing for decades.
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Figure 11 Salt-water intrusion from the simulation of the Ardee
For contaminant transport, no chemical reactions were con-
sidered as this study was aimed at investigating physical
controls on conservative chemical transport in this tidally
influenced aquifer.

The simulated salt-water intrusion to the aquifer is
shown in Fig. 11. It shows that the intrusion occurred in
two ways: one is the advancement of the salt wedge at
the bottom of the aquifer resulting from the density differ-
ence between salt water and fresh water. The other was the
infiltration of salt water through the beach. From the 1% and
10% concentration contours, it is clear that a large mixing
zone was formed underneath the beach surface. Field data
showed a salinisation zone in the bottom of the aquifer near
MLS01 (about 280 m away from the Mid-estuary bore), which
was not reproduced by the simulation.

As might be expected, the simulation also shows that the
movement of the salt wedge was small between high and
low tide state (except near the beach surface), indicating
that the approximation of a stationary wedge at the aquifer
base will be reasonable under many circumstances.

Fig. 12 shows contaminant migration. After 5 years, the
10% concentration contour was located 50 m away from
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the Mid-estuary bore. The front of the contour inclined
downwards, possibly a result of the complex hydrodynamics
generated under the mildly sloping beach. Again, the con-
centration contours differed little between the high and
low tide conditions, showing little intra-tidal response of
the contaminant concentrations.

Sloping effects – comparison between two
simulations

In regional simulation models and in analytical approxima-
tions, the aquifer/estuary boundary is often taken as being
vertical. Previous research suggests that beach slope is sig-
nificant and simplifying the problem by considering a verti-
cal beach face may cause errors (e.g., Ataie-Ashtiani et al.,
2001). In order to ascertain quantitatively the tidal effects
on coastal groundwater flow and transport for different
beach slopes, a comparison simulation was performed for
the extreme (and artificial) case of a vertical beach. The
boundary water table fluctuations, salt concentrations and
the regional hydraulic properties are similar for these two
cases. The difference is that the elevation of land surface
is fixed at 2.5 m for the vertical beach to prevent the estu-
ary water flowing on to the land surface.

Fig. 13 shows the simulated flow lines from the vertical
beach simulation. The hydrodynamics are simpler than
those for the mildly sloping beach. However, there are still
some characteristics that differ from the case where tidal
fluctuations are ignored. The simulations show that a re-
verse flow zone is formed intermittently in the bottom part
of the estuary. A permanent reverse flow zone would occur
under the beach in the absence of tidal fluctuations as a re-
sult of density-dependent flow (Henry, 1964). With the tidal
influence, this reverse-flow zone will advance into the aqui-
fer during the rising tide, leading to a vertical convergence
zone as seen for the mildly sloping beach. In the low tide
state, the reverse zone disappeared as all the groundwater
flow was then towards the estuary. In contrast to the results
of the mild beach slope simulation, no circulation zone ap-
peared in the vertical beach case.
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Fig. 14 shows a comparison of water table fluctuations at
the Beach bore for the sloping and vertical beaches. It
shows that the asymmetric character is much more appar-
ent in the simulation with the sloping beach than that for
1

1.5

2

22 Dec., 2002 24 Dec., 2002

D

W
at

er
ta

bl
e

le
ve

ta
io

n
(m

)

Vert ical beach

Mildly sloping beach

Figure 14 Comparison of the simulated water table in the Bea
the vertical beach, indicating that simplification of the
mildly sloping beach to a vertical beach will cause errors
in predicting the behaviour of tide-induced water table
fluctuations.
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Figure 15 Salt-water intrusion with a vertical beach: (a) typical high tide result; (b) typical low tide result.
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The simulated salt-water intrusion for a vertical beach is
shown in Fig. 15. It is clear that the vertical beach simula-
tion results exhibit much reduced salt-water intrusion in
the upper part of the aquifer, as expected. Comparison of
Figs. 11 and 15 indicates that the overland flow occurring
on a sloping beach promotes intrusion as not only is a large
area of salt-water infiltration formed under the beach sur-
face but also the advancement of the salt wedge at the bot-
tom of the aquifer greatly increased. This result is in
agreement with that of Chen and Hsu (2004) who concluded
that seawater intrusion increases with the slope of the
beach. It also agrees with Ataie-Ashtiani et al. (1999a)
who found that a flat beach slope intensifies the changes
in the configuration of concentration contours caused by
the tidal activity.

From field observations and analysis, Ullman et al. (2003)
suggested that the beach face can serve as traps and reser-
voirs of estuarine solutes, indicating that the beach slope
influences the contaminant transport to the estuary.
Fig. 16 shows the vertical beach simulation of the contami-
nant plume after 10 y of travel time. The 10% concentration
contour nearly reached the estuary in this case, while it was
still 50 m away from the estuary in the mildly sloping beach
simulation (Fig. 12). The contaminant is more widely spread
in the aquifer with a vertical beach than occurs for a mildly
sloping beach. Possibly the mildly sloping beach has inhib-
ited the plume transport, or the plume under the beach is
greatly diluted for this case. To further investigate this re-
sult, we compared the net contaminant output towards
the estuary from the aquifer by calculating the horizontal
flux across the vertical line 180 m landward of the Mid-estu-
ary bore (see the dotted line shown in Fig. 8). As shown in
Fig. 17a, the fluxes are mostly negative (off-shore) in both
cases, indicating that the contaminant transport is towards
the estuary. The fluxes fluctuate with the tide although a
phase lag is apparent. This fluctuation is more distinct for
the mildly sloping beach; however, the averaged outputs
do not vary much for the two cases, with the flux in the mild
slope case 8% larger than that for the vertical beach.

After the contaminant entered the area under the beach,
the continuing horizontal output at 30 m from the Mid-estu-
ary bore is shown in Fig. 17b (see the dashed line shown in
Fig. 8). In contrast to Fig. 17a, the flux in the vertical beach
case shows a more prominent influence due to the tidal fluc-
tuation. The output from the vertical beach is about 5%
more than that from the mildly sloping beach. This is be-
cause more salt-water intrusion occurs under the mildly
sloping beach and the reverse flow reduces the horizontal
contaminant output towards the estuary.

As it is possible for the contaminant to move vertically to
the beach surface under the mildly sloping beach, we calcu-
lated the upward/downward flux rate along the beach at
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Figure 16 Contaminant distribution after 10 y transport: (a) typical high tide result; (b) typical low tide result.

124 X. Mao et al.
depths of 0.5–1 m below the beach surface (see the dash-
dot line shown in Fig. 8) in the typical high and low tide
states, and the average effect over 1 d, as shown in
Fig. 17c. The vertical flux mainly occurs in the area between
150 m and 180 m from the Mid-estuary bore, showing large
variations both temporally and spatially. At the high tide
stage, the flux is downward into the aquifer between
150 m and 165 m, and upward to the beach between
165 m and 180 m. At the low tide stage, the flux direction
is more complex but mostly upward between 150 m and
165 m, and downward between 165 m and 180 m. This is
consistent with the hydrodynamics shown previously for
the mildly sloping beach (Fig. 10). The averaged effect for
a 1-d period shows discharge to the beach between 150 m
and 165 m. It indicates that although the contaminant con-
tour shows little intra-tidal response to tidal fluctuations, it
is still possible that the complex flux pattern generated un-
der the mildly sloping beach brings solute to the beach
surface.

Concluding remarks

Both the field monitoring and simulations have shown that
groundwater dynamics, salt-water intrusion and chemical
transport in a coastal aquifer are influenced by tidal fluctu-
ations and that this influence is intensified when the aquifer
is adjacent to a low-relief estuary.
The tide-induced groundwater table fluctuations will
have exponentially decreasing amplitude and linearly
increasing phase lag with increasing distance from the estu-
ary, as revealed by the FFT analysis. For this mildly sloping
beach, the water table fluctuations were profoundly asym-
metric, having a sharp rise and slow decline, a feature cap-
tured by numerical solutions.

Small beach slopes will enhance the tidal effects on
coastal groundwater dynamics (flow and solute transport).
On the rising tide, the reverse flow zone typical for seawa-
ter intrusion moved inland, expanded and formed a verti-
cal convergence zone. On the ebb tide, an anti-clockwise
circulation zone appeared under the sloping beach. Both
the density difference and the tidal propagation led to
salt-water intrusion into the bottom part of the aquifer
and through the beach surface, forming a large mixing
zone that would not exist at a vertical beach. In relation
to the contaminant migration towards the estuary, the ti-
dal effect will lead to fluctuations of contaminant fluxes to
the estuary. For a mildly sloping beach, tidal effect also
generates strong vertical contaminant flux near the vicinity
of the shoreline. This vertical mass exchange along the
beach surface might result in contamination in the lower-
relief estuary and could possibly put the ecosystem at risk
in this region.

Our numerical study showed that the low-relief estuary
will result in complex flow patterns when accompanied with
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the tidal fluctuations. The numerical predictions suggest
that monitoring should consider beach morphology, changes
in hydraulic properties, as well as methods capable of quan-
tifying the hydrodynamics and salinity underneath the
beach. In particular, we have identified the influence of
density difference and tidal fluctuations on flow patterns
and accompanying solute transport when the aquifer is
adjacent to the low-relief estuary, e.g., a circulation zone
was found under the beach, and a tide-induced upward dis-
charge was noticed near the bank. Notwithstanding the
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complex flow patterns beneath the beach, simulations
showed that there is no obvious movement of the salt wedge
(either at the aquifer base or beneath the beach face) over
a tidal cycle. Likewise, for the contamination plume there
are no distinct intra-tidal variations of the concentration,
at least for the conditions of the Ardeer site.
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