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Abstract: Freshwater resources on small coral islands mainly exist in the form of freshwater lenses.
The freshwater lens is highly vulnerable to salinization due to natural recharge variations and
urbanization construction. However, it is unclear how a freshwater lens evolves under the influence
of urbanization construction and which factors control its evolution. Based on the hydrogeological
data of a small coral island in China, a corresponding 3D numerical model was established by the
Visual MODFLOW software to investigate the formation and evolution of freshwater lenses under
natural conditions. Thereby, the island reclamation scenario and impermeable surface scenario were
set up and the changes in morphology and volume of the freshwater lens were analyzed. The results
show the following: (1) After island reclamation and island building, the freshwater lens would reach
a stable state after 25 years and the freshwater lens would also appear in the newly added part of
the island with a thickness of 9.5 m, while the volume of the total freshwater lens would increase to
1.22 times that of the original island. (2) When the impermeable surface is built at different positions
of the island, the reduction in the volume of the freshwater lens, in the order from large to small, is
Scenario B (northeast side), Scenario A (southwest side) and Scenario C (central); with the increase
in the impermeable surface area, the volume of the freshwater lens would gradually decrease and
the volume of the freshwater lens would decrease by more than 50% with the impermeable surface
exceeding 30% of the island area. The study has important implications for the conservation and
rational development of subsurface freshwater resources on islands.

Keywords: freshwater lens; small coral island; numerical simulation; urbanization

1. Introduction

Freshwater lenses, also called as the “Ghyben–Herzberg” lenses, were first discovered
by Ghyben [1] and Herzbrg [2] in a separate study of freshwater problems in coastal Europe.
The freshwater lens is a freshwater body shaped as a convex lens that is formed on top of
saltwater due to the difference in density between subsurface freshwater and underlying
seawater [3]. The rational development of freshwater lenses is an important foundation for
the utilization of island water resources and sustainable development [4–6]. However, the
freshwater lens is highly sensitive to the effects of climate change, natural disasters and
human factors [7–9].

Experts and scholars have conducted further studies on the formation mechanism
of freshwater lenses, e.g., Hubbat (1953), Clumbus (1956), Henry (1959), Glover (1964)
and Kaskef (1967) [10], who, respectively, used the conformal mapping method, the hy-
drodynamic method, the velocity vector-end curve method and the Dupuit hypothesis
approximation method to simulate the saline and freshwater sharp interfaces under a
steady state based on laboratory and field experimental studies. In 1992, Vacher [11]
used the Dupuit–Ghyben–Herzberg (DGH) formula to calculate the analytical solutions of
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several infinite islands (if the island aspect ratio is greater than 4.4, it can be regarded as
infinite); through the analysis of homogeneous rectangular islands, it is found that the dif-
ference of K (hydraulic conductivity) and α (precipitation infiltration recharge coefficient)
at different locations of the island leads to the asymmetry of the shape of the freshwater
lens. Henry and Barbara [12] conducted a field investigation of a freshwater lens on Long
Island, New York, using electrical methods and the observation of groundwater levels. The
results of the study showed that, when treating the transition zone between salt and fresh
water as a sharp interface, the thickness of the freshwater lens calculated under hydrostatic
equilibrium conditions is larger than the actual thickness and the evaluation of the total
subsurface freshwater resources of the island is overestimated. Zhou [13,14] studied the
formation and dynamic process of the freshwater lens on a coral island by using the Visual
MODFLOW numerical model and put forward the reasonable development and protection
strategy of freshwater lenses. Since then, many scholars have studied the formation, evolu-
tion and internal hydrodynamics of freshwater lenses by means of physical experiments
and numerical simulations [15,16].

Freshwater lenses of islands have been affected by increasing urban construction in
recent years and many scholars have carried out relevant studies. In 2010, White et al. [17]
found that coastal erosion due to sand and gravel mining in Pacific islands has reduced
the thickness of soil above the water table, making the freshwater lens more vulnerable
to contamination by biochemicals, such as septic tanks, waste disposal areas, fertilizers
and agrochemicals, posing serious health risks. Huizer et al. [18] performed a calculation
simulation of a sand dike constructed along the Dutch coast and the results showed that
the freshwater lens under the sand dike was mainly determined by groundwater recharge
and was affected, to a minor extent, by geomorphic changes, while storm surges caused
a wide range of surface inundation and seawater infiltration, leading to salinization of
most fresh groundwater in the inundation zone. In 2018, Vincent et al. [19] investigated
the small atoll of Bonriki and found that storm surges and over-pumping would cause
seawater intrusion; the freshwater lens of Bonriki Island is still shrinking after 27.5 years
of pumping, where a thinner freshwater lens increases the salinity of the water supply.
This means that it may take at least 20 years for even a permeable island such as Bonriki
to reach equilibrium conditions again. At the same time, the limited island area limits
freshwater storage.

Some scholars have enhanced the deep understanding of the formation and evolution
of freshwater lenses. Wallace et al. [20] developed a 3D model to study the relationship
between freshwater lenses and the main geohydrological factors and found that the maxi-
mum thickness of the lenses can be estimated just based on the island’s width, while the
volume of freshwater lenses depends strongly on the orientation and geometry of the atoll.
Underwood et al. [21] concluded that the oscillating vertical flow due to tidal fluctuations
affects the vertical permeability and vertical longitudinal diffusion, which controls the mix-
ing of fresh and salt water. Schneider et al. [22] found that the morphology of freshwater
lenses on carbonate atolls and islands is largely controlled by hydraulic conductivity K,
which inhibits deeper freshwater lens’ development by limiting the vertical flow. However,
few works have been conducted on studying the effects of island urbanization construction
on the volume and morphology of freshwater lenses. Long-term studies on exploring the
comprehensive effects of urbanization construction are necessary in order to better analyze
and predict the evolution of freshwater lenses.

Here, we present a study of the freshwater lens on a small coral island of Sansha City,
Hainan Province, China. The island is flat with an average elevation of 5 m and the highest
point is only 8.3 m. The island is surrounded by sand dikes and has a low-lying central
zone, which is formed by the drying of a lagoon. In terms of size, the study island is the
largest island of the Xisha Islands, but has an area of under 5 km2. In order to extend
land surface for urban development (e.g., industrial sites, recreational and commercial
sites, or residential areas) and to meet the living requirements of local residents, the study
island carried out reclamation activities. Much of the island’s land was used for roads,
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buildings and airports, etc., which inevitably resulted in an increase in impermeable surface
coverage on the island. The island is the economic, military and political center of the three
islands of Xisha Islands, Nansha Islands and Zhongsha Islands. Therefore, the island has
an important strategic position [23]. In order to protect the national maritime security and
strengthen the sea defense force, the military, Sansha City Government and municipal units
are stationed on the island. However, the current water resource situation on the island is
not optimistic. The islanders rely on rainwater collection and purification for their daily
water supply, which is more expensive and complicated than groundwater extraction. With
the development of the island and the increase in the number of islanders, the demand for
industrial water and domestic water is gradually increasing. Developing a suitable water
management plan as well as a groundwater extraction plan is challenging. Therefore, it is
essential to determine the sustainable yield of the freshwater lens. However, there is a lack
of numerical models that take into account the impact of urban construction to predict the
freshwater resources of the study islands over a long time series.

The purpose of the present study is to simulate and predict the effects of urbanization
(island reclamation and impermeable surfaces) on the freshwater lens. Back in the 1970s,
the government organized a geological team to drill some exploratory holes in the study
island and the drilling data revealed the geological structure of the island, which is a typical
system of dual-aquifer carbonate island [24]. Dual-aquifer carbonate island means that the
upper aquifer of the island consists of Holocene sands with low hydraulic conductivity and
the lower aquifer consists of Pleistocene coral reef deposits with good permeability [25].
Examples of similar islands include those in the Bonriki Island, Tongatapu island, as well as
Florida Keys (Dog Island and St George Island). A three-dimensional numerical model of
variable density flow and solute transport was developed for the study island with the main
objectives to (1) describe the dynamic mechanisms and formation process of the freshwater
lens for the study island, (2) assess the impact of island reclamation and urbanization
construction on the evolutionary process of the freshwater lens and (3) quantify the amount
of available freshwater resources on the island.

2. Study Area

Small Coral Island is located in Sansha City, Hainan Province, China. The island has
a tropical maritime monsoon climate. Compared with the mainland at the same latitude,
this region usually faces problems such as heavy precipitation, strong evaporation and
poor groundwater storage conditions, with almost non-existent surface water resources.
The average annual temperature of the coral island is above 26 ◦C and the average annual
precipitation is over 1400 mm; the rainy season is from June to November, with total
precipitation accounting for about 87% of the yearly precipitation, over 1280 mm; the dry
season is from December to May, with total precipitation accounting for only 13% of the
yearly precipitation, less than 200 mm. The study island is a lime-sand island piled up on
the reef plate, which can be divided into several geomorphic sedimentary zones, such as,
in the order from outside to inside, reef pads, beaches, sand dikes, mat-like sand (sand
mats) and depressions.

The geological structure can be broadly divided into Holocene and Pleistocene strata;
freshwater lenses are mainly located in the Holocene strata. The changes in land use of
the study island are mainly the reduction in reefs, grasslands and woodlands and the
increase in buildings and roads. Among them, the reef plate area decreased from 4.63 km2

to 3.26 km2; the area of buildings and roads increased from 0.33 km2 to about 1.70 km2.

3. Materials and Methods
3.1. Conceptual and Mathematical Models

The coral island is elliptical above sea level, with a length of 1.928 km from east to west,
a width of 1.380 km from south to north and an area of 2.1 km2. The island sits on a late
Precambrian granite gneiss substrate. To ensure the integrity of the model, the maximum
depth of the model was taken to 25 m below the surface and the island elevation above
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sea level was set at 5 m. Approximately 17 m below sea level is the junction of the two
strata, which is called “Thurber discontinuity” or “Holocene–Pleistocene unconformity”
(HPU) [26]. The top layer (0–5 m) consists of plain fill and coral medium sand; above HPU is
the Holocene coral shell sedimentary layer, which is mainly formed by the accumulation of
coral shell debris, other biological skeletons and gravel; the layer below HPU is composed
of Pleistocene limestone with well-developed karstification. As there is virtually no surface
runoff from the study island, the major recharge source of groundwater is atmospheric
precipitation infiltration. Based on the above hydrogeological conditions, the generalized
model of the island’s hydrogeology is shown in Figure 1.
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Figure 1. Hydrogeological conceptual model: (a) Schematic diagram of model simulation range;
(b) hydrogeological structure of profile A–A’.

Most of the freshwater lenses are found in the upper medium of islands [27]. Pre-
cipitation infiltrate downwards due to gravity and is constantly mixed with seawater.
Under the influence of the density difference between saltwater and freshwater, fresh-
water floats above the saltwater to form freshwater lenses. The theoretical basis for this
process includes Darcy’s law, the Dupuit hypothesis and the G-H approximation theory.
The hydrodynamic dispersion between miscible solutions should be considered and the
process is described by a set of equations, including the three-dimensional variable density
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groundwater flow equation and the solute transport equation. The three-dimensional
variable density groundwater flow equations are shown below.

K
(

∂2H
∂x2 +

∂2H
∂y2 +

∂2H
∂z2 + η

∂C
∂z

)
= Ss

∂H
∂t

+ nη
∂C
∂t
− ρ

ρ0
qs (1)

where K is the hydraulic conductivity (m/d), H is the piezometric head (m), C is solute con-
centration (g·L−1), Ss is the water storage rate (m−1), t is time (d), n is the medium’s poros-
ity; η is the density coupling coefficient (kg·m−3), ρ is the mixed fluid density (kg·m−3),
ρ0 is the freshwater density (kg·m−3) and qs is the volume of source and sink items entering
unit volume aquifer in unit time (d−1).

The variable density groundwater flow equation contains a partial differential term
for the change in groundwater solute concentration over time; therefore, groundwater flow
causes changes in aquifer concentration, which, in turn, causes changes in the flow field.
The solute transport equation is as follows:

∂c
∂t

+ ui

(
∂C
∂xi

)
=

∂

∂xi

(
Dij

∂C
∂xj

)
− C

n
qs (2)

where xi is the infiltration direction (m), Dij is the hydrodynamic dispersion coefficient
tensor (m2·d−1) and ui is the flow velocity (m/d), −C

n qs is the solute lost from unit volume
of medium per unit time.

In the SEAWAT module, the variable density groundwater flow equation is coupled
with the solute transport equation. The fluid density is considered to be linearly related
to the solute concentration, while the effects of temperature and pressure are ignored.
Therefore, a linear equation is established as follows:

ρ = ρ f
∂ρ

∂C
C (3)

where ∂ρ
∂C is the ratio of density to concentration.

H(x, y, z, t) = f (x, y, z) x, y, z ∈ Γ1 = F1(x, y, z) (4)

qn = q0(x, y, z, t) = 0 x, y, z ∈ Γ2 = F2(x, y, z) (5)

C(x, y, z, t) = C1(x, y, z, t) x, y, z ∈ Γ1′ = F1′(x, y, z) (6)

where f (x,y,z) are known head values (m), qn is the flow perpendicular to unit area (m3·s−1)
and C1(x, y, z, t) is a given concentration value that varies along the boundary.

H(x, y, z, t) |t=0 = H0 (x, y, z) (7)

C(x, y, z, t) = C0(x, y, z, t) (8)

where H0 is the known head at the initial moment (m) and C0 is the known concentration
at the initial moment (mg·L−1).

3.2. Numerical Model Setting

Numerical simulations were carried out using the SEAWAT module of the Visual
MODFLOW software. This module is used to solve the model by running MODFLOW
2000 coupled with MT3DMS. The whole simulation process consists of three main cycles:
the stress period cycle, the time step cycle and the coupled solution cycle [28].

The basic model of the study area was established and discretized in space (Figure 2),
obtaining a 3D model with the x-axis oriented to the east in the coordinate range 0–3150 m,
the y-axis oriented to the north in the coordinate range 0–2670 m and the z-axis oriented
to the upward in the coordinate range −25–5 m. The study region was discretized into
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40 rows and 40 columns and divided vertically into 12 layers, with the part above sea level
of 5 m being 1 layer, the part above HPU divided into 8 layers and the part below HPU
divided into 3 layers. There were 19,200 grids in the model, of which 5460 were active. The
model was also discretized in time; the basic model had a time step of days and a total
simulation time of 50 years. The upper boundary of the model was a given flux recharge
boundary and the recharge intensity was taken as the multi-year average monthly rainfall.
The lateral boundary of the model was a constant head boundary, which represented
the sea level around the island. Based on the previous literature [29], the parameters of
the basic model were set (Table 1) as follows: the initial hydraulic conductivity (K1) was
50 m/d for the part above sea level; above the HPU, there was the Holocene stratigraphy,
consisting of coral debris sand, with an initial hydraulic conductivity (K2) of 60 m/d; below
the HPU, there was the Pleistocene stratigraphy composed of highly permeable coral reef
limestone and well-developed caves, with an initial hydraulic conductivity (K3) of 500 m/d.
The porosity of the three media was set at 0.3, 0.32 and 0.35, respectively, while the specific
yield was 0.15 and the specific storage (Ss) was 10−5 m−1.
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Figure 2. Basic model grid and boundary conditions.

Table 1. Parameter values used in the basic model.

Settings Parameter Units Value

Model basic setting

Island width m 1980
Thickness m 35

Grid \ 40 × 40
Simulated time step d 18,250

Flow module

Recharge mm/y Annual average
monthly precipitation

K1 (strata above sea-level) m/d 50
K2 (Holocene strata) m/d 60

K3 (Pleistocene strata)
Porosity

m/d
\

500
0.3, 0.32, 0.35

Specific yield \ 0.15
Transport module Longitudinal dispersivity m 5

Horizontal dispersivity m 0.5
Seawater concentration (Cl−) mg/L 19,000

Precipitation concentration (Cl−) mg/L 0

Density-dependent
module

Reference fluid density
(Freshwater) kg/m3 1000

Seawater density kg/m3 1025

The model was calibrated and validated. The validation results for the groundwater
level and the freshwater lens thickness are shown in the Supplementary Materials.
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4. Results
4.1. Formation of Freshwater Lens under Natural Conditions

According to the drinking water standards set by the World Health Organization
(WHO), the chloride (Cl−) ion concentration should not exceed 600 mg/L. Therefore, the
chloride (Cl−) concentration contour of 600 mg/L was chosen as the division between
available freshwater resources and saltwater. The formula for calculating the volume of
freshwater lens is shown below.

V = Sy ∑
i

∑
j

sh f ,i,j (9)

where s is the area of each grid in the model (m2) and hf,i,j is the thickness of the freshwater
lens corresponding to grid (i,j) (m).

The simulation results show that the freshwater lens would begin to develop after
the salinity of the original groundwater under the island is washed and diluted, which
takes about 4–5 years. Figure 3 shows the morphological changes in the freshwater lens
in sections at about 10 years, 20 years and 50 years, which indicates that the thickness of
the freshwater lens would increase over time, with an overall morphological characteristic
of “thick in the middle and thin at the edge”. The central maximum thickness of the
freshwater lens would be shifted towards the west, due to the fact that the west side of the
study island has a larger north–south span and receives a wider range of rainfall infiltration
recharge, while the east side is narrower.
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Figure 4 shows the curves of the maximum thickness (a) and volume (b) of the
freshwater lens as a function of time. Both curves follow the same trend, with the growth
rate increasing rapidly at the beginning of the formation of the freshwater lens, slowing
down after about 10 years and reaching stability at about 45 years, with the maximum
thickness and volume of the freshwater lens getting close to 15.2 m and 145.4 × 104 m3,
respectively. The simulation results of the basic model are similar to those of Zhou and
Fang [30].
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freshwater lens.

At the steady state, the water head distribution above sea level of the island and the
groundwater flow rate are shown in Figure 5. It can be seen, from the Figure 5a, that the
water head distribution presents the morphological characteristics of “high in the middle
and low around”, forming a hydraulic gradient from the center to the periphery, which
can ensure that the freshwater is continuously discharged into the sea from the thickest
part of the lens body. The maximum water head, in the center of the island, can reach
0.252 m a.s.l. and the water head on the west side of the island is relatively high due to the
larger recharge area. The water within the freshwater lens flows from the center of island
to the sea, due to the density difference between seawater and freshwater, the seawater
moves upwards to ‘lift’ the freshwater lens and float it within the island, leaving the whole
groundwater system of the island in a dynamic equilibrium. The center of the freshwater
lens has the lowest flow velocity, forming a stagnant zone (area A), and the closer it is to
the boundary of the lens, the greater the flow velocity is. Therefore, due to the density
difference between seawater and fresh water, the fresh water in the central part of the lens
is more affected by buoyancy and the geometric boundary bulges upward [31].
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4.2. The Effect of Island Reclamation on Freshwater Lens

The main part of the island was formed in a natural state. Since the 1990s, the island
reclamation project has been gradually carried out and part of the artificial island was
formed next to the main island; therefore, compared with other islands, this study island
has greater research value. The material used for the reclamation part is the original coral
sand medium of the island, so the media parameters of the new island in the model setup
remain the same as those of the original island and the total area of the island has been
increased by approximately 40%. The specific operation in the model is setting the inactive
cells in the newly added area as active state and the final stable state of the basic model was
used as the initial state of the model after island reclamation, with a run time of 30 years.

The evolution of the freshwater lens over time after reclamation is shown in Figure 6.
Over a period of five years, no obvious freshwater lens would form in the subsurface of
the new island, while the thickness and extent of the freshwater lens in the original island
would increase. During this time, the saltwater in the subsurface of the new island would
be continuously desalinated due to the infiltration of rainfall, laying the foundation for
the subsequent formation of freshwater lenses. After about 25 years, the model would
reach a stable state again, with the maximum thickness of the freshwater lens reaching
9.5 m on the new part of island and the thickness of the freshwater lens increasing to
16.6 m on the original island. The main reason for this is that the additional part of the
island is smaller and receives less precipitation recharge, while the width is only 680 m;
therefore, the freshwater infiltrating into the subsurface rapidly drains away around the
lens. Therefore, the overall freshwater lens is asymmetric, with the southwest side thicker
than the northeast side.

Water 2021, 13, x FOR PEER REVIEW 9 of 17 
 

 

4.2. The Effect of Island Reclamation on Freshwater Lens 

The main part of the island was formed in a natural state. Since the 1990s, the island 

reclamation project has been gradually carried out and part of the artificial island was 

formed next to the main island; therefore, compared with other islands, this study island 

has greater research value. The material used for the reclamation part is the original coral 

sand medium of the island, so the media parameters of the new island in the model setup 

remain the same as those of the original island and the total area of the island has been 

increased by approximately 40%. The specific operation in the model is setting the inactive 

cells in the newly added area as active state and the final stable state of the basic model 

was used as the initial state of the model after island reclamation, with a run time of 30 

years. 

The evolution of the freshwater lens over time after reclamation is shown in Figure 

6. Over a period of five years, no obvious freshwater lens would form in the subsurface of 

the new island, while the thickness and extent of the freshwater lens in the original island 

would increase. During this time, the saltwater in the subsurface of the new island would 

be continuously desalinated due to the infiltration of rainfall, laying the foundation for 

the subsequent formation of freshwater lenses. After about 25 years, the model would 

reach a stable state again, with the maximum thickness of the freshwater lens reaching 9.5 

m on the new part of island and the thickness of the freshwater lens increasing to 16.6 m 

on the original island. The main reason for this is that the additional part of the island is 

smaller and receives less precipitation recharge, while the width is only 680 m; therefore, 

the freshwater infiltrating into the subsurface rapidly drains away around the lens. There-

fore, the overall freshwater lens is asymmetric, with the southwest side thicker than the 

northeast side. 

 

Figure 6. The freshwater lens formation process after island reclamation. The freshwater lens of 

initial island (a); freshwater lenses at 1, 5, 10, 15 and 25 years, respectively, after island reclamation 

(b–f). 

Figure 7 shows the head distribution above sea level of the island when the model 

becomes stable again. This suggests that, compared to the head distribution of the original 

island (Figure 5a), the head values after reclamation would become larger and the maxi-

mum value of the head at the center of the island would exceed 0.26 m, which is 0.01 m 

higher than the maximum head before island reclamation. The calculation result shows 

that the volume of freshwater lens would increase to 323.67 × 104 m³. The newly added 

fresh water would mainly come from the newly formed freshwater lens on the northeast 

side and the increase in the thickness of the freshwater lens on the original island would 

also correspondingly increase the freshwater storage. The previous research studies did 

not consider the reclaimed part in the numerical simulation calculation of the island, 

which would underestimate the calculated thickness, volume and groundwater level of 

Figure 6. The freshwater lens formation process after island reclamation. The freshwater lens of initial
island (a); freshwater lenses at 1, 5, 10, 15 and 25 years, respectively, after island reclamation (b–f).

Figure 7 shows the head distribution above sea level of the island when the model
becomes stable again. This suggests that, compared to the head distribution of the orig-
inal island (Figure 5a), the head values after reclamation would become larger and the
maximum value of the head at the center of the island would exceed 0.26 m, which is
0.01 m higher than the maximum head before island reclamation. The calculation result
shows that the volume of freshwater lens would increase to 323.67 × 104 m3. The newly
added fresh water would mainly come from the newly formed freshwater lens on the
northeast side and the increase in the thickness of the freshwater lens on the original island
would also correspondingly increase the freshwater storage. The previous research studies
did not consider the reclaimed part in the numerical simulation calculation of the island,
which would underestimate the calculated thickness, volume and groundwater level of the
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freshwater lens, so the results of this study are more consistent with the semi-natural and
semi-man-made situation of the island.
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4.3. Effect of Impermeable Surfaces on the Freshwater Lens
4.3.1. Effect of Different Locations of Impermeable Surface

The land-use changes on the study island include a decrease in the area of woodland,
grassland and bare land and an increase in the area of buildings and roads [31]. The
development and utilization of the island started mainly on southwest side and the bare
land on the reclaimed northeast part of the island was gradually covered by buildings
during construction. The central part of the island is mostly woodland, which is more
difficult to develop than grassland and bare land and is not yet fully developed.

The change in the underlying surface of the island increases the surface impermeability
and destroys the relatively stable recharge and discharge state of the island groundwater
resources. Therefore, in order to explore the influence of the impermeable surface on the
freshwater lens in different positions of the island, three simulation scenarios were created,
setting the impermeable surfaces in the southwest, northeast and middle of the island
(Figure 8). In order not to be disturbed by other factors, the impermeable surface area
was ensured to be comparable for all three scenarios, occupying 36 grids, with an area of
0.19 km2. The results of the model, which reached the stable state again after reclamation,
were taken as the initial conditions of the three simulation scenarios for re-simulation.

Figure 8 shows the scope of the freshwater lens on the island for different scenarios
and it can be seen that the scope of the freshwater lens would extend to the edge of the
island with a long distance of 100 m. Re-running the model after setting the impermeable
surface, the model would reach stability again after approximately 15 years. As shown
in Figure 8b,c, freshwater lenses would almost not change in size with the impermeable
surface set on the southwest and northeast sides of the island, whereas the outline of fresh-
water lenses on the island covered by the impermeable surface would be concave inward.
The volume of the freshwater lens would reduce to 308.1 × 104 m3 and 306.2 × 104 m3,
respectively, on the southwest side of the island, a decrease of 4.82% and 5.41% compared
to the original.
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Figure 8. Scope of the freshwater lens in original condition (a); scope of the freshwater lens in three
simulation scenarios, setting impermeable surfaces in the southwest, northeast and middle of the
island (b–d).

Figure 8d shows that the scope of the freshwater lens would remain almost unchanged
after setting the impermeable surface in the middle of the island; therefore, row 21 of the
model was selected to observe the change in the profile of the freshwater lens (Figure 9).
Figure 9b,c manifest that setting impermeable surfaces on the southwest or northeast side
of the island would have almost no effect on the thickness of the freshwater lens and
the maximum thickness of the freshwater lens would even increase slightly. Figure 9d
shows that, after setting impermeable surfaces in the center of the island, the bottom
profile of the freshwater lens would bulge upwards in a trapezoidal shape, the maximum
thickness would reduce to 13.7 m and the volume of the freshwater lens would reduce to
314.5 × 104 m3, a decrease of 2.8% compared to the original.

To sum up, the same area of impermeable surface at different locations of the island
would have different effects on the freshwater lens. The volumes of freshwater lens under
the three scenarios are shown in Table 2; the reduction in volume, in order from the largest
to the smallest, is Scenario B (northeast side), Scenario A (southwest side) and Scenario C
(central). That is, urbanization on the margin of the island would make the seawater intru-
sion more serious, resulting in a greater reduction in freshwater resources underground.
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Figure 9. Sectional views of the freshwater lens: (a) original condition; (b–d) impermeable surfaces
set in the southwest, northeast and middle of the island, respectively.

Table 2. Volume of the freshwater lens and its reduction rate under different conditions compared to
the initial scenario.

Location of Impermeable
Surface

Volume of Freshwater Lens
(104 m3) Reduction Rate of Volume

Southwest 308.1 4.82%
Northeast 306.2 5.41%

Middle 314.5 2.8%

In this study, the impermeable surface was set as a water barrier and many cities
are currently using ecological permeable concrete to pave roads. In the model concep-
tualization of realistic issues, different hydraulic conductivities can be set according to
the permeability of different areas to simulate the evolution of freshwater lenses. Due
to the change in precipitation recharge capacity in different regions, the thickness of the
freshwater lens also changes accordingly. Therefore, in the development and utilization of
water resources in specific island areas, selecting the appropriate location of groundwater
extraction is a complex work, which needs targeted analyses.

4.3.2. Effect of Impermeable Surface Area

Once destroyed, freshwater lenses experience difficulty in recovering under natu-
ral conditions and the recovery time can be several years or even decades [32]. Thus,
groundwater extraction is not appropriate when the thickness or volume of the freshwater
lens is small. Precipitation infiltration recharge is the main factor affecting the volume
and thickness of freshwater lenses and the different areas of impervious surface affect the
infiltration capacity. From the previous study, it is clear that the existence of impermeable
surfaces in the middle of the island has the least effect on the freshwater lens; therefore, in
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this section, the different impermeable surface areas in the middle of the island is chosen
and their effect on the freshwater lens is analyzed.

Different impermeable surface areas were set in the model and the number of occupied
profile grids were 16, 36, 64, 100, 144 and 196, with areas of 0.084, 0.189, 0.336, 0.525, 0.756
and 1.029 km2, respectively, as shown in Figure 10a–f. Moreover, the model results in the
steady state after reclamation of the island were used as the initial condition input model.
It can be seen, from Figure 10, that the volume of the freshwater lens would gradually
decrease in thickness with the increase in the impermeable surface area.
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Figure 10. Freshwater lenses under different impermeable surface areas. (a–f) the impermeable
surface areas are 0.084, 0.189, 0.336, 0.525, 0.756 and 1.029 km2, respectively.

Figure 11 shows the changes in freshwater lens volume and volume reduction rate
for different impermeable surface areas. The reduction rate of the freshwater lens volume
would gradually accelerate with the increase in the impermeable surface area. With the
impermeable surface area exceeding 100 grids (more than 15% of the whole island area), the
volume of freshwater lens would show a linear negative correlation with the impermeable
surface area. With the impermeable surface area exceeding 200 grids (more than 30% of
the whole island area), the volume of the freshwater lens body would decrease to less than
50% of the original volume, which is only 155 × 104 m3.
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With the increase in the impermeable surface area, the damage to the freshwater lens
would become more and more severe. If the existing pumping scheme is not changed in
time, it will lead to seawater intrusion and even prevent the freshwater lens from returning
to its original state. With the increasing degree of development and construction on the
island, rainwater harvesting and artificial recharge can be taken into consideration for the
restoration of the freshwater lens.

5. Discussion

Compared with the mainland at the same latitude, island areas usually face problems
such as high precipitation, strong evaporation, little runoff and poor groundwater storage
conditions. Surface water resources are almost non-existent in most of the islands and
freshwater resources are generally stored underground in the form of freshwater lenses. The
island under examination can be classified as a “very small island” [33] and the assessment,
exploitation and management of water resources in these islands require specific analyses
of the characteristics of small islands, rather than directly adopting the general approach
used in large-size islands or archipelagos. The model we developed provides a reliable
tool for the investigation of other similar “very small islands” around the world relatively
to the behavior of freshwater lenses, especially under various urbanization construction
scenarios. While previous studies have mostly focused on the formation of freshwater
lenses under natural conditions, the effects of climate and groundwater extraction, etc., the
application of our model provides a new direction for the study of freshwater lenses, which
can be meaningful for managing small coral islands and understanding island groundwater
systems. For example, the importance of the selection of urbanization construction locations
and construction land areas is found to be evident from the comparison between model
simulations with and without impermeable surfaces. It is a supplement to previous research
on the evolution of freshwater lenses that did not take into account the increase in island
area and the presence of impermeable surfaces. Indeed, the volume and thickness of
freshwater lenses simulated by numerical models are usually much larger compared to the
actual measurement data, in that the change in underlying surface after the urbanization
and construction of the islands is not considered in the simulation.

The numerical model presented here is comparable to that of the freshwater lens
on Yongshu Island of the Nansha Islands by Chong Sheng et al. [34], in terms of hydro-
geological conditions, climatic conditions, formation mechanism of freshwater lens and
spatial scale. Unlike the “semi-natural and semi-artificial” island we studied, Yongshu
Island is a completely artificial island; the study focused on the formation of freshwater
lenses after the artificial island had been built. Moreover, their conclusion also confirms
our simulation results; the new freshwater lens would form under the reclaimed part of
the island. Cozzolino et al. [35] monitored and sampled groundwater in coastal dunes
in northern Italy, where the typical bush or sand cover was replaced by the pine forest
land cover, which intercepted precipitation and consequently led to a reduction in net
infiltration and freshwater storage. This discovery also verified the results of our study,
in that the presence of impermeable surfaces prevents the infiltration of precipitation and
disrupts the relatively stable recharge–discharge state of the island groundwater system.

Although the salinity of water supply on the island has not exceeded the standard
in recent years, the variation tendency observed from the model manifests the necessity
of appropriate adjustments to the exploitation of groundwater and the layout of future
urbanization of the island. The simulation results show that our model can help policy
makers to design the extraction and construction schemes with the least damage to the
freshwater lens. For the current trend of thinning or shrinking of the freshwater lens,
alternative freshwater sources such as rainwater harvesting and desalinated seawater
could be considered as a priority, or we could restore the freshwater lens through artificial
recharge. Although our model does not take into account environmental factors such as
tides and natural disasters, the model is useful in predicting long-term trends of the volume
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of the freshwater resource in small coral island areas; thus, it can be an important tool to
support local water managers in making decisions about freshwater resource development.

6. Conclusions

In this study, we establish a three-dimensional numerical groundwater model to study
the formation of the freshwater lens on a coral island. A reclaimed island was set up in the
model to assess the morphological characteristics and volume changes in the freshwater
lens. Different impermeable surface area scenarios were designed to assess the evolution
process and maximum volume of the freshwater lens under the influence of urbanization
construction. The main conclusions are explained below.

(1) The freshwater lens of the small coral island gradually forms with the continuous
infiltration of fresh water. This process can be divided into three stages. In the first stage, the
generation stage (approximately 4–5 years), the island continuously receives precipitation
infiltration recharge, which lays the foundation for the formation of a freshwater lens. The
second stage is the evolution stage (approximately 5–10 years); in this stage, the thickness
and volume of the freshwater lens grow continuously at a fast rate. The third stage is the
stabilization stage (approximately 10–40 years). The growth rate of the freshwater lens
slows down and reaches stability in about 45 years; the maximum thickness and volume of
freshwater lens are, respectively, 15.2 m and 145.4 × 104 m3; the freshwater lens is thick in
the middle and thin on the margin and the highest head is 0.252 m above sea level.

(2) The changes in the freshwater lens after reclamation of the island were predicted
by converting inactive grids into active grids. The results show that it would take about
25 years for the freshwater lens to reach a stable state again after reclamation, which is less
than the time under the natural condition. The freshwater lens would also appear in the
subsurface of the additional part of the island, with a thickness of 9.5 m. The thickness of
the freshwater lens in the subsurface of the main island part would also increase by 9%
to 16.6 m and the volume of the freshwater lens would increase to 1.22 times that of the
original island.

(3) Setting the same area of impervious surface in the southwest, northeast and middle
of the island, the model would reach a stable state after 15 years. In Scenarios A and
B, the scope of freshwater lenses would change and the contours of the part of lenses
covered by the impermeable surface would be concave inward, while, in Scenario c, the
central thickness of the freshwater lens would be significantly reduced. The reduction in
freshwater lens volume in the three scenarios, in the order from the largest to the smallest,
is Scenario B (northeast side), Scenario A (southwest side) and Scenario C (central part);
therefore, it can be inferred that urbanization on the margin of the island would cause more
serious damage to underground freshwater resources.

(4) Impermeable surfaces of six different areas were set in the model for analyzing
the variation law of volume of the freshwater lens. The results show that the volume of
freshwater lenses would gradually decrease with the increase in the impermeable surface
area and the rate of decrease would gradually accelerate; these two values would gradually
have a linear relationship with the increase in the impermeable surface area to 15.6% of the
island area. With the impermeable surface exceeding 30% of the island area, the volume of
the freshwater lens would decrease by more than 50%.

The above conclusions show that freshwater lenses are valuable freshwater resources
in island areas, are greatly stable under natural conditions and can be used for water supply.
In the urbanization process of small coral islands, the government should not only consider
economic benefits, but also focus on the protection of freshwater lenses, which requires
the reasonable selection of construction sites and construction area, as well as the use of
building materials with good permeability in the process of island construction, with the
intention of ensuring a certain green area to achieve an ecological city. On the issue of
underground freshwater resources development and utilization, it is necessary to choose
the appropriate pumping sites according to the characteristics of the island itself and adjust
the pumping plans in time according to the development of the island. Residents on the
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island should prioritize the use of rainwater and water transported by ships. Research on
an optimal groundwater pumping plan, the selection of optimal reclamation plans and
construction materials for the island construction is recommended for future directions.
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