
1. Introduction
There are approximately 425 atolls in the world (Falkland, 1992) and most of them belong to Small Island 
Developing States (SIDS) in the Indian and Pacific Oceans. About 65 million people live in these SIDS (UN-
OHRLLS, 2015). When precipitation recharge across an oceanic island is sufficient, a fresh groundwater 
lens (or freshwater lens) develops above the denser saline groundwater derived from the sea, which is a 

Abstract Fresh groundwater lenses in tropic oceanic islands are important freshwater resources for 
local inhabitants and ecosystems. These reef-carbonate islands typically have a dual-aquifer structure, 
with poorly consolidated Holocene sediments deposited unconformably on Pleistocene limestone reef 
deposits. Land reclamation has been carried out on the reef flats or shallow water areas in coral islands, 
a very common practice in the Indian Ocean and the South China Sea. However, there is a lack of 
comprehensive understanding of how the groundwater system will respond to land reclamation. In this 
study, the impact of land reclamation on the fresh groundwater lens in an island is investigated using 
multiple methods: sand-tank experiments, sharp-interface analytical solutions, and numerical modeling. 
This study demonstrates that land reclamation can increase the freshwater storage of the lens and shift 
the water divide toward the reclamation area. Furthermore, a lower permeability fill material especially 
with a greater scale or thickness leads to higher freshwater storage. However, the expansion of the lens 
will be truncated due to the high-permeability of the lower layer. These observations and findings from 
the laboratory experiments and two-dimensional numerical simulations are further ground-truthed by 
the three-dimensional modeling of Yongxing Island in the South China Sea. The findings of this study 
provide a comprehensive understanding of the impact of land reclamation on island groundwater system 
and the theoretical supports for Small Island Developing States to use the reclamation not only for urban 
development but also for extra aquifer to enhance the water resource sustainability under the climate 
change.

Plain Language Summary Groundwater on oceanic islands in the form of fresh groundwater 
lenses (FGL) that serve as an important freshwater resource for human consumption and ecosystem 
services. With intensifying sea-level rise and global warming, many oceanic islands are shrinking, which 
leads to the decreasing or even disappearance of the FGL. Land reclamation seems to be the best choice 
to provide not only valuable land for urban development, but also extra aquifer space for the storage of 
freshwater resources. In this research, we evaluated the impacts of land reclamation on FGL by using 
multiple methods: laboratory sand-tank experiments, analytical solutions, and numerical modeling. 
Our results show that land reclamation can increase the freshwater storage of the lens and reshape the 
groundwater system in oceanic islands. Furthermore, a lower permeability fill material especially with a 
greater scale or thickness leads to higher freshwater storage. However, the expansion of the lens will be 
truncated due to the high-permeability of the lower layer on tropical coral islands. Finally, these findings 
above are also further ground-truthed by the three-dimensional modeling of Yongxing Island. Overall, the 
findings of this work have important global implications for water resources management especially for 
the Small Island Developing States.
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common phenomenon observed worldwide (Werner et al., 2017). On inhabited islands, fresh groundwa-
ter lens is an important freshwater resource for human consumption and ecosystem services. However, 
the fresh groundwater lens is highly vulnerable to salinization due to natural recharge variations (Chui 
& Terry, 2012; Holding & Allen, 2015), inundations (e.g., tsunamis, storm surges, etc.) (Guimond & Mi-
chael, 2021), groundwater over-abstraction (Post et al., 2018), and other anthropogenic activities (Bailey & 
Jenson, 2014; Cozzolino et al., 2017).

According to a field survey undertaken in the South Cocos (Keeling) atolls in the Indian Ocean (Falk-
land, 1994), under a rainfall of 1,938 mm/y, the threshold width of an island to form a fresh groundwater 
lens is ∼270 m. Thus, the precipitation will rapidly discharge to the ocean and a fresh groundwater lens is 
not prone to be developed if the island width is less than this threshold width. With intensifying sea-level 
rise and global warming, many oceanic islands are shrinking, which leads to the shrinking or even disap-
pearance of the fresh groundwater lens (Gulley et al., 2016). To relieve the abovementioned crisis, land rec-
lamation has been carried out in many SIDS (Figure 1, see Supporting Information), such as the Maldive Is-
lands and some islands in the Pacific Ocean. For these islands, large cutter suction dredgers are usually used 
to cut and pump loose coral gravel excavated in the surrounding lagoon or other parts of the reef and fill or 
accumulate on the objective reef flat through a duct to form a foundation platform (Sheng et al., 2020). Land 
reclamation provides not only valuable land for urban development (e.g., Velana International Airport of 
Maldive) but also extra aquifer space for storage of freshwater resources, as firstly pointed out by Guo and 
Jiao (2007) and further discussed by other studies (e.g., Jiao & Post, 2019; Lu et al., 2019; Sheng et al., 2017; 
Yao et al., 2019).

Figure 1. (a) Map of the islands with land reclamation in the South China Sea and Northern Indian Ocean. The insets in (a) are images of Yongxing Island 
before and after land reclamation. (b) The hydrogeologic profile A-A'of Yongxing Island, which is a typical profile of the atoll island with land reclamation.
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The topographic changes of islands in the natural environment are slow, but land reclamation reshapes the 
topography of an island within a very short time. Due to the high value of island fresh groundwater lens as 
an accessible freshwater resource and its vulnerability to environmental variations, some studies have been 
carried out to delineate the fresh groundwater lens and evaluate its storage for inhabited oceanic islands. 
The impacts of geological heterogeneity (Schneider & Kruse, 2003), spatial variability of groundwater re-
charge (Gulley et al., 2016; Tang et al., 2021), storm surge (Chui & Terry, 2013; Gingerich et al., 2017), and 
sea-level rise (Storlazzi et al., 2018) on the geometry of the fresh groundwater lens have been investigated. 
Comparatively, much fewer studies have been carried out on the impact of land reclamation on the fresh 
groundwater lens in a real tropical coral island of multi-layered aquifer structure. Nevertheless, some previ-
ous studies show that there is a close relationship between the island geomorphology and the fresh ground-
water lens. Röper et al. (2013) studied the development of dunes and accompanying freshwater reservoirs 
below a former sand plate forming the eastern part of the Spiekeroog Island (northwest of Germany) over 
the last century through the georeferenced aerial photographs with the density-dependent groundwater 
flow simulation software SEAWAT, and found that the geometry of the fresh groundwater lens varies with 
the shape of the island. Besides, the reclamation areas also have the potential as extra aquifer space for 
the storage of freshwater resources. Yao et al. (2019) used a series of numerical models to quantify the po-
tential maximum storage and formation time of the fresh groundwater lens that can occur in a reclaimed 
generic island. The results pointed out that most of the total aquifer volume in the reclaimed islands would 
be replenished with fresh water under an annual recharge rate of 1,000 mm/y within 100 years. Sheng 
et al. (2020) evaluated the dynamic mechanisms and formation process of the fresh groundwater lens with 
a typical cross-section in an island with land reclamation in the South China Sea. However, most of those 
studies emphasized the processes of the fresh groundwater lens from the saltwater to freshwater in a new 
island entirely reclaimed from the sea. The objective of this study is to explore the impact of land reclama-
tion on the groundwater system in an existing oceanic island that has already formed a fresh groundwater 
lens, which is the typical situation in the islands experiencing land reclamation in the Indian oceans and 
South China Sea.

Previous studies have also used different methods to characterize the fresh groundwater lens in oceanic 
islands. The study by Fetter  (1972) provided a general analytical solution to determine the depth of the 
fresh-saline water interface for homogeneous oceanic islands. Afterward, Vacher  (1988) extended Fet-
ter's (1972) results by deriving analytical solutions for infinite strip islands composed of layers of different 
hydraulic conductivities (K) to describe the lens shape. In recent years, the hydrogeological research group 
at the University of Hong Kong has carried out a series of studies on the impact of land reclamation on 
groundwater flows systems. For example, Guo and Jiao  (2007) derived analytical solutions with steady-
state to demonstrate how the water level and fresh-saline water interface would change with land recla-
mation along the coast. Hu et al.  (2008) derived analytical solutions to study the transient groundwater 
flow induced by land reclamation. Hu and Jiao (2014) derived analytical solutions to study the response of 
the groundwater flow to the multiple stages of reclamation using different fill materials. Physical models 
remain important tools to gain information about fresh and saltwater interaction and the effects of ground-
water extraction by wells on the interface (Stoeckl & Houben,  2012). For example, Stoeckl et  al.  (2015) 
used a series of sand-tank experiments to study the formation of fresh groundwater lens in heterogeneous 
aquifers, together with the groundwater flow path and the spatial distribution of groundwater age. Using 
two-dimensional experiments, Werner et al. (2009) studied the up-coning effects of saltwater plumes and 
compared their experimental results with a sharp-interface analytical solution. Memari et al. (2020) used 
a novel radial flow experimental system (three-dimensional) to study the saltwater intrusion in a circular 
island aquifer. Recently, to explore the methods of increasing fresh groundwater storage of oceanic islands, 
Lu et al. (2019) presented a sand-tank laboratory experiment combined with analytical solutions to investi-
gate the impact of the less permeable slice along the shoreline of an oceanic island on the fresh groundwater 
lens. Besides, different types of finite element and finite difference modeling codes have also been used to 
solve a variety of complex field-scale problems. For example, SEAWAT, a finite difference model developed 
by the USGS which combines MODFLOW and MT3DMS to simulate variable-density groundwater flow 
and solute transport and has been also used widely for simulating seawater intrusion in coastal areas (Lan-
gevin, 2008). Werner et al. (2017) presented an excellent summary of various numerical methods that were 
used to study the fresh groundwater lens in oceanic islands.



Water Resources Research

SHENG ET AL.

10.1029/2021WR030238

4 of 19

Land reclamation usually takes place on the reef flats or other shallow 
water areas around the tropical islands in the Indian Ocean and the 
Western Pacific Ocean (see Supporting Information), but so far there 
have been very limited studies to address the impact of land reclama-
tion on the groundwater systems in these islands. Though a number of 
studies using analytical and physical methods have been conducted to 
explore some quantitative indicators in a homogeneous oceanic island 
or coastal aquifers (Lu et al., 2019; Yan et al., 2021; Zhang et al., 2021), 
these conceptual models are two dimensional with symmetric and may 
not be suitable for the tropical coral islands. For example, the thicknesses 
of the reclamation area on reef flat are usually small and occur only on 
one side of coral islands in practice, so the water divide will shift and 
not always be at the center of the model. Besides, the influences of the 
reclaimed materials and scales on the groundwater system in an island 
that has already achieved a steady-state have not been explored hed by 
previous studies. Furthermore, considering the special aquifer structure 
of the coral islands in the tropical oceans (e.g., dual-aquifer system, un- 
or poorly consolidated Holocene sediments deposited unconformably on 
Pleistocene limestone reef deposits) (Werner et al., 2017), the thickness 
or storage of the fresh groundwater lens may not follow a general solution 
derived from a single aquifer system.

The overall objective of this study is to explore the effects of the reclaimed 
materials and scales on an island that already has a steady fresh ground-
water lens. To achieve the objectives, multiple methods such as sharp-in-
terface analytical solutions, laboratory sand-tank experiments (phys-
ical simulations), and numerical simulations are used to provide solid 
observations and findings on the influences of land reclamation on the 
groundwater system in an existing oceanic island that has already formed 

a fresh groundwater lens. Moreover, a field-scale land reclamation case on Yongxing Island (South China 
Sea) has also been investigated to cross-validate the findings obtained from laboratory-scale observations. It 
is believed that the results obtained from this study can provide a better understanding of the evolution of 
fresh groundwater lens in an oceanic island after land reclamation.

2. Conceptual Model
Land reclamation on tropical coral islands is usually carried out on shallow reef flats within 5 m depth, and 
the fill materials are collected from the surrounding lagoon sediments or gravels from the excavation of 
adjacent ports. Therefore, the upper aquifer consists of two parts: (1) the original island and (2) the reclama-
tion area (Figure 1b). The conceptual model describing the cross-section of an idealized strip island with a 
constant recharge rate w [L/T] is shown in Figure 2. Before reclamation, the original width of the island is L1 
[L]. The aquifer has a uniform hydraulic conductivity, K1 [L/T] with a thickness of H0 [L]. The origin of the 
coordinates (x = 0, z = 0) is set at the bottom left coastline, while the z axis is oriented parallel to the gravity 
vector and along the left coastline of the cross-section, and x is the horizontal distance from the shoreline 
[L]. h1 [L] is the elevation of the water table above sea level, and z1 [L] is the distance from the mean sea level 
to the depth of the fresh-saline water interface. The density of seawater and freshwater are ρs [M/L3] and ρf 
[M/L3], respectively. xdr_1 [L] is the distance from the left shoreline to the water divide before reclamation. 
Here it is assumed that land reclamation occurs on the right-hand side of the island, and the coastline is 
extended to the sea by L2 [L] (which is noted as reclamation scale hereafter) using fill materials that have a 
hydraulic conductivity K2 [L/T]. The thickness of the fill materials under sea level is b0 [L] (which is noted 
as reclamation thickness hereafter). The porosity of the original aquifer and the fill material are assigned to 
be the 1E n  and 2E n  [-]. xdr_2 [L] is the distance from the left shoreline to the water divide after reclamation and 

drΔE x  [L] is the shift of the water divide after land reclamation. V1 [L3] and V2 [L3] are the freshwater storage 
of the lens before and after land reclamation at the steady state.

Figure 2. Conceptual models of fresh groundwater lens in an oceanic 
island before (a) and after (b) land reclamation. The origin (x = 0) of the 
coordinate system is located in the bottom left corner.
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3. Material and Methods
3.1. Analytical Solution

Considering the Dupuit assumption (Dupuit,  1863) and the Ghijben-Herzberg approximation (Ghij-
ben, 1888; Herzberg, 1901), Fetter (1972) presented the analytical solutions for the position of the fresh-sa-
line water interface and water table in the strip and circular uniform islands with steady state groundwater 
flow. Vacher (1988) and Dose et al. (2014) extended Fetter's (1972) solutions for fresh groundwater lens in 
islands of variable hydraulic conductivities. Before land reclamation (Figure 2a), the water table and depth 
of the fresh-saline water interface in the oceanic island for steady-state can be expressed as (Fetter, 1972):
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of the water divide is x Ldr _ /1 1 2 . However, the Ghijben-Herzberg principle implicitly assumes that the 
depth of the interface is zero at the coastline. This is likely the consequence of neglecting the freshwater 
outflow in the analytical solution, leading to underestimating the lens thickness near the sea boundary. So 
the interface depth zsf [L] near the coastline in a uniform aquifer can be expressed as below (Vacher, 1988):
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/ . However, the coastal area where 
the above equation is applicable is about 1%–5% of the total width of the island (Vacher, 1988).

The transient development of the thickness of a fresh groundwater lens can be expressed using the analyti-
cal model derived by Stuyfzand and Bruggeman (1994):
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where tE z  [L] is the depth to the fresh-saline water interface at time t [T], E z  is the depth to the fresh-saline 
water interface at time E  [T] (or steady state, which can be obtained from Equation 2). 1E n  is the effective 
porosity. 1E f  [-] is the correction factor to account for aquifer anisotropy. Here the aquifer is assumed to be 
homogeneous and isotropic, therefore 1 1E f . 2E f  [-] is a correction factor to improve the fit to the numerical 
model by Bakker (1981). Here 2 1E f , which is the same as the setting of the previous studies (Stoeckl & 
Houben, 2012).

Land reclamation usually takes place on the shallow water areas around a tropical island. The analytical 
solutions of the water level and the position of water divide in a strip island beyond the coastline area after 
land reclamation are given by Jiao and Post (2019):
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The water divide is expected to shift to the right of the island. Assume the new location is dr _ 2E x ,
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From Equation 7, the shift of the water divide to the right after land reclamation is:
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The freshwater storage at the steady state before (V1) and after (V2) land reclamation in this study can be 
deduced by integrating the freshwater thickness over the whole island [L3]:
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The increase in freshwater storage ΔE Vs after land reclamation can be easily obtained by subtracting Equa-
tion 12 from Equation 13,  2 1ΔE V V V .

3.2. Laboratory Experiments

The dimensions of the setup of the sand-tank laboratory experiments are 200 cm (length)E 50 cm (height)E
10 cm (width) (Figure 3). The experimental setup is divided into three zones by two porous plates: saltwa-
ter reservoirs on the left and right (to simulate ocean) and porous medium chamber (to simulate oceanic 

Figure 3. Schematic diagram of the sand tank setup used for the laboratory experiments to study the effect of land reclamation on an oceanic island that has 
already formed a fresh groundwater lens. (a) A homogeneous island before land reclamation, (b) a homogeneous island after land reclamation.
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island) between them. Medium filter sand (quartz sand with a uniform diameter of 0.425 mm) is used to 
fill in the porous medium chamber at the center to form the unconfined aquifer in the oceanic island. The 
sea level and concentration are maintained constant through outlet and inlet tubes, by which saltwater 
will be drained when the sea level is higher than the top of the outlet (40 cm above the tank bottom). Since 
freshwater continuously discharging into the sea could dilute the saltwater in the saltwater reservoirs, two 
inlet tubes are used to supply saltwater (35 g/L) continuously to maintain the constant concentration of the 
fluid in the saltwater reservoirs.

Sodium chloride (NaCl) solution with a concentration of 35 g/L was prepared to represent seawater (which 
is referred to as saltwater hereafter). Saltwater was injected to saturate the sand from the bottom to minimize 
the air being entrapped in pores. Two salimeters (SmartSensor AR8212, 0.0–50.0 g/L, resolution ratio: 0.1 g/L) 
were used to measure the concentration of saltwater reservoirs. Densities of freshwater ( fE ) and saltwater (sE ) 
were determined to be 1,000 and 1,025 kg/m3, respectively. Freshwater was recharged into the island's uncon-
fined aquifer through 6 individual freshwater drippers with a total rate of 0.1 cm/min driven by a multichan-
nel peristaltic pump (Longerpump® BT100-1L, China), equivalent to 50 mL/min as the total flux. For visuali-
zation, the dye tracer uranine (yellow) was added to the freshwater at a concentration of 0.3 g/L. It was verified 
by multiple sand-tank laboratory experiments that the dyes could migrate synchronously with the saltwater in 
the flow tank (Dose et al., 2014; Stoeckl & Houben, 2012; Stoeckl et al., 2015). The porosity was measured at 
0.45. The average hydraulic conductivity (K1) of the medium filter sand was determined to be 2.1 × 10−3 m/s 
using the Kozeny-Carman empirical equation (Carman, 1937; Odong, 2008) together with the Darcy column 
tests. Experimental results were recorded by a digital camera (Canon EOS 90D) with a time interval of 5 min. 
After the fresh groundwater lens is kept under the steady state for more than 1 h (the fresh-saline water in-
terface no longer changes), more medium filter sands are added to the top right of the island to simulate the 
land reclamation (20 cm (length)E 5 cm (depth)). Finally, the area of the island surface is increased from 0.05 
to 0.07 m2 (Figure 3b) and the recharge rate is kept to be the same as before and this rate is also applied to the 
reclamation area (the total flux of freshwater is increased from 50 to 70 mL/min). The temperature of the lab-
oratory was monitored and kept constant throughout the experiment (24°C) by the air conditioner.

3.3. Numerical Modeling

The numerical simulation used in this study was carried out using SEAWAT (Langevin, 2008), a finite dif-
ference model considering the variable-density groundwater flow and solute transport. Aquifer properties 
(such as hydraulic conductivity and porosity) and boundary conditions were based on the laboratory set-
tings, but the unsaturated zone was not considered. The upper boundary of the island was represented by 
a specified flux boundary with a recharge rate of 0.1 cm/min and NaCl concentration of 0 g/L. The bottom 
of the model was set as a no-flow boundary. The left-side and right-side saltwater boundaries were set to a 
constant head of 40 cm, and a constant concentration of 35 g/L.

The simulation area was a homogeneous and unconfined vertical cross section of 70 × 40 cm, which is dis-
cretized by uniform grid with quadratic elements with an edge length of 0.5  cm. Considering the cell siz-
es and potential lengths of flow paths, the longitudinal dispersivity (LE ) and transversal dispersivity  
(TE ) were set to be 0.5 and 0.05 cm respectively, which were based on the parameter values used in similar fresh 
groundwater lens models by Stoeckl and Houben (2012), Dose et al. (2014) and Stoeckl et al. (2015). The grid 
spacing and dispersivity satisfied the Peclet number criterion to ensure numerical stability (Voss & Souza, 1987):

   

Δ ΔPe 1 4

L L

v L L
D a v a (14)

where ΔE L is the grid spacing, D is molecular diffusion. An initial time step of 0.001 min was adopted for all 
simulations, with a time step multiplier of 1.2. The maximum allowed time step size was set to 0.02 min. 
The total simulation time for each model was 500 min. Before the fresh groundwater lens was formed in 
the oceanic island, the initial concentration and hydraulic head for the model was set as 35 g/L and 40 cm 
respectively. After the model reaches a steady state, the results of the model before land reclamation (con-
centration and hydraulic head distributions) were used as the initial condition for the simulation with land 
reclamation. In this model, the reclamation area has the same boundary (recharge rate and concentration) 
settings as the model before reclamation.
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4. Results
4.1. Formation of Fresh Groundwater Lens Before Reclamation

The fresh groundwater lens at different stages in physical, analytical, and numerical models was visualized 
in Figure 4, which shows that a relatively sharp saline water interface is developed. The analytical solutions 
and numerical simulation results match well with the laboratory experiments at different times during the 
formation of the fresh groundwater lens, especially consistent with the 50% isoline from numerical results. 
For example, based on the numerical simulation, the maximum thickness of the fresh groundwater lens 
was 6.1, 12.5, and 13.5 cm at 30, 90, and 120 min, respectively, which was comparable to analytical solutions 
(5.9, 12.0, and 13.0 cm) based on the equation derived by Stuyfzand and Bruggeman (1994). At the steady 
state, there is only a 2% difference in the maximum thickness of the fresh groundwater lens between the 
numerical simulation and laboratory experiments (14 vs. 14.3 cm). The final position of the water divide 
was obtained as dr _1E x  = 25 cm from all three models. Overall, the numerical model reproduces well the for-
mation process of fresh groundwater lens observed in the sand tank laboratory experiments.

Figure 4. Comparison of sand-tank experimental (left panels), analytical (the dotted and solid lines in the left panels), and numerical results (right panels); (a, 
b, c, and d) represent the geometric characteristics of the fresh groundwater lens at 30, 90, 120 and 300 min. For comparison, the simulated 50% isolines of the 
seawater are extracted from the numerical results.
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The analytical solution differs from the sand-tank experimental and numerical results primarily in the 
region near the sea boundary. The depth of the fresh-saline water interface at the x = 0 is 7 and 8 cm based 
on the numerical model and sand-tank laboratory experiments but equals to 0 based on analytical solution 
from Fetter (1972). This is mainly because the analytical solution does not consider the freshwater outflow 
zone, leading to underestimating the lens thickness near the sea boundary. Therefore, a simple analytical 
model has been developed in this area (Equation 3), and the depth of the fresh-saline water interface at 
the x = 0 is estimated to be 8.3 cm. For fresh groundwater storage V1 before land reclamation, all the three 
methods produced very similar results and the average value is about 1,117 cm3.

4.2. Formation of Fresh Groundwater Lens After Reclamation

Land reclamation was carried out at the top right corner of the model with a width ( 2E L ) of 20 cm and a 
depth (b0) of 5 cm below the mean sea level (Figure 5). The hydraulic properties of the fill materials are the 
same as the original aquifer. It takes about 250 min for the model to reach a new steady state with a maxi-
mum fresh groundwater lens thickness of 19.5 cm according to the numerical results, while the maximum 

Figure 5. Comparison of sand-tank experimental (left panels), analytical (the dotted and solid lines in the left panels), and numerical results (right panels) 
after land reclamation; (a, b, c, and d) represent the geometric characteristics the fresh groundwater lens at 0 min (immediately after reclamation), 20, 80 and 
200 min. For comparison, the simulated 50% isolines of the seawater are extracted from the numerical results.
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thickness of the fresh groundwater lens is 20 cm based on the physical 
and analytical results. The shifts of the water divide to the right ( drΔE x ) 
after land reclamation estimated from the three methods are all 10 cm. 
The depth of the fresh-saline water interface at x = 0 is 9.5 and 10 cm 
based on the numerical model and sand-tank experiments, and 11.7 cm 
from Equation 3. The average fresh groundwater storage after reclama-
tion (V2) is 2,069 cm3. Although the land reclamation scale ( 2E L 20 cm) 
only accounts for 40% of the width of the original island ( 1E L 50  cm), 
the time for the groundwater system to reach a new steady state is more 
than 80% of the time needed to form the fresh groundwater lens after the 
island was created, and this phenomenon indicates that the response of 
the groundwater system to the land reclamation is slow. The observation 
in this study is coincidental with the findings in the previous studies (Hu 
& Jiao, 2014; Jiao et al., 2001; Jiao & Post, 2019). In general, all three ap-
proaches produced very similar results, highlighting the reliability of the 
benchmark models.

5. Discussion
To remove the scale effect, the influences of fill materials and scale of 
the reclamation area were explored through the dimensionless param-
eterization based on the results before land reclamation. These dimen-
sionless parameters are distinguished using a star symbol (*), which are 
defined: L L L

 2 2 1/ , b b b
 2 2 0/ , K K K

 2 2 1/ , n n n
 2 2 1/ , h h H

 2 2 / , 
z z Z
 2 2 / , dr dr drx x x

  / _1, h h h
  / 1, z z z

  / 1 and ΔE V   =  V V/ 1 
(here: L1 = 50 cm, b0 = 5 cm, K1 = 12 cm/min, H = 0.4 cm, Z = 14 cm, 

dr _1E x  = 25 cm, and V1 = 1,117 cm3,which are obtained from the results 
before land reclamation). Here the anisotropy is defined as the ratio of 
the horizontal to vertical hydraulic conductivity (Kx/Kv). Given that the 
numerical method has been verified by laboratory sand-tank experiments 
and analytical solutions, the numerical method is reliable and will be used 
to explore the influence of many factors on the fresh groundwater lens 
after land reclamation. On the other hand, tropical coral islands, usually 

composed of two aquifers formed by poorly consolidated Holocene sediments deposited unconformably on 
karstified Pleistocene limestone reef deposits (Werner et al., 2017), differ from other small uniform islands. 
For example, Holocene sediments usually have much lower K values than the karstified Pleistocene depos-
its, and the difference in K typically can be one to two orders of magnitude (Bailey et al., 2012). Therefore, 
a high K (120 cm/min) layer is given to the bottom aquifer (between the elevation of 0–25 cm) to compare 
the response of fresh groundwater lens in such specific hydrogeological structure or uniform island to the 
same land reclamation.

5.1. Influences of Fill Materials on Fresh Groundwater Lens After Reclamation

Previous studies indicated that the hydraulic properties of coral sand or fill materials exhibit highly spatial 
heterogeneity (Sheng et al., 2020; Werner et al., 2017). For example, Bailey et al. (2010) found that the sedi-
ments of the leeward oriented islands are much finer than the windward oriented islands in the Federated 
State of Micronesia, due to protection from wind and waves. However, when the fill materials are pumped 
out through a duct, the particles will be deposited in different zones under the influence of their own gravi-
ty. Therefore, 10 numerical simulations were designed to further explore the effects of fill materials on fresh 
groundwater lens (Base case to Case 9 in Table 1). The horizontal hydraulic conductivity, anisotropy (Kx/
Kv), and porosity here were included to explore the effects of different fill materials on the distribution and 
growth of the fresh groundwater lens while the other parameters are kept the same as the base case.

Figure 6 illustrates the effects of fill materials with different hydraulic properties on the water table, fresh-sa-
line water interface, and fresh groundwater storage. Compared with other hydraulic parameters, hydraulic 

Parameters K2 [cm/min] Anisotropy [-] n2 [-] L2 [cm] b2 [cm]

Base case 12 1 0.45 20 5

Case 1 6 1 0.45 20 5

Case 2 18 1 0.45 20 5

Case 3 24 1 0.45 20 5

Case 4 12 3 0.45 20 5

Case 5 12 6 0.45 20 5

Case 6 12 9 0.45 20 5

Case 7 12 1 0.15 20 5

Case 8 12 1 0.25 20 5

Case 9 12 1 0.35 20 5

Case 10 12 1 0.45 5 5

Case 11 12 1 0.45 7.5 5

Case 12 12 1 0.45 10 5

Case 13 12 1 0.45 12.5 5

Case 14 12 1 0.45 15 5

Case 15 12 1 0.45 17.5 5

Case 16 12 1 0.45 20 1

Case 17 12 1 0.45 20 2.5

Case 18 12 1 0.45 20 7.5

Case 19 12 1 0.45 20 10

Case 20 12 1 0.45 20 12.5

Case 21 12 1 0.45 20 15

Table 1 
Scenario Settings With Different Fill Materials and Reclamation Scales in 
the Numerical Simulation



Water Resources Research

SHENG ET AL.

10.1029/2021WR030238

11 of 19

conductivity has the greatest influence on the fresh groundwater lens. Specifically, with the decrease of the 
hydraulic conductivity of the fill materials, the thickness and storage of the fresh groundwater lens gradu-
ally increase compared to the base case. For example, when the hydraulic conductivity of the fill materials 
was the same as the original aquifer (  2 1E K ), the fresh groundwater lens was symmetric at the steady state. 
The shift ratio of the water divide 

drΔE x  is 0.4. The increased ratios of the water table and the depth of the 
fresh-saline water interface at the water divide are 0.37 and 0.39 respectively compared to the results before 
reclamation. However, when the hydraulic conductivity of the fill materials decreased by 50% relative to 
the original aquifer (  2 0.5E K ), the shift ratio of the water divide 

drΔE x  is 0.5 and the increased ratios of the 

Figure 6. The change of the geometry of the fresh groundwater lens with different fill materials in the uniform (a–d) or dual-aquifer (e–h) system: (a and e) 
water table, (c and g) fresh-saline water interface, and variation of dimensionless water divide (b and f) and freshwater storage (d and h) with fill materials of 
different hydraulic conductivities, anisotropy, and porosity (note: the reclamation area is located in the top right corner).
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water table and the depth of the fresh-saline water interface at the water 
divide are 0.45 and 0.46 respectively.

In general, the fresh groundwater lens is no longer as a symmetrical 
“lens” when the hydraulic conductivity is different from the original aq-
uifer. However, the fresh groundwater lens was not sensitive to the aniso-
tropy or vertical hydraulic conductivity, because the aquifer is dominat-
ed by the horizontal flow. Besides, a constant boundary is assumed here 
and the effects of the tidal fluctuation are overlooked which influence 
the vertical flow and the release or compression of water (Underwood 
et al., 1992). The observed phenomenon is in accordance with the finding 
in the previous study by Yao et al. (2019). It is obvious that a refraction 
occurs at the unconformity interface and a higher K will truncate the 
lens and cause the lens to become thinner (Figure 6g) compared to the 
case of a single-layer system. However, it has a relatively limited effect on 
the water table: the water table at the center area of the island will drop 
slightly (Figure 6e), but the position of the water divide will not change 
much (Figure 6f).

Fresh groundwater lens is stored in the pores of the aquifer. Therefore, 
the porosity will affect the maximum storage of the fresh groundwater 
lens and the flow rate under the same hydraulic gradient. A large porosity 

leads to more water in storage, but this also means that more salt water will be initially stored in the fill ma-
terials, and thus more freshwater recharge is needed to flush out the salt water in the pores (Yao et al., 2019). 
However, the geometry of the fresh groundwater lens and the position of the water divide in this study seem 
not sensitive to the porosity of the fill materials (Figure 6), even the formation time of the fresh groundwater 
lens to reach the steady state remains consistent after reclamation (Figure 7). This finding is very different 
from Yao et al. (2019). This is probably because the proportion of the volume of the fill materials to total 
aquifer volume is very small (only 3.57%) and the fill materials mainly occupy the upper right of the model. 
Therefore, the effect of porosity on the fresh groundwater lens is limited.

Figure 8 shows the impact of fill materials on the groundwater flow system and the seaward groundwater 
discharge in the island after reclamation. In comparison to the original island, the seaward groundwater dis-
charge will be reduced because the land reclamation increases the subsurface flow path length, causing an 
increase in the water level in the aquifer. When the fill material is less permeable than the original aquifer, 
the fill materials will force some of the fresh groundwater to flow to the sea via the original aquifer below 
the reclamation site (i.e., Figure 8a, see also Movie S2, Supporting Information), which is basically the same 
as the experimental results of the fringing reef case studied by Houben et al. (2018). However, if the fill 
material is much more permeable than the original aquifer, the seaward groundwater discharge will occur 
mainly through the reclamation site directly (i.e., Figure 8b, see also Movie S3, Supporting Information).

5.2. Influences of Reclamation Scales on Fresh Groundwater Lens

The effects of reclamation scales ( 2E L ) on fresh groundwater lens are shown in Figure 9 for the considered 
scenarios (Cases 10–15). Assume that the parameters of the fill materials are the same as Case 1 in Table 1. 
The water table, thickness, and freshwater storage of the fresh groundwater lens are all increased with the 
reclamation scale both in the single and dual aquifer systems. Especially in the single aquifer, the shift ratio 
of the water divide 

drΔE x  and the increased ratio of the freshwater storage ΔE V  present a linear relationship 
with the reclamation scale (Figures 9a and 9b). For example, when the reclamation scale (L*) is 0.3 in the 
single-layer aquifer, the shift ratio of the water divide 

drΔE x  is 0.38. The increased ratio of the water table ΔE h  
and the depth of the fresh-saline water interface ΔE z  is 0.35 and 0.36 at the water divide. However, when the 
reclamation scale (L*) is 0.4 in the single-layer aquifer, the shift ratio of the water divide 

drΔE x  is 0.5 and the 
increased ratio of the water table ΔE h  and the thickness of the saline interface ΔE z  is 0.45 and 0.43.

In the dual-aquifer system in most tropical coral islands, when the fresh groundwater lens is thin and not be-
yond the unconformity interface, the lens development is similar to that in the single-layer or homogeneous 

Figure 7. Formation process of the fresh groundwater lens under different 
fill materials. The freshwater percentage is the ratio of the freshwater 
volume to the total volume of the water in the numerical model.
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island (Figures  9a and  9c). However, with the increase of reclamation scale, the thickness of the fresh 
groundwater lens continues to increase, and the fresh groundwater lens will eventually penetrate into the 
more permeable base layer. Therefore, the lens will be truncated by the unconformity interface (Supporting 
Information, Movie S1). The water table at the center area of the island will drop slightly but the position 
of the water divide does not change much compared to the single-aquifer system. For example, when the 
reclamation scale (L*) changes from 0.3 to 0.4, the increased ratio of the water table ΔE h  changes from 0.31 
to 0.36, but the increase ratio of the depth of the fresh-saline water interface ΔE z  remains to be 0.29. There-
fore, it seems that there is a critical reclamation scale beyond which the thickness of the fresh groundwater 
lens in the tropical coral island with such a dual-aquifer system will not increase anymore. However, the 
freshwater storage will always continue to increase with the reclamation scale.

5.3. Influences of Reclamation Thicknesses on Fresh Groundwater Lens

The effects of reclamation thicknesses on fresh groundwater lens are shown in Figure 10 for various scenar-
ios (Cases 16–21). The parameters of the fill materials are the same as the Case 1 in Table 1. As the reclama-
tion thickness ( 0E b ) increases from 1 to 15 cm ( 

2E b  from 0.2 to 3), both water table and depth of the fresh-sa-
line water interface of fresh groundwater lens increase. However, the increase of the lens becomes slower 
or even constant when the thickness of reclamation increases to a certain value (Figures 10d and 10h). For 
example, when the reclamation thickness increased to 12.5 cm or 15 cm ( 

2E b  is 2.5 or 3), the shift of the 
water divide and changes of the freshwater storage are almost negligible in all cases (Figures 10b, 10d, 10f, 
and 10h). Lu et al. (2019) studied the performance of low-permeability and fully penetrating barriers along 
the shoreline of islands in terms of the increase in the fresh groundwater storage. However, this section in-
dicates that partially penetrating barriers of sufficient depth may have the same effect to increase the fresh 
groundwater storage to the fully penetrating barriers.

Figure 8. The impact on groundwater flow system and the seaward groundwater discharge in island after land 
reclamation. (a) K2 of the fill material is 3 cm/min; (b) K2 of the fill material is 24 cm/min.
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5.4. Case Study in Yongxing Island, South China Sea

To further support the observations and findings from the laboratory and theoretical discussion above, nu-
merical simulation was conducted in Yongxing Island, which is a typical coral island with land reclamation 
in the Xisha Islands, South China Sea (Figure 1). The measured thickness of the fresh groundwater lens is 
about 14–15 m before reclamation (Zhou et al., 2010). The average annual rainfall is about 1,509 mm and the 
contact between the Holocene and underlying Pleistocene sediments occurs at 22 m below ground surface 
(shown as Figure 1b above). Other details on meteorology and hydrogeology of this field site are discussed 
in previous studies (Sheng et al., 2017; Zhou et al., 2009). The area of the original Yongxing Island was 

Figure 9. The change of the geometry of the fresh groundwater lens with different reclamation scales in the uniform (a–d) or dual-aquifer (e–h) system: (a 
and e) water table, (c and g) fresh-saline water interface, and variation of dimensionless water divide (b and f) and freshwater storage (d and h) with different 
reclamation scales (note: the reclamation area is located in the top right corner).
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2.13 km2 and increased to 3.2 km2 after land reclamation on the north of the island (Figures 11a and 11c). At 
present, the third phase of the land reclamation project is in progress. The model parameters of the original 
island and fill materials are based on a previous study (Sheng et al., 2017), which is summarized in Table 2.

The field-scale numerical model was run for about 40 years to obtain a steady state condition of the ground-
water system in the Yongxing Island before land reclamation. The maximum water table and the thickness 
below sea level are 0.41 and 14 m respectively at the steady state (Figures 11a and 12a), and the water divide 
is located roughly at the center of the island. Afterward, the land reclamation was carried out at the north 
of the island (Figure 11c). Figure 11d presents the water table distributions after land reclamation. It is 
obvious that land reclamation not only increases the water table but also moves the water divide toward the 

Figure 10. The change of the geometry of the fresh groundwater lens with different reclamation thicknesses in the uniform (a–d) or dual-aquifer (e–h) system: 
(a and e) water table, (c and g) fresh-saline water interface, and variation of dimensionless water divide (b and f) and freshwater storage (d and h) with different 
reclamation scales (note: the reclamation area is located in the top right corner).
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reclamation area (northeast of the island), which is consistent with the results obtained in the laboratory 
investigations. For example, in the direction of the movement of the water divide, the original width of the 
island L1 is 1,238 m, and the reclamation scale L2 is 248 m, therefore  2 0.2E L . If dr _1E x  here is the half of 
the total original width ( dr _1E x  = 619 m), and the shift of the water divide (ΔE xdr) in this direction is 187 m, so 
the 

drΔE x  is 0.3. Comparing to the result in Figure 9b, where the L2* is 0.2, the 
drΔE x  is 0.29. This shows that 

the 2D model in the earlier discussion may produce reasonable results for Yongxing Island if this island is 
dimensionally reduced to a 2D problem.

The numerical model is run to simulate the formation of the freshwater lens in the island and the results 
show that it takes 25 years for the aquifer to approach a new steady state, or the formation process of the 
fresh groundwater lens in the island lasts 25 years after land reclamation (Figures 12b–12f). Before land 
reclamation, the maximum depth (14 m) of the fresh groundwater lens does not reach the interface be-
tween the Holocene sediments and the karstified Pleistocene deposits. Therefore, the aquifer before land 

Figure 11. The change of the area and simulated water table of Yongxing Island before (a), (b) and after(c), (b) the land reclamation.

Parameters D [m] n [-] b [m]
KH 

[m/d]
KP 

[m/d]
KR 

[m/d]
LE  
[m]

TE  
[m]

vE  
[m] Sy [-] Ss [-]

w 
[mm/y]

Value 22 0.45 6 75 500 5 5 0.5 0.05 0.14 10–5 679

Note. The subscripts of H, P and R of the parameters refer to the Holocene, Pleistocene and reclamation layers, 
respectively, which are shown in Figure 1b, D and b are the thickness of the Holocene layer and the reclamation area 
under the ground surface respectively; Sy is specific yield; Ss is specific storage; the meanings of the other symbols are 
the same as described above.

Table 2 
Main Model Parameters in the Three-Dimensional Field-Scale Numerical Simulation
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reclamation can be regarded as a single layer system with uniform hydraulic properties. After land recla-
mation, the maximum thickness of the fresh groundwater lens below sea level increases to 17.5 m, and the 
fresh groundwater storage increases from 1.57 E  107 m3 to 3.28 E  107 m3. The field-scale study is a three-di-
mensional problem, therefore L L2 1/  should be replaced by its analogue of S2/S1. S2 is the area of the land 
reclamation and estimated to be 1.07 km2; S1 is the original area before reclamation and measured to be 
2.13 km2. Although the area of the island only increased by 50% (S2/S1 = 0.5), the increase of the freshwater 
storage ΔE V  is nearly the same as the total freshwater storage before reclamation (V V/ .1 1 1 ). This is sim-
ilar to the result obtained from the laboratory scale investigations. When the L L2 1 0 5/ . , the V V/ .1 1 2  
(obtained from the linear interpolation from Figure 9d).

The unconformity interface plays an important role to truncate the thickness of the transition zone (Fig-
ure 12f). It is expected that with the increase of reclamation area, the thickness of the fresh groundwater 
lens in Yongxing Island will continue to expand, but the depth of the lens will be constrained by the uncon-
formity interface between the Holocene sediments and the karstified Pleistocene deposits. The results in 
this study indicate that the land reclamation not only provides valuable space for urban development, but 
also increases the potential storage of the fresh groundwater.

6. Conclusions
Land reclamation is common practice in many oceanic islands in the South China Sea and the Indian 
Ocean and represents a main human interference that considerably alters the natural groundwater flow 
system. However, so far there have been very limited studies to address the impact of land reclamation on 
groundwater systems in an oceanic island that has already formed a fresh groundwater lens. In this study, 
the analytical solutions, laboratory sand-tank experiments, and numerical models were combined to com-
prehensively investigate the variation of fresh groundwater storage, water table, and water divide in oceanic 
islands after land reclamation.

Figure 12. Formation process of the fresh groundwater lens in the Yongxing Island after the land reclamation. (a) is the steady state of the fresh groundwater 
lens before reclamation; (b), (c), (d), (e) and (f) are the state of the fresh groundwater lens in 1, 5, 10, 15 and 25 years after land reclamation.
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Land reclamation will increase the water table and the freshwater storage of the groundwater lens and move 
the water divide toward the reclamation area, but the response is in decades. The fill materials with lower 
horizontal hydraulic conductivity will lead to a higher water table and more fresh groundwater storage 
since low-permeability filling material along the shoreline retards the discharge of groundwater to the sea. 
However, the porosity and anisotropy of the fill materials are found to have limited influence. The fresh 
groundwater storage and water table of the fresh groundwater lens both increase with the reclamation scale. 
But the influence of the thickness of the fill materials on the fresh groundwater lens is less significant and 
even negligible when the thickness exceeds a certain value. For most tropical dual-aquifer islands, when 
the thickness of the fresh groundwater lens exceeds the depth of the unconformity interface between the 
Holocene sediments and the karstified Pleistocene deposits, the fresh groundwater lens will be truncated, 
and the lens will be thinner than the case of the single-aquifer islands. The approaches outlined in this 
study provide a methodology for the investigation of the impact of the land reclamation in such oceanic 
islands. Besides, the findings in this study are also instructive for SIDS to use the land reclamation not only 
for urban development but also for additional freshwater to enhance the water resource sustainability under 
the climate change and sea-level rise.

Data Availability Statement
The supporting data are available online (http://www.hydroshare.org/resource/1da76dc19f9c4b39adb98 
ccec04e657b).
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