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The development and flow dynamics of freshwater lenses are investigated by physical experiments on a
laboratory scale. Using an acrylic glass box and a combination of different tracers we were able to sim-
ulate a cross section of an infinite strip island and visualize its groundwater flow patterns. For validating
our model, results of the generation and degeneration of the freshwater lens were compared to analytical
and numerical models. Using recharge water of different colors we were able to visualize flow paths as
well as the age stratification within a freshwater lens. Flow paths in the lens could be demonstrated to
remain in contact to the outflow zone at all times during the experiments. Analytical solutions are in good
accordance to our findings. Additional experiments show the differences between pumping from a hor-
izontal and a vertical well on the interface. These experiments with identical boundary conditions con-
firm former presumptions: A horizontal well shows less up-coning of the interface and therefore
allows a higher sustainable yield than a vertical well.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

About half of the world́s population lives within 100 km of the
oceanic coast and an increase by population growth and migration
is predicted for 2025 (PAI, 2006). In coastal zones and on oceanic
islands, fresh groundwater is usually separated from the underly-
ing saline groundwater due to different densities. The resulting
freshwater bodies, on islands called lenses, are often the only re-
source for freshwater supply. Increasing stress on freshwater
sources due to climate change, population growth, and increasing
industrial and agricultural water demand therefore endangers
water supply in many parts of the world (e.g. Maas, 2007; Oude
Essink, 1996; Oude Essink et al., 2010). Non-sustainable use poten-
tially incurs the intrusion of saltwater. The cone of depression of a
vertical well decreases the height of the freshwater column above
the interface. This can lead to upconing and in the worst case to
intrusion of saltwater into the well (Dagan and Bear, 1968;
Schmorak and Mercado, 1969; Gupta and Gaikwad, 1988; Zhou
et al., 2005). Horizontal wells (radial collector wells), on the other
hand, distribute drawdown more evenly and may thus be an
alternative to vertical wells.

Literature on the interaction of freshwater and saline water in
coastal zones and on oceanic islands is abundant. A good overview
can be found e.g. in Cooper et al. (1964), Bear et al. (2010) and
ll rights reserved.
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Werner et al. (in press). Starting from the fundamental hydrostatic
studies by Baydon-Ghyben (1898) and Herzberg (1901), recent
decades have seen the development of a multitude of methods
and models. Geophysical methods, mainly geoelectrical and elec-
tromagnetic techniques, both airborne and from the ground, allow
delineating the distribution of salt and freshwater and locating the
interface that separates both (e.g. Tronicke et al., 1999; Barrett
et al., 2002; Siemon et al., 2009). Analytical models to calculate
the geometry of lenses were developed by e.g. Fetter (1972), van
der Veer (1977), Vacher (1988), Stuyfzand and Bruggeman (1994)
and White and Falkland (2010). Vacher et al. (1990) and Chesnaux
and Allen (2008) derived analytical solutions to predict residence
and travel times, respectively. A variety of numerical studies of
variable density flow has been published (e.g. Oberdorfer et al.,
1990; Michael et al., 2005; Bailey et al., 2009).

Physical models remain important tools to gain information
about fresh and saltwater interaction and the effects of groundwa-
ter extraction by wells on the interface, for example by upconing
(e.g. Simmons et al., 2002; Zhang et al., 2002; Oswald and Kinzel-
bach, 2004; Goswami and Clement, 2007; Werner et al., 2009;
Abdollahi-Nasab et al., 2010; Jakovovic et al., 2011; Luyun et al.,
2011; Shi et al., 2011). Physical models of freshwater lenses, how-
ever, are scarce. Pennink (1915) and Zhao et al. (2009) performed
experiments visualizing lens generation and upconing.

Except for the analytical models by Vacher et al. (1990) and
Chesnaux and Allen (2008) little information is available on the
internal flow dynamics and age stratification of freshwater lenses.

http://dx.doi.org/10.1016/j.jhydrol.2012.05.070
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Fig. 1. Sketch of the sand box model used for the physical experiments.
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Our study aims at filling this gap. We have performed a series of
physical models to study the time-dependent formation and degra-
dation of lenses, flow paths and travel times, internal age stratifica-
tion and the upconing caused by vertical and horizontal wells,
respectively. Three techniques using colored dyes were employed
to visualize internal flow dynamics: (1) spatial variation of recharge
water color during one infiltration event to visualize flow paths, (2)
time-dependent (step-wise) variation of recharge water color in or-
der to visualize age stratification, (3) introducing spots of colored
water into the saline zone to visualize its movements. All scenarios
were numerically simulated and compared to analytical solutions.

2. Experimental methods and materials

2.1. Physical model

We used an acrylic glass box of 2.0 m in length, 0.5 m in height
and 0.05 m in thickness for our experiments. A cross section of an
infinite strip island was simulated by filling coarse sand into the
box, forming a homogeneous sand cone (Fig. 1). The sand was
slightly compacted by palpitation. The grain size distribution (sieve
curve) of the filter gravel (d � 0.7–1.2 mm) used in all experiments
was optically determined using a Camsizer by Retsch Technology,
Germany, with a measurement range between 30 lm and
30 mm. Hydraulic conductivity was determined applying the
empirical formula by Beyer and Schweiger (1969) on the measured
sieve curves, assuming medium compaction. Together with addi-
tional DARCY conductivity tests, a mean hydraulic conductivity K
of 4.5 � 10�3 m s�1 was obtained. According to Beyer and Schwei-
ger (1969) total porosity was determined to be 0.39.

Density of water was determined using a density meter DMA 38
by Anton Paar, Austria. Freshwater density was determined to be
997.4 kg m�3. Saltwater (uncolored) with a density of 1021.2
kg m�3, simulating ocean water, was injected, saturating the sand
from the bottom. Prior to injection, the saltwater was degassed to
prevent air from being entrapped in pores. The temperature of the
salt and freshwater as well as the air temperature in the laboratory
was monitored and kept stable throughout the experiment (23 �C).

To simulate recharge, fifteen individual freshwater drips were
installed above the sand cone, connected to an BVP peristaltic
pump by Ismatec, Wertheim, Germany (Fig. 1). For visualization,
the tracer dyes uranine (yellow1), eosine (red) and indigotine
(blue), respectively, were added to the freshwater at a concentra-
tion of 0.3 g l�1. It was assumed that effects of the tracers on den-
sity and viscosity of the fluid can be neglected.

Freshwater discharging into the ‘‘ocean’’ formed a thin layer on
top of the free saltwater surface. It was continuously skimmed
1 For interpretation of color in Figs. 2, 7 and 8, the reader is referred to the web
version of this article.
from the left and right boundary of the model by a peristaltic pump
with a rate equaling total freshwater recharge. This prevents dilu-
tion of saltwater and maintains a constant water level. Slight mix-
ing due to diffusion and dispersion was visible but we were able to
show, by measuring saltwater conductivity, that this has no signif-
icant effect on saltwater density. Small fluctuations in the water ta-
ble did not cause any significant deviations. The skimming might
be replaced in future experiments by adding saltwater reservoirs
to both sides of the model, similar to the set-up used by Zhang
et al. (2002) and Luyun et al. (2011).

The specific electrical conductivity of water pumped from the
model wells was continuously measured using a TetraCon DU/T
flowthrough conductivity probe and a MultiLine P4 conductivity
meter, both by WTW GmbH, Weilheim, Germany. Values were
stored (5 s interval) on a laptop using the software MultiLab Pilot
(WTW). The electric conductivity of the freshwater (tap water plus
tracer) was 590 lS cm�1. For a detailed optical analysis, all exper-
iments were filmed at an interval of one picture per second (Sony
XD CAM-EX).

When interpreting the physical models some general restric-
tions have to be taken into account:

(1) The ratio of the freshwater lens thickness to the width of the
island is rather high in our physical model, around 0.15 m/
0.8 m � 1:5. Vacher (1988) describes ratios between 1:30
and 1:100 for real lenses. For some of the Friesian Islands
off the German North Sea shore, we calculated ratios
between 1:20 and 1:60, using the smallest widths of these
elongated barrier islands. Flow processes in our physical
model are therefore affected by an at least tenfold vertical
exaggeration. The Dupuit assumption of horizontal flow
within the lens, as applied in many analytical models, is thus
violated to some degree, especially far from the coast.

(2) In our physical model, a capillary fringe inevitably developed
above the water level. Such a fringe can also be found in real
freshwater lenses but is of much less importance there, as
the fringe usually constitutes only a small percentage of
the thickness of the unsaturated zone. In our model, the
measured fringe thickness covers almost the entire unsatu-
rated zone. Flow in the unsaturated zone was therefore not
considered in our numerical modeling.

(3) Our physical model is not strictly two dimensional
because of its thickness of 5 cm. Nevertheless, simulating
homogeneous recharge and groundwater flow of such a
slice of an infinite strip island is still possible without sig-
nificant deviations from reality. In the case of a singularity,
e.g. a pumping well, flow becomes three-dimensional. In
that case, boundary effects of the walls will lead to devia-
tions of the mathematical models from the observed
results.



Fig. 2. Maximum lens thickness at x = 0 under steady state conditions as a function
of recharge rate from physical, analytical and numerical models.
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(4) Reading off values from the film recordings of the experi-
ments has an accuracy of about one centimeter due to
uneven recharge pattern and dispersion of colors during
transport.

2.2. Analytical models

The maximum thickness h (L) of an infinite strip oceanic fresh-
water lens in a single layer aquifer can be calculated using the for-
mula by Fetter (1972):

h2 ¼ RðL2 � x2Þ
Kð1þ aÞ ð1Þ

where R is the recharge rate (L T�1), L the half width of the island
(L), x the horizontal distance from the island centre (in our case
x = 0) (L), K the hydraulic conductivity (L T�1) and a the Ghyben-
Herzberg factor (Baydon-Ghyben, 1898; Herzberg, 1901):

a ¼ qf
qs� qt

ð2Þ

where qs (M L�3) and qf (M L�3) are the density of salt and freshwa-
ter, respectively. Vacher (1988) presented a very similar formula to
calculate the maximum thickness h (L) of a freshwater lens:

h2 ¼ Rðaþ 1ÞL2

K
ð3Þ

The transient development of the thickness of a freshwater lens can
be calculated using the analytical model proposed by Stuyfzand and
Bruggeman (1994), based on work by Brakel (1968) and Bakker
(1981), both cited in Stuyfzand and Bruggeman (1994).

t ¼ f1 � f2

2
�
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where B is the width of the dune belt (here B = 2L) (L), Zt is the depth
to the interface at time t = t, Z1 is the same at t =1 (steady state), f1

is a correction factor to account for aquifer anisotropy, here f1 = 1
(see Stuyfzand and Bruggeman (1994) for a detailed description),
f2 is a correction factor to improve fit to a numerical model by Bak-
ker (1981, cited in Stuyfzand and Bruggeman, 1994), here f2 = 1.

For infinite strip islands, the formula to calculate travel times t
in an unconfined horizontal aquifer as a function of the horizontal
location x by Chesnaux and Allen (2008) is:
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where ne is the effective porosity, Dq = qs� qf and xi the initial po-
sition on the island (xi > 0).

2.3. Numerical model

For numerical modeling the finite element model FEFLOW 5.4
was used (Diersch, 2005). A two dimensional model with parame-
ters and boundary conditions based on the setup of the physical
model was generated. A trapezoidal mesh with 112,528 elements
and 56,791 nodes was used. The grid was refined in the middle
of the model at its axis of symmetry and around the wells to avoid
numerical dispersion. The upper boundary of the mesh was as-
signed a Neumann (constant flux) boundary condition, allowing
only freshwater to enter the model. An unsaturated zone was not
considered for the reasons mentioned above.
The coastal zones were defined as Dirichlet boundaries (constant
head) with a saltwater head of 0.3 m (upper model boundary). Con-
sidering the cell sizes and the short flow path lengths in the range of
a few centimetres, longitudinal and transversal dispersivities were
set to 5 � 10�3 m and 5 � 10�4 m, respectively. The molecular diffu-
sion coefficient was set to 10�9 m2 s�1, although the elevated flow
velocities in our model render diffusion negligible.

The discretization in time allowed an automatic adaption of the
time-step during the model run. Initial time step length was set to
0.864 s, with a maximum ratio for changing the time-step size
(new/old) of 1.3 and an upper bound of 8.64 s.

In the case of a pumping well, the model was expanded to a
three dimensional model. Six layers with a spacing of 1 cm in the
z direction were duplicated from the two dimensional model grid
with identical flow and transport parameters.
3. Results

3.1. Steady state lens thickness as a function of recharge

In the first experiment, the influence of recharge rates on the
maximum steady state lens thickness in the middle of the ‘‘island’’
(x = 0) was investigated. Our physical model results were com-
pared to analytical models by Fetter (1972) and Vacher (1988),
as well as to a numerical FEFLOW model (Fig. 2).

Both analytical models yield, as expected, almost identical re-
sults, with the numerical calculations being in good accordance
(Fig. 2). Our physical model results match the predicted lens thick-
nesses well. The slight deviations can be attributed to observa-
tional inaccuracies.

The comparison of the FEFLOW simulations to the analytical
models and the results from the sand box experiments show, that
the numerical code can successfully simulate the results of the
physical models.

3.2. Transient lens genesis and degradation

By applying a constant freshwater recharge rate of 0.046 m3 d�1

(1.152 m d�1) to our physical model, a lens developed and reached
dynamical equilibrium after around 200 min (Fig. 3a, see also Vi-
deo 1, Supplementary material). At this quasi steady state condi-
tion, a maximum thickness of 15 cm below the original salt
water level was observed. At the end of the first stage of this exper-
iment, recharge was turned off and the degradation of the lens was
monitored (Fig. 3b; Video 2, Supplementary material). To maintain



Fig. 3. Physical, analytical and numerical results of lens thickness at x = 0 as a
function of time for (a) freshwater lens formation at recharge rate R = 1.152 m d�1

and (b) freshwater lens degradation after turning off recharge.

Fig. 4. Sand-box model visualizing flow paths with color variations of 60 min
duration at every second recharge drip (well inactive).

Fig. 5. Comparison of travel times as a function of distance from the island centre
from physical, analytical and numerical models.
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the boundary conditions during this stage, saltwater inflow into
the model had to be enabled. This was done with a rate of
0.96 m d�1, through the backside piezometer (Fig. 1) at the lower
right and left corner of the model.

Fig. 3a shows that the transient development of the lens
thickness at x = 0 is in good accordance to the analytical and
numerical simulation results. No calibration of the initial
hydraulic parameters was needed. The degradation of the lens,
on the other side, could be simulated only by the numerical
model, as no analytical model is available. The curve fit is good
(Fig. 3b). It has to be considered, though, that in the physical
model, water continues to seep from the unsaturated zone after
turning off re-charge for some time, thereby retarding the pro-
cess of lens degradation.

The two different shapes (velocities) of the generation (Fig. 3a)
and degradation curves (Fig. 3b) can be explained by differences in
the hydraulic driving forces for each phase. The main difference is
the active recharge during the formation of the lens while during
degradation this force is not active.
3.3. Flow paths and travel times

We were able to visualize flow paths within the freshwater lens
by switching the color of every second recharge drip point (indig-
otine/eosine) in periodic intervals, while all other drips remained
on uranine. This was done after equilibrium between fresh and
saltwater had been established (Video 3, Supplementary material).
As shown in Fig. 4 all flow paths are connected to the discharge
zones to the left and right side of the island. Due to the exaggera-
tion of the lenś thickness in comparison to its width, the vertical
flow component is clearly visible.

The travel times along the flow paths were measured (Fig. 4).
Results are shown in Fig. 5 and compared to calculations based
on the analytical model (formula 5) by Chesnaux and Allen
(2008) and numerical simulation results with FEFLOW.

The differences between the physical data and the curves for
the analytical and the numerical models shown in Fig. 5 are quite
minor. They can be attributed to the limited observational accu-
racy. Even the fact that the analytical model considers only hori-
zontal flow, based on the Dupuit assumption, while in our model
a vertical flow component is clearly visible, is apparently not of
concern.
3.4. Age stratification

Age dating of water in subsurface hydrology is used to e.g. cal-
culate mean residence times and available groundwater quantities,
the progression of pollutants and to investigate climatic effects.
The ‘‘age’’ of groundwater is defined as the period of time between
the arrival of seepage water at the groundwater table and the time
of sampling.

A visualization of groundwater age in the lens was possible by
changing colors of recharge water over time (Video 4, Supplemen-
tary material). By simultaneously switching all drips from one col-
or to another, infiltration events (fronts) became visible. The
layering visible in Fig. 6 is a result of a series of subsequent infiltra-
tion events. Recharge rate was maintained constant at 1.152 m d�1

during the entire experiment. At first, a lens was generated using
freshwater with uranine until equilibrium (layer 1, Fig. 6). Then
we switched colors subsequently to:

� Eosine (red) for 120 min (layer 2, Fig. 6).
� Indigotine (blue) for 100 min (layer 3).
� Uranine (yellow) for 80 min (layer 4).
� Eosine (red) for 60 min (layer 5).

After the last 60 min of recharge with eosine, the photo shown
in Fig. 6 was taken. An image of the age stratification within the
freshwater lens became visible. A very similar pattern could be
reproduced using particle tracking in the numerical model (not
shown here).



Fig. 6. Sand-box model visualizing age stratification of five successive infiltration
events (well inactive). SSp = saltwater spot, colored.

Fig. 8. Sketch of a freshwater lens with wells tapping groundwater at different
distances from the shore (A) and (B), and with different screen depths (C) and (D).
Numbers 1–4 denote layers of different times since recharge.
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3.5. Visualization of saltwater movement

Due to the dispersive entrainment of salt water at the interface,
a slow convection cell develops in the saline zone (Cooper, 1959;
Reilly and Goodman, 1985; Michael et al., 2005). We injected small
volumes of colored salt water with a syringe into this zone to visu-
alize movement of salt water (Fig. 6). As expected, movement of
saline water is very slow and becomes visible only close to the
interface, especially at the discharge zone and around the area of
upconing below a pumping well. In the latter case, the films we
took trace the flow paths of salt water rising to the well (Video 4,
Supplementary material).
3.6. Upconing under vertical and horizontal wells

We performed two physical experiments to compare the perfor-
mance of a vertical and a horizontal well. We chose the parameters
of the horizontal well to be as similar as possible to the vertical
well to avoid a bias towards the former. With the exception of
the screen being vertical or horizontal, respectively, all parameters
were equal. The shafts of both wells were installed at the same dis-
tance from the ‘‘coastline’’. The pump, in our case simulated by the
intake of the suction tube, was installed at a depth of 2.5 cm below
sea level (on top or at the beginning of the screen, respectively).
Fig. 7. Electric conductivity of water pumped from the horizontal (black) and the vertic
pumping rate indicated by dashed lines). (For interpretation of the references to colour
Screen length was 4 cm for both wells. The distance from the bot-
tom of the screen to the undisturbed interface was 10 cm and 6 cm
for the horizontal and vertical well, respectively.

The two experiments started with pumping from the vertical
well and later, after complete recovery of the lens, from the hori-
zontal well. The initial freshwater lens had a maximum thickness
of 15 cm below sea level at x = 0. Three different pumping rates
were applied for 1.5, 2.5 and 1.5 h, respectively, as indicated by
the dashed lines in Fig. 8. The pumping rates for the horizontal well
were 0.8 ml min�1 higher (maximum deviation of 6%) for all three
steps due to technical reasons.

For the first pumping rate, no rise in electric conductivity was
observed in neither the vertical nor the horizontal well. Even
though electric conductivity remained at 590 lS cm�1 for 1.5 h of
pumping, a slight rise of the interface could be visually observed
in both cases. Increasing the pumping rate by around 5 ml min�1,
electric conductivity differed significantly between both wells.
While the horizontal well showed a slightly elevated but almost
constant conductivity of 660 lS cm�1 after 2.5 h, the vertical well
showed beginning salt water intrusion, indicated by a final conduc-
tivity of 1600 lS cm�1. For the third pumping rate, both wells
showed a clear break-through of saltwater (Fig. 7). The vertical
well, however, shows a much higher proportion of saltwater
intake.
al well (red) showing different reactions to the applied pumping rates (changes in
in this figure legend, the reader is referred to the web version of this article.)
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The minor fluctuations in the electric conductivity signals
shown in Fig. 7 are triggered by intermittent input of saltwater.
These injections were necessary to replace the pumped saltwater
volume. The experiments show that a horizontal well can pump
at a higher rate than a vertical well without compromising the
interface.

Our results cannot be transferred directly to real world upcon-
ing due to the boundary conditions of our physical model. How-
ever, the boundary effects equally influence the horizontal and
the vertical well, and therefore allow a comparison. Yet, in reality,
horizontal wells are often installed at more shallow depth and of-
ten have several screens and higher pumping rates.
4. Discussion

Our findings, especially the travel times and the age stratifica-
tion, have some interesting implications for the interpretation of
groundwater ages in freshwater lenses, e.g. by isotopic analyses:

(1) A freshwater lens must not be considered a well-mixed res-
ervoir. A non depth-specific sample from a long well screen
includes unknown proportions of water of different resi-
dence times, yielding a mixed age of no real value, especially
if no flow model is available. Two identical wells (same
screen depth and length, same pumping rate) may yield
completely different residence times depending on their
position on the island (wells A and B, Fig. 8). A well close
to the middle may predominantly tap from the thick layer
of young water present there while a well close to the coast
may tap various age zones due to the vertical movement
close to the discharge zone.

(2) The thickness of the discrete layers (infiltration events),
visualized by different tracer colors, decreases over time.
The proportion of young water in the water column is higher
than that of older water. Wells C and D show the effect on
the age of pumped water (Fig. 8).

(3) All water layers remain in contact with the discharge zone at
all times until they are completely squeezed out or mixed
away at the interface through dispersion and diffusion. As
an example, the thin eosine layer close to the interface
(Fig. 6) was recharged for 120 min, while the eosin layer
close to the surface was recharged for only 60 min. The
‘‘age’’ of groundwater at the bottom of the lens gives an esti-
mate of the maximum travel time but not of the age of the
formation of the lens itself. Older layers may have been
‘‘squeezed out’’ already.

(4) The proportions of water of different residence times
pumped from the screen of a well depend on the depth
and length of the screened interval, the hydraulic conductiv-
ity of the layers and the position of the pump (e.g. Houben
and Hauschild, 2011).

(5) The age stratification of the water column may include lay-
ers of different recharge rates or even one or more hiatus,
e.g. caused by dry years with low or even no recharge. The
duration of the dry period must of course not exceed the
time necessary to completely degrade the lens.

(6) The calculation of travel times based on models of the
hydraulic flow regime, is a necessary prerequisite to validate
groundwater ages derived from radionuclide tracers, such as
tritium or radiogenic carbon.

5. Conclusions

In our physical experiments we used for the first time time-
dependent applications of artificial tracers to visualize internal
flow processes, like flow paths and age stratification, in a two
dimensional cross section of a freshwater lens. The physical model
results for steady state lens thickness, formation and degeneration,
travel times and age stratification were successfully compared to
numerical and, if applicable, analytical model calculations.

Particularly, this study has shown that investigations of ground-
water age and residence times within a freshwater lens can only be
interpreted with the understanding of the flow regime. This im-
poses restrictions on the sampling of water for age dating, e.g. sam-
ples need to be depth-specific in order to yield useful results.

The flow paths and travel times find their practical application
in the delineation of protection zones, e.g. the 50-day zone which
is intended to prevent fecal bacteria from entering a well. They
can also be used to predict the degradation of pollutants, if kinetic
rate laws are known, and the propagation of radionuclide tracers
such as tritium.

Our findings also have some practical implications for sustain-
able water resource management, e.g. the sustainable pumping
rate of wells. By our experiments we could show that a horizontal
well with the same screen depth and distance to shore allows a
higher sustainable yield than a vertical well.

Anisotropy and geological heterogeneities which were not con-
sidered in our experiments may significantly disturb the flow field
and will cause deviations from the continuous age stratification.
Further investigations will focus on lens dynamics in layered sys-
tems, variations of island morphology and artificial groundwater
recharge.
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