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This paper examines the transient development and the steady-state configuration of groundwater
within a coastal aquifer adjacent to a stratified saltwater body. Such systems consist of three different
water types: the regional fresh groundwater, and low and high salinity brines forming the upper and
lower water layers of the stratified water body, respectively. The dynamics, location and the geometry
of the interfaces and the density-driven circulation flows that develop in the aquifer are examined using
laboratory experiments and numerical modeling at the same scale. The results show that the transient
intrusion of the different water bodies into the aquifer takes place at different rates, and that the locations
of the interfaces between them change with time, before reaching steady-state. Under steady-state con-
ditions both the model and the experiments show the existence of three interfaces between the three
water types. The numerical model, which is calibrated against the salinity distribution and groundwater
discharge rate in the laboratory experiments, allows the quantification of the flow rates and flow patterns
within the aquifer. These flow patterns, which cannot be derived from laboratory experiments, show the
transient development of three circulation cells which are confined between the three interfaces. These
results confirm the hypothesis that has been previously suggested based solely on a steady-state numer-
ical modeling defined by a conceptual understanding. Parametric analysis shows that the creation of
three circulation cells and three interfaces is limited to certain conditions and defines the ranges for
the creation of this unique system.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

A freshwater–saltwater interface (FSI) is a well-known phe-
nomenon found within coastal aquifers (Bear, 1979; Cooper,
1959; Henry, 1964; Todd, 1980). Understanding the configuration
of the FSI and the general flow patterns in such aquifers is highly
important with regard to water resource management and plan-
ning in coastal areas (Van Dam, 1999).

Numerical models are commonly used to predict the location
and movement of the FSI (e.g. Abarca et al., 2007; Abd-Elhamid
and Javadi, 2011; Simpson and Clement, 2003, 2004 and references
and therein), to support and validate field observations (e.g. Mi-
chael et al., 2005; Narayan et al., 2007; Shalev et al., 2009; Voss
and Souza, 1987), and to model the FSI under the effect of sea or
lake level changes (e.g. Chang et al., 2011; Kiro et al., 2008; Robin-
son et al., 2007; Yechieli et al., 2010). Laboratory experiments are
often quantified by numerical models (e.g. Abarca and Clement,
2009; Chang and Clement, 2012; Goswami and Clement, 2007;
Kuan et al., 2012; Morgan et al., 2013; Stoeckl and Houben,
2012; Thorenz et al., 2002). All the above studies consider only seas
and lakes with a non-stratified water column.

Lately, Oz et al. (2011) used a numerical model to show the
steady-state configuration of the FSI and general flow patterns
within a homogeneous coastal aquifer adjacent to a long-term
stratified lake. They showed that the system is more complicated,
as three interfaces between the three different water types (the
fresh groundwater and the two layers of the saltwater body) devel-
op within the aquifer along with three circulation cells. However,
no field data and/or laboratory work were used to support this
hypothesis. In addition, the transient development of such system
was not studied.

The objectives of the present study are to (1) use a laboratory-
scale experiment, combined with numerical simulation at the
same scale in order to confirm the concept suggested by Oz et al.
(2011); and (2) study the transient development of the system.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jhydrol.2014.02.020&domain=pdf
http://dx.doi.org/10.1016/j.jhydrol.2014.02.020
mailto:imri.oz@mail.huji.ac.il
http://dx.doi.org/10.1016/j.jhydrol.2014.02.020
http://www.sciencedirect.com/science/journal/00221694
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Table 1
The characteristics of the water types used in the laboratory experiment.

High salinity
brine (q2)

Low salinity
brine (q1)

Fresh
groundwater
(q0)

Measured density
(kg m�3) (25 �C)

1197.8 1100.1 996.8

Salinity (g/g) 0.258 0.137 0
Color Green Red No color
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2. Materials and methods

2.1. Laboratory experiment

The laboratory experiment was conducted in a two-dimen-
sional rectangular flow tank made of 3 cm thick Plexiglas, simulat-
ing a homogenous and phreatic coastal aquifer (Fig. 1). The flow
tank is divided into three distinct chambers: a central flow cham-
ber, which contains the porous medium (the aquifer), and two side
chambers, which maintain constant water heads and formed the
boundary conditions during the experiment. The left chamber rep-
resents the saltwater boundary (the open water system) and con-
tains a stratified water column (see below). The right chamber
represents the inland boundary of the regional fresh groundwater.
The two side chambers are each separated from the porous med-
ium chamber by plastic screens with a fine net in order to prevent
the passage of granular material from the main chamber to the side
ones.

The experimental results were derived by two independent
methods: (1) visual observation of the dye tracers in the different
water types within the cross section; and (2) sampling and analysis
of water from specific points of interest within the central cham-
ber. The three water types used in the laboratory experiments
are: (1) fresh groundwater (FG); (2) low salinity brine (LSB); and
(3) high salinity brine (HSB) (Table 1). Both brines were prepared
prior to the experiment by dissolving NaCl in distilled water. 10 g
of dye tracers are then added to 20 l of the solutions – commercial
red food color (AmeriColor, Ltd.) to the LSB and Pyranine (Green
color, 8-Hydroxypyrene-1,3,6-trisulfonic acid, trisodium salt;
75%) to the HSB. The adsorption of the food color and the Pyranine
to the quartz grains in these concentrations is negligible (our own
batch experiments, (Magal et al., 2008). The densities were mea-
sured by a digital density meter (Kyoto Electronics, DA130N) nor-
malized to a temperature of 25 �C. The salinities were determined
by chemical analysis. The influence of temperature on the density
of the waters was neglected as the initial temperature of the
waters (20.8 �C) did not vary by more than 1 �C throughout the
experiment. The sampling points were used in order to obtain
the in situ salinity distribution within the porous medium. This
method was used only under steady-state conditions, since the
changes in the water type configurations during the transient
development are faster than the sampling of a full set of points.
40 Septum caps were placed within drilled holes at the back of
the central chamber, from which water was sampled by pumping
a small volume with a syringe (0.5 ml) from selected points. This
method ensures minimum distortion of the flow field. The salinity
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Fig. 1. A schematic diagram showing the laboratory set up with the experimental sand t
LSB and the HSB), and b1 and b2 are laboratory elevators which control the overflow ou
of the samples was determined by their electrical conductivity val-
ues after calibration against solutions with known salinity.

The initial conditions and the boundary conditions throughout
the experiment were determined by the water levels within the
side chambers. These levels were controlled by a system of eleva-
tors, pipes and pumps, as shown schematically in Fig. 1. Stratifica-
tion in the saltwater chamber was maintained by injecting HSB
and LSB through pipes E and C, respectively, using a peristaltic
pump (a1) with a constant flow rate. The LSB flows out of the salt-
water chamber into the upper overflow collector through pipe B.
The height of this outflow pipe (B) determines the water level
within the saltwater chamber, which simulates the level of the
stratified water body. The HSB flows out of the saltwater chamber
into the lower overflow collector through pipe D. In order to con-
trol the height of the transition zone (7 cm) between the LSB and
the HSB within the saltwater chamber (which represents the halo-
cline of the saline lake), the lower overflow collector was located
on an elevator (b1). This configuration enables us to control the
hydraulic head of the HSB, and to ensure that only the HSB is
drained through pipe D which its height is below it (5 cm). The
FG flows into the chamber through pipe A. Its level was determined
by an overflow bottle, located on an elevator (b2), and connected to
pipe A. The FG flows out of the system on top of the LSB through
pipe B.

Silica sand from Negev Industrial Minerals, Ltd. was used as
porous medium. The sand was sieved to a diameter range of
180–250 lm, and washed with distilled water to remove dust
and clay minerals. The oxide coatings of the quartz grains were re-
moved by HCl acid to prevent the sorption of the Pyranine added to
the HSB (Magal et al., 2008). The packing of the sand was carried
out under saturated conditions, with the sand being poured
through the water to avoid entrapment of air bubbles. The packing
procedure caused anisotropy in the porous medium as slight hori-
zontal stratification was formed. Prior to the experiment, the
in situ horizontal hydraulic conductivity was calculated using a
A
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Fig. 2. Boundary conditions for the numerical simulations.
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flow experiment and Darcy’s law, and was found to be
27.6 ± 2.85 � 10�4 m s�1. The porosity of the porous medium
yielded an average value of 0.37.

Throughout the experiment, the distribution of the dye within
the tank was documented using a digital camera. The documenta-
tion was done at varying time intervals, depending on the rate of
changes in the location of the water types.

2.2. Numerical model

2.2.1. Governing equations
The numerical model is used in this study to quantify the flow

regime of the laboratory experiment. The governing equations for
variable-density flow in porous medium are conservation of fluid
and solute masses. The general flow equation, derived from Darcy’s
law for variable densities is (Garven, 1986):

r � Klrqrðhþ qrZÞ
h i

¼ qSs
@h
@t

ð1Þ

where q is the fluid density (M L�3), Ss is the specific storage coef-
ficient (L�1), h is the groundwater hydraulic head (L), t is the time
(T), K is the hydraulic conductivity tensor (L T�1), lr = l0/l, where
lr is the relative viscosity of the fluid (–), l is the viscosity of water
(M L�1 T�1), and l0 is the water viscosity at standard state (M L�1 -
T�1), Z is the vertical vector unit [0,0,1] and qr = (q � q0)/q0, where
qr is the relative density (–), q is the density of water (M L�3), and
q0 is the density at standard state (M L�3). The water table and its
position are calculated at every time step.

The transport of solute through porous medium is controlled by
advection and dispersion. The conservation of solute mass may be
written as (Bear, 1972):

@c
@t
¼ r � ½Drc� � v � rc ð2Þ

where c is the concentration (M L�3), D is the dispersion diffusion
tensor (L2 T�1), and v is the average linear velocity of the fluid
(L T�1). The coupling between the solute transport equations and
the flow equation is through two linear equations of state for the
fluid’s density and viscosity, derived for NaCl solutions (Philips
et al., 1981; Watson et al., 1980).

2.2.2. Model description
Eqs. (1) and (2) were solved numerically using the RST2D com-

puter code (Raffensperger and Graven, 1995). This code is used by
many researchers to model density driven flow in regional and
coastal aquifers (Gvirtzman et al., 2008; McIntosh et al., 2011; Sha-
lev et al., 2006, 2007; Shalev and Yechieli, 2007; Simms and Gar-
ven, 2004). This code solves the partial differential Eqs. (1 and 2),
using the Galerkin finite element technique with linear shape func-
tions applied over triangular elements for the two-dimensional
cross-sections which represent the scale of the experimental aqui-
fer. A mesh with 35,520 elements and 18,245 nodes was used and
refined near the saltwater boundary to increase the stability of the
numerical scheme. The boundary conditions are shown in Fig. 2
and model parameters that were used for the numerical simula-
tions are shown in Table 2. The upper and lower boundaries were
defined as no-flow boundaries, the latter representing the bottom
of the aquifer. The saltwater boundary is vertical, and it was di-
vided into two different boundary types. The lower part is the
bathymetry and it represents the stratified water body (saltwater
boundary). It defined as a Dirichlet boundary (head). The upper
part of this boundary represents the exposed topography (a cliff),
and defined as a no-flow boundary. The inland boundary was de-
fined also as a Dirichlet boundary, with FG head distribution
(1000 (kg m�3)). Steady-state conditions were achieved by running
the numerical code until no significant changes in the salinity
distributions and in the flow patterns were detected.
3. Results and discussion

3.1. Transient development towards steady-state

Fig. 3 shows the dynamic changes in the dye traces distribution
with time in the laboratory experiment. In the beginning the aqui-
fer is saturated with FG (Fig. 3A). At this point the HSB is injected
into the lower part of the saltwater chamber (7 cm height) creating
a single interface (Fig. 3B). This stage lasts 1.5 h, during which the
system reaches steady-state conditions (steady-state 1). The sec-
ond stage of the experiment starts by injecting the LSB into the left
chamber, on top of the HSB. Fig. 3(C–F) shows the dynamic changes
in the dye distribution within the aquifer until new steady-state
conditions are achieved (Fig. 3F), i.e., when no changes are detected
in the configuration of the water types and in the discharge values
measured on both boundaries (steady-state 2). During the experi-
ment, both brines intruded into the aquifer, creating a wedge-like
structure and three interfaces between the three water types: (1)
between the red LSB and the clear FG (interface 1), (2) between
the green HSB and the clear FG (interface 2), and (3) between the
red LSB and the green HSB (interface 3). The geometric shape of
interfaces 1 and 2 is a hyperbolic line. Interface 3, however, is a
straight line which changes from a diagonal line during the tran-
sient development to a horizontal line under steady-state
condition.

The movement of the LSB and the HSB fronts are high in early
parts of the second stage of the experiment, and decrease as the
system approaches the second steady-state (Fig. 3C–F). A decline
in the movement of the FSI front is also described by Pinder and
Cooper (1970) during the development of a single interface. The
penetration depth of the two saltwater wedges, however, shows
different patterns throughout the experiment. The HSB penetrates
further into the aquifer beyond its location in steady-state 1
(Fig. 3B), until its toe reaches its maximum penetration distance
(65 cm) at steady-state 2 (Fig. 3F). The wedge of the LSB, however,
reaches its maximum penetration depth (15 cm) after 2 h (Fig. 3E)
after which it recedes back towards the saltwater boundary, attain-
ing its steady-state distance (10 cm) (Fig. 3F). The mechanism that
explains this retreat is related to the general flow patterns in the
system, as discussed in Section 3.3.

The numerical reconstruction of the salinity distribution under
dynamic and steady-state conditions was done by calibration of
three hydrological parameters, which significantly affect the
groundwater configuration and flow regime. These include: (1)
horizontal hydraulic conductivity (Kh); (2) the anisotropy of the
hydraulic conductivity (Kh/Kv); and (3) the elevations of the water
table within the porous medium at both sides (h1 and h2 respec-
tively), which affect the hydraulic gradient. The reason that later



Table 2
Parameters of numerical simulations.

Parameter Symbol Value Dimensions Source

Porosity h 0.37 (–) Measured
Horizontal hydraulic conductivity Kh 27 � 10�4 (m s�1) Calibrated value
Vertical hydraulic conductivity Kv 6.35 � 10�4 (m s�1) Calibrated value
Elevation of the water table from the

bottom
h1 0.27 (m) Calibrated value

Elevation of the water table from the
bottom

h2 0.2992 (m) Calibrated value

Water density at standard state q0 1000 (kg m�3) Freeze and Cherry (1979)
Water viscosity at standard state l0 0.001 (kg m�1 s�1) Freeze and Cherry (1979)
Longitudinal dispersivity aL 0.0015 (m) Based on elements sizes
Transverse dispersivity aT 0.0003 (m) Estimated to be 5 times smaller than longitudinal dispersivity Thorenz et al.

(2002)
Molecular diffusion (25 �C) Dm 1 � 10�9 (m2 s�1) Freeze and Cherry (1979)
Gravitational acceleration g 9.81 (m s�2)
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Fig. 3. The results of the laboratory experiment, which shows the transient development of the brines. t0 – the first stage of the experiment, t – the second stage of the
experiment. (A) Initial conditions. (B) Steady-state 1 – single interface between the FG and the HSB (green dye). (C) Injection of LSB (red dye) in the left chamber on top of the
HSB. (D) The intrusion of the saltwater types. (E) Maximum intrusion distance of the LSB. (F) Steady-state 2. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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elevations need to be calibrated and could not be simply measured
directly from the water level at the two side chambers is that there
is only partial hydraulic connection between the central chamber
and the side ones as the area of the net between them constitutes
only �25% of the barrier’s area (Fig. 1). Accordingly, the flow of
water through the net is not free, resulting in a head loss. Kh was
calibrated because the value obtained from the analytical solution
(Darcy experiment) includes some uncertainty, causing some dif-
ferences between the results of the numerical model and the labo-
ratory experiment. The anisotropy in the flow chamber (see
Section 2.1) could not be determined experimentally and therefore
was calibrated too.
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Calibration of the above parameters was carried out indepen-
dently using two experimental results: (1) the spatial location of
the interface 2 (the toe of contour 0.129 (g/g) on the lower bound-
ary) at different times; and (2) the discharge rate which was mea-
sured on the saltwater boundary under steady-state conditions.
Comparison between the laboratory experiment and the calibrated
numerical model based on these results is presented in Table 3.
The results show that there is a good agreement between them.
The calibrated value of the horizontal hydraulic conductivity is
27� 10�4 m s�1, which matches the value that was calculated by
the analytical solution, using Darcy’s law (27.6 ± 2.85 � 10�4 m s�1).

The results of the numerical model, based on the calibrated
parameters, are shown in Fig. 4 (note the different colorings in
the physical and numerical model results. This is due to technical
limitation). The salinity distributions under transient and steady-
state conditions show a good spatial and temporal agreement with
regard to the number and location of the interfaces obtained in the
laboratory experiment (Fig. 3). The geometry of the interfaces is
also in agreement with the laboratory experiment. The shape of
interfaces 1 and 2 is hyperbolic, while that of interface 3 is straight
line which changes from diagonal to horizontal during the time.
The retreat of the LSB wedge towards the saltwater boundary,
however, that is shown in the results of the laboratory experiment
(Fig. 3E and F), is not expressed in the salinity distribution pro-
duced by the numerical model. The reason for this difference is
that the salinity distribution produced by the numerical model cre-
ates a uniform area of the same salinity which does not represents
the different sources of the water in this area (discussed in
Section 3.2).

Altogether, the steady-state configuration of three interfaces
between three different water bodies, that is shown in the labora-
tory experiments and also in the numerical simulations, is similar
to that presented by Oz et al. (2011), verifying the number, the
location and the geometry of the interfaces within the aquifer.
3.2. Salinity distribution under steady-state conditions

The salinity distribution under steady-state conditions, as pro-
duced by the observation of the dye tracers and numerical simula-
tions (Figs. 3F and 4E), is tested also by using a sampling points
analysis. These points are divided into three different ranges based
on their salinity values: (1) very low salinity range (0–0.069 (g/g));
(2) low salinity range (0.069–0.198 (g/g)); and (3) high salinity
range (0.198–0.258 (g/g)) (Table 4 and Fig. 5). The results of the
sampling points analysis also show the existents of three different
water bodies in the system with three interfaces between them
(Fig. 5).

The comparison between the sampling points analysis and the
visual observation of the dye tracers shows that there is good
matching between them (Fig. 5). Yet, there are some slight misfits,
in particular points (15, 24, 27, 29, 31, 33 and 38), in which the
measured salinities are somewhat different from those expected
based on the dye distribution. The observed color in these points
Table 3
Comparison between results of the laboratory experiment and the calibrated numerical si

Location of the toe of the brine, Xt (m)a

Laboratory experimentc t = 0 h t = 0.2 h t = 0.5 h
0.21 0.29 0.375

Numerical model t = 0 h t = 0.2 h t = 0.5 h
0.209 0.292 0.385

a The spatial location of the interface between the FG and the HSB (contour 0.129 (g/
b Flux per unit width (Q) measured on the saltwater boundary under steady-state con
c The measuring error of the discharge value is ±1 ml. The error of the location of Xt i
is green, which suggests apparent dominance of the HSB, although
the salinity in these points is lower (Table 4). These apparent dif-
ferences might occur due to dilution of the HSB with FG or LSB
at interfaces 2 and 3. The resulting mixtures keep their original
green color of the HSB (points 15, 29, 24, 31, 33 and 38), or change
to orange (point 27), yet their salinity is no longer that of the HSB,
but lower. A similar discrepancy also exists between the numerical
model and the laboratory experiment. The intrusion of the LSB in
the numerical simulations (green color) is up to �65 cm (Fig. 4E).
In the experiment, on the other hand, the red dye, which repre-
sents the LSB wedge, intrudes only to its steady-state distance of
�10 cm (Fig. 3F). Its boundaries in the aquifer are marked by the
back circulating mixture of FG and HSB. These differences might
be related to the fact that the visual observation of the colors in
the laboratory experiment does not represent the same data as
the numerical model and the sampling point’s analysis. The colors
of the dyes represent the source of the water, whereas the colors in
numerical model and the sampling points analysis represent the
actual salinities in the aquifer.

Thus, the dye tracers cannot be used as a stand-alone method
for accurate tracing of the salinities in laboratory experiments as
they indicate the brines’ source and not their salinity, and comple-
mentary methods, such as water sampling and/or numerical simu-
lations, are needed for that purpose.

Another difference in the salinities distribution between the
laboratory experiment and the numerical model is associated with
the location of the interfaces. The computed contour that repre-
sents a mixing ratio of 1:1 between the FG and the LSB (contour
0.069 (g/g) in Fig. 5) does not exactly follow the dye distribution
and the results of the sampling points in the laboratory experi-
ment. This contour is located above the sampling points that fall
in the low salinity range (0–0.069 (g/g)), instead of being below
it. However, only one point (#37) is not located below the contour
that represents a mixing ratio of 1:1 between the HSB and the LSB
(contour 0.198 (g/g)). These differences might be due to local dis-
turbance in the flow regime created during the water sampling
process or to errors introduced during the measuring process of
the water samples. It should be noted, however, that the distance
of these points from the contours are in good correlation with their
salinity (e.g., points 15, 19, 29, 37 and 38 in Table 4).

Overall, the comparison between the salinity distributions in
the laboratory experiment to that produced by the numerical mod-
el are in a good agreement with regard to the general configuration
of the groundwater system (Figs. 3F and 4E respectively). Three
interfaces between the three water types are shown in both, and
their shape and locations are similar. In addition, the results of
the calibration process are also in good agreement with the exper-
imental results (Table 3).
3.3. Flow patterns

The computed flow patterns associated with the transient
development of the system are shown in Fig. 6. During the early
mulation.

Flux per unit width (Q) (ml min�1 cm�1)b

t = 2 h t = 7 h 13.46
0.55 0.65

t = 2 h t = 7 h 13.29
0.565 0.637

g)) on the lower boundary.
ditions.

n the physical model is ±1.5 cm.
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stages, the flow direction of the brines is from the saltwater bound-
ary towards the aquifer, and their velocities are of the same order
of magnitude (Fig. 6A and B). The maximum penetration depth of
the LSB wedge (�15 cm) occurs after two hours (black and white
dot in Fig. 6C). The flow velocities within both saltwater bodies de-
crease in this stage, becoming much slower within the LSB than
within the HSB. After this stage and until steady-state conditions
are achieved (Fig. 6D), the dynamics of the flow patterns change,
and three circulation cells are formed within the brines. The lower
and largest circulation cell flows counterclockwise. This cell con-
sists of the HSB which flows into the aquifer and circulate back to-
wards the saltwater boundary. This backward flow along the
mixing zone between the HSB and the FG is shown by two parallel
arrows (the right side of Fig. 6D). The upper arrow within the azure
zone (with relatively low salinity), is mostly affected by the FG
flow, and the lower arrow within the yellow zone (with relatively
high salinity), is mostly affected by the HSB circulation. These flow
arrows are parallel until they approach the LSB wedge, where the
lower arrow changes its direction towards the halocline, thus com-
pleting the HSB circulation flow, while the upper arrow flows back
to the surface along interface 1 (Fig. 6D). The other two circulation
cells develop within the LSB wedge. The lower one flows clockwise
towards the halocline and the upper one flows counterclockwise
towards the surface (Fig. 6D). This result is consisted with the flow
patterns described by Oz et al. (2011), who presented a steady-
state numerical model.

While the system approaches its steady-state conditions the
penetration depth of the circulation cell within the LSB decreases
from its maximum location after two hours (�15 cm in Fig. 6C)
to its final location under steady-state conditions (�7.5 cm in
Fig. 6D). The HSB, on the other hand continues to intrude into
the aquifer before reaching its steady-state location. This retreat
might be related to the change in the boundary condition (onset
of the intrusion of the LSB) at the beginning of the second phase
of the experiment. This causes an immediate increase in the
hydraulic head on the saltwater boundary thereby increasing the
flow velocities. As a result, the LSB is able to overcome the FG flow
in the opposite direction. Later, when the system approaches stea-
dy-state and flow velocities decrease, the FG is able to push the
interface and the circulation cells within the LSB back to the salt-
water boundary. This retreat of the LSB is also shown in the labo-
ratory experiment in the later stages (Figs. 3E and 4F). However,
the occurrence of this retreat might depend on the specific bound-
ary conditions, and/or the scale of the experimental system. Wat-
son et al. (2010), Kiro et al. (2008) and Morgan et al. (2013) have
also showed the potential of circulation flows to overshoot beyond
their steady-state positions. In these studies, however, the over-
shoot phenomenon is related to increasing or decreasing hydraulic
heads due to changes in saltwater level.
3.4. Parametric analysis

The results of the numerical simulation, especially the interface
configuration and the flow patterns, are sensitive to model param-
eters. To test the sensitivity of the model to these, we performed
parametric analysis using three dimensionless parameters:

(1) Dimensionless density – the relative density of the three
water bodies’ density (q*):

q� ¼ q1 � q0

q2 � q0
ð3Þ

(2) Dimensionless thickness – the ratio between the relative
thickness of the upper layer and the whole thickness of the
lake (B*):

B� ¼ d
H þ d

ð4Þ



Table 4
Salinity values of the 40 measuring points at steady-state 2.

Very low salinity range (0–0.069 (g/g)) Low salinity range (0.069–0.198 (g/g)) High salinity range (0.198–0.258 (g/g))

Point number Salinity (g/g) Point number Salinity (g/g) Point number Salinity (g/g)

14 0.000 24 0.113 37 0.230
40 0.000 2 0.126 25 0.231
23 0.001 11 0.127 30 0.240
10 0.003 7 0.131 4 0.244
39 0.005 31 0.131 36 0.244

1 0.005 18 0.132 22 0.245
20 0.008 3 0.133 28 0.245
32 0.010 21 0.136 17 0.247
26 0.012 12 0.137 35 0.247
34 0.014 16 0.137 13 0.247

6 0.015 8 0.138 5 0.251
29 0.044 33 0.167 9 0.253
15 0.062 27 0.178

19 0.181
38 0.188
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Fig. 5. Comparison between the laboratory experiment (spatial dye distribution, and salinities at the sampling points) and the computed salinity contours from the numerical
simulations (white lines) under steady-state.
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where d [L] and H [L] are the thicknesses of the LSB and the HSB in
the saltwater body, respectively.

(3) Dimensionless flux (q*):

q� ¼ q
Kh

ð5Þ

where q [L/t] is the fresh groundwater flux.
Fig. 7 summarizes the results of the parametric analysis. Fig. 7A

shows the basic results using the parameters summarized in Tables
1 and 2, where three circulation cells exist, as obtained in the lab-
oratory. The sensitivity of the results to changes in the densities of
the water bodies is exemplified by comparing Fig. 7A (q* = 0.5) to B
(q* = 0.125) and C (q* = 0.875). It shows that either when q* signif-
icantly decreases or increases, only a single circulation cell devel-
ops beneath the flowing fresh groundwater with a single
interface. However, numerous numerical simulations reveal that
three circulation cells develop over a relatively large range of q*,
i.e. 0.31 < q < 0.69. This range is obtained when all other parame-
ters are fixed (B* = 0.74, q* = 0.03).

The sensitivity of the results to changes in the thickness of the
upper layer (B*) is exemplified by comparing Fig. 7A (B* = 0.74) to D
(B* = 0.44) and E (B* = 0.89). Here too, when B* significantly de-
creases or increases, only one circulation cell develops. Yet, three
circulation cells develop over a large range of B*, namely,
0.55 < B* < 0.85. These results are obtained when all other parame-
ters remain fixed (q = 0.5, q* = 0.03).

Comparing Fig. 7A (q* = 0.03) to F (q* = 0.05) and G (q* = 0.01)
demonstrates the sensitivity of the results to changes in ground-
water flux. When groundwater flow significantly decreases or in-
creases, a single circulation cell develops with a single interface.
The three circulation cells develop over the range of
0.015 < q* < 0.045, provided that all other parameters remain fixed
(B* = 0.74, q = 0.5).

To summarize, the three left boxes in Fig 7(B, D and F) show the
same behavior, namely no intrusion of the LSB to the aquifer which
results in the development of a single interface, between the HSB
and FG, and a single circulation cell of the HSB. The three right
boxes in Fig 7(C, E and G) also show single circulation cell. How-
ever, in these cases significant intrusion of the LSB to the aquifer
takes place, creating three interfaces between the three water
bodies, and a single circulation cell of both the LSB and HSB
together.

The parametric analysis also examined the sensitivity of the re-
sults to changes in dispersivity (both, aT and aL). As expected, at
low values of dispersivity, the mixing zone between the water
bodies becomes sharper. Higher values of dispersivity cause a wid-
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ening of the mixing zones between water bodies, until a single cir-
culation cell is created. We found that transition from 3-circula-
tion-cells flow pattern to a-single-circulation-cell flow pattern
occurs when the dimensionless longitudinal dispersivity DL

* = aL/
L equals 0.05 (where L is the length of the aquifer). However, we
found that the results are not sensitive to changes in transversal
dispersivity.
3.5. Possible implications for groundwater systems

In this study we demonstrate that when stratification of a salt-
water body is stable, the groundwater configuration and the flow
patterns might be different than those adjacent to a non-stratified
saltwater body. Such configuration and flow patterns may occur in
nature too, where stratified water bodies exist (e.g. meromictic
lakes), resulted from changes in temperature and/or solute concen-
tration (Boehrer and Schultze, 2008).

The Dead Sea is a hyper-saline lake located in the eastern part of
Israel, which experienced meromictic periods in the past (Stiller
and Chung, 1984a), and might experience such conditions again
as a result of a dramatic increase in the inflow volumes of a lower
salinity water as part of the Seas-Canal project, to convey seawater
from the Red Sea to the Dead Sea (Gavrieli et al., 2006). If indeed
this project is implemented, the results of this study support the
preliminary assessment described by Oz et al. (2011) for future
conditions in the aquifer adjacent to the stratified Dead Sea. The
knowledge of salinity distribution within this aquifer is particu-
larly important since it controls the dissolution of salt layers in
the subsurface and the consequent formation of sinkholes (Yechieli
et al., 2006). Thus, the results of the present study may shed some
light with regard to the dynamics of this process if stratification is
re-established in the Dead Sea.

Stratification can also develop in coastal zones adjacent to desa-
linization plants where the dense rejected brine (�2 times the
salinity of seawater) is routinely disposed into the sea, creating a
plume of highly saline seawater on the bottom (e.g. Del Bene
et al., 1994; Einav et al., 2003; Fernandez-Torquemada et al.,
2005; Kalejaiye and Cardoso, 2005; Miri and Chouikhi, 2005).
These conditions might change the common configuration of the
interface and the regional flow patterns within coastal aquifers in
proximity to these plumes. Therefore, it might affect the exploita-
tion and the management of these aquifers. The results of the
parameter analysis, presented above, show that these conditions
might develop, although the density differences between the
waters will be smaller than those used in the present study and
the relative thickness of the denser reject brine would probably
be much smaller given the relative volumes of the desalination
process vs. open ocean.
4. Summary and conclusions

In this study we examine the groundwater configurations and
the flow patterns within a coastal aquifer adjacent to a stratified
water body, using laboratory experiments. The results show that
under steady-state conditions a wedge-like structure of the LSB
develops within the aquifer, creating three interfaces between
the three water types. These results confirm the hypothesis sug-
gested by Oz et al. (2011).

Comparison between the dye distribution in the laboratory
aquifer and the concentrations measured in the water samples
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shows good matching in most cases. However, we show that dye
tracers cannot be used as a stand-alone method for reconstructing
the salinity distribution. Rather they indicate water sources.

The results shown in the laboratory experiment are recon-
structed by numerical modeling, which also shows the creation
of the three interfaces within the aquifer under steady-state condi-
tions. In addition, the numerical simulations are used to quantify
the flow patterns, including the creation of the three circulation
cells in this system.

Comparison between the laboratory experiment and the
numerical simulation shows that there is a good matching be-
tween them, although some slight differences are presented. As
with the comparison between the dye distribution and the chem-
ical analysis of the same water, these differences result from the
fact that the dye tracers are proxies for the water sources, while
the colors in the model output represent the distribution of salin-
ity, regardless of its sources.

The study also follows the transient development from a state
of a single interface between FG and the HSB to the new steady-
state configuration described above. The results of both, laboratory
experiment and the numerical simulations, show that HSB and LSB
intrude into the aquifer, and a wedge-like structure and three
interfaces between the water types develop at the early stages of
the process. However, once the two brines intrude into the aquifer,
their dynamics are different. While the HSB keeps penetrating (at a
decreasing rate) before attaining its steady-state position, the LSB
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withdraws back at some stage. A possible mechanism to explain
this retreat is an overshoot of the LSB wedge.

Parametric analysis conducted based on dimensionless param-
eters show that the interface configuration and the flow patterns
presented in this study are sensitive to changes in these parame-
ters. We show that the creation of three circulation cells and three
interfaces is limited to a certain range of values of each parameter.
Outside of this range, only a single circulation cell develops, either
by the two saltwater bodies, or by the HSB solely.

The results presented in this study may have practical implica-
tions for sustainable management of groundwater. For example,
the coastal aquifer adjacent to the Dead Sea, if it becomes stratified
again due to the operation of the Seas-Canal. In addition, these re-
sults can be used to understand the processes of saltwater intru-
sion to aquifers next to desalination plants.
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