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Abstract: The research of saltwater upconing is crucial for the development and utilization of island
freshwater resources. In this paper, a laboratory physical experiment device was developed, and
the saltwater upconing and recovery of island freshwater lenses were investigated using rainfall
simulations and single-well and multi-well pumping tests with various pumping intensities. The
results of the experiment revealed that: (1) The thickness of the freshwater lens increased continuously
and linearly during the early stages of rainfall. As the rainfall continued, the upward trend slowed
and eventually leveled off. (2) Under the same pumping duration, when the pumping intensity was
less than the critical pumping intensity, the increasing height rate of the saltwater upconing increased
linearly at a small gradient, and when the pumping intensity was greater than the critical value,
the rising height rate of the saltwater upconing increased linearly at a large gradient. (3) Under the
same pumping intensity conditions, the pumping duration of the multi-well was longer than that
of the single-well pumping, and the pumping volume of the multi-well was also greater than that
of the single-well pumping. The experiment results can provide support for the development and
utilization of island freshwater lens.

Keywords: groundwater protection; saltwater/freshwater relations; freshwater lens; physical experi-
ment; saltwater upconing; China

1. Introduction

Freshwater lens, also named as the Ghyben—-Herzberg lens, was discovered by Ghy-
ben [1] and Herzberg [2] in the freshwater supply study of the coastal areas of Europe
in 1889 and 1901, respectively. Freshwater lens refers to a lens-like freshwater body that
floats on seawater because of the density difference between freshwater and saltwater,
which is generally formed on coral islands far away from the mainland [3-7]. Freshwater
lens is an extremely precious freshwater resource on islands [8-10]. Its development and
utilization can greatly alleviate the difficulty of water supply on islands and has great
economic, military, and social values [11].

To develop and utilize the groundwater resources of freshwater lens scientifically
and rationally, in-depth research on the freshwater lens has been conducted by scholars
at home and abroad. Duncan [12] conducted the first statistical study on the formation of
freshwater in different islands, and the economic benefit of freshwater in Pacific islands
and reefs was comprehensively evaluated. At the moment, freshwater lens research is
primarily concerned with the formation and development of freshwater lenses. Lee [13]
investigated the impact of different controls on the scale of the freshwater lens and the
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thickness of the mixing zone using a series of TOUGH 2 hydrology models. Schneider
and Kruse [14] used SEAWAT tools to simulate the effect of rainfall spatial-temporal
distribution, human activities, and coastal erosion on the thickness of the freshwater lens
in two islands of Florida, the United States. The simulation results showed that coastal
erosion and rainfall had the most important impact on the thickness of the freshwater
lens. Muhammad [15] used MODFLOW and MT3D tools to simulate the movement of the
saltwater—freshwater interface in Punjab Island, Pakistan, and the best mining scheme for
the freshwater lens in Punjab Island was suggested. Zhou [16] used a mathematical model
based on mass conservation and Darcy’s Law to simulate the evolution mechanism of a
freshwater lens and measure the interface between freshwater and seawater. The position
of saltwater upconing under the condition of homogeneous aquifer and steady flow was
determined by Bower [17] using an analytical method and numerical analysis method.
The analytical formula for the saltwater upconing at the interface between saltwater and
freshwater was established by Dagan and Zeitoun [18] under the condition of considering
the random distribution of hydraulic conductivity. The development and flow dynamics of
freshwater lenses were investigated by Stoeckl and Houben [19] by physical experiments
on a laboratory scale, and the results showed that a horizontal well caused less upconing
of the interface and got a higher sustainable yield than a vertical well. The qualitative
and quantitative analyses of the temporal changes in the two-dimensional patterns of the
freshwater lens in strip islands were performed by Bedekar [20] in a laboratory sand tank,
which are impacted by wet and dry recharge cycles.

The above-mentioned freshwater lens studies primarily employed numerical simula-
tion and mathematical model methods; however, there are only a few studies on freshwater
lenses that employ laboratory physical experiments. Furthermore, there are few valid
studies on the effects of single-well and multi-well pumping on saltwater upconing and
freshwater lens recovery in laboratory physical experiment research.

This paper describes the saltwater upconing and recovery of island freshwater lenses.
A laboratory physical experiment system was developed, and single-well pumping and
multi-well pumping tests on saltwater upconing and freshwater lens recovery were carried
out in the laboratory. The objective of this paper is to serve as a resource for the development
and utilization of island freshwater lenses, which have important practical applications.

2. Study Area

The coral island considered in this study, located to the southeast of Hainan Island,
is the largest in the Xisha Archipelago, South China Sea with a total area of 2.1 km?. The
coral island is surrounded by a sand barrier, which can be divided into reef flat, beach,
sand barrier, sand sheet, and depression from the reef edge to the island center. The coral
island has a tropical marine monsoon climate with an annual average temperature of
25~28 °C and annual average precipitation of 1505 mm. The precipitation is unevenly
distributed temporally. In total, 86% of the annual precipitation is spread out between
June to November, and the events of stormwater are frequent. However, the soil has high
porosity and permeability. Only a thin freshwater lens can form above the saltwater, and
the freshwater resources on the island are extremely scarce and fragile.

3. Materials and Methods
3.1. Experimental Design

The coral island is shaped like an ellipse and covers an area of 2.0 km?. For simulation,
a two-dimensional physical model was proposed. Taking into account the size of the
laboratory physical experiment, a rectangular sand tank with an area of 2.0 m?, a length of
2.0 m, and a width of 1.0 m was used. The ratio of the length and width of the sand tank
to that of the prototype was about 1:1000. A laboratory physical experiment device was
designed, as shown in Figure 1. the experiment device was made of plexiglass on each side
measuring 3.0 m x 1.0 m x 1.5 m (length x width x height).
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Figure 1. Schematic diagram of laboratory physical experiment device. (a) Three-dimensional
structure diagram of the experiment device; (b) front-view diagram of the experiment device.

The laboratory experiment device was divided into four systems: a media system, a
water supply system, a drainage system, and a measurement system.

The media system mainly consisted of a sand tank and two regulating water tanks.
The sand tank was used to hold the sand medium that simulates the aquifer of the coral
island, and the two regulating water tanks on both sides were used to store seawater.
There was a porous baffle between the sand tank and the regulating water tank. The hole
diameter of the porous baffle was 3 mm, and seawater could enter the sand tank through
the small holes.

The water supply system consisted of 18 plastic pipes, on which small holes were
evenly drilled, and the ends of the plastic pipes were connected to the water supply source.
The water flowing from the small holes of the plastic pipes can be evenly sprayed onto the
sand medium to simulate the natural rainfall, and a water meter was installed at the water
supply pipe to record the rainfall volume.

The drainage system was composed of pumping wells and overflow holes. Three
pumping wells, No.1, No.2, and No.3, were set in the sand tank. The pumping wells were
all made of plastic pipe, each of which was 1.0 m high, 0.02 m in diameter, and 0.15 m
away from the bottom of the sand tank. The screen was set within a length range of 0.05
m below the top of the pumping well, and the outlet hole of the pumping well was set at
the bottom of the sidewall of the sand tank and equipped with a valve. The arrangement
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of pumping wells is shown in Figure 2. The regulating water tanks on both sides were
covered by two baffle plates, which were placed at 0.3 m from the top of the regulating
water tank, and two overflow holes were arranged above the baffle plate to prevent rain
from entering the seawater, and other overflow holes were arranged under the baffles to
maintain the seawater level constant.
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Figure 2. Arrangement diagram of pumping wells in sand tank from the top view.

The measurement system consisted of a flow and a water level measurement sys-
tem. The flow measurement system was composed of the water sampling holes and a
conductivity meter. The water level measurement system was composed of a water level
scale attached to the sidewall of the sand tank. A total of 260 water sampling holes with
diameters of 0.01 m were evenly arranged in 13 rows with 20 holes in each row in the
sidewall of the sand tank, the hard plastic pipes of 25 cm in length were inserted into the
water sampling holes, and 20 cm was inserted into the sand tank, while 5 cm was left
outside to connect with the latex pipe. The water seal clamp was set at the end of the
latex pipe, so as to monitor the electrical conductivity (hereinafter referred to as EC) of
the water sample by the conductivity meter. The dynamic state of the freshwater lens
was continuously monitored at any time by measuring the EC of the water sample and
observing the water level in the water level scale.

Our team members completed the fieldwork on the coral island and collected some
coral sand, after which the porosity, specific yield, hydraulic conductivity, and the dis-
persion coefficient of the coral sand collected were measured in the laboratory. Since the
hydraulic conductivity of coral sand was so high (706.61 m/d), capturing the development
and evolution of freshwater lenses in a small-scale laboratory experiment was difficult. In
this paper, medium sand was chosen as the aquifer medium to study the formation and
evolution of freshwater lenses. Table 1 shows the hydraulic properties of medium sand
and coral sand. The sand medium had an average particle size of 0.36 mm, a dry density of
1.63 g/cm3, a porosity of 0.40, a longitudinal dispersion coefficient of 0.16 cm? /s, and a
hydraulic conductivity of 21.70 m/d.

Table 1. The hydraulic property parameters of coral sand and medium sand.

. R Dispersion Hydraulic
Sand Type Porosity Specific Yield Coefficient Conductivity (m/d)
Coral sand 0.53 0.29 0.23 706.61
Medium sand 0.40 0.21 0.16 21.70

There is a sand layer within 22 m below the ground surface on the coral island, and
limestone beneath the sand layer, according to borehole data. The thickness of the sand
media placed in the sand tank was 1.3 m, taking into account the size of the physical
experiment device and the ease of observing and monitoring the formation and evolution
of freshwater lenses. Seawater with a chloride ion concentration of 18 g/L was injected
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into the regulating water tanks on both sides, and the water level of the regulating water
tanks on both sides was maintained at 1.2 m.

3.2. Methods

Three scenarios of laboratory physical experiments were carried out: (1) a continuous
rainfall process simulation, (2) a multi-intensity single-well pumping test simulation, and
(3) a multi-well pumping test simulation. After the completion of each pumping test,
rainfall recharge was carried out to restore the state of the freshwater lens before the
pumping, and then the next group of pumping tests were carried out, and so on. The
physical experiment’s basic procedure steps can be found in Appendix A.

Because of its approximate linear relationship with the chloride concentration and
easiness to be quickly measured, the EC of the water sample was taken as the parameter
to determine the interface between the saltwater and freshwater. In this experiment, the
seawater with the chloride ion concentration of 18 g/L was injected into the regulating
water tank. After the sand was saturated with seawater, the EC measured from the water
sampling hole was 31.8 mS/cm. The chloride ion concentration contour of 600 mg/L
was defined as the dividing interface between the freshwater and saltwater, that is, the
geometric bottom boundary of the freshwater lens, and the measured EC of the water
sample with the chloride ion concentration of 600 mg/L was 6.24 mS/cm. The EC of the
transition zone was between 6.24 and 31.8 mS/cm. The distance between the lowest point
of the bottom of freshwater lens and the seawater level was defined as the thickness of the
freshwater lens in the experiment.

Since the experiment was completed outdoors, to avoid the influence of temperature
change on the EC of the water sample, the ratio of the measured EC of the water sample
to that of the seawater was used to delineate the shape of the freshwater lens in this
experiment, where the ratio of 0.2 represented the bottom boundary of the freshwater lens,
and the ratio of 1.0 represented the seawater.

4. Results and Discussion
4.1. Influence of Rainfall on the Thickness of the Freshwater Lens

During the experiment, the rainfall tests were conducted once every 24 h for 8 min.
Through the 10 sets of rainfall test, the rainfall intensity increased progressively. The
relationship between the times of rainfall and the thickness of the freshwater lens is shown
in Figure 3.
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Figure 3. Relationship between times of rainfall and thickness of the freshwater lens.

In the initial stage of the test, the thickness of the freshwater lens was relatively thin.
The thickness of the freshwater lens was only 7.6 cm after the first rainfall, accounting
for 26.21% of the stable thickness of the freshwater lens after the 10 sets of rainfall. With
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Vertical height [em]

the rainfall tests ongoing, the thickness of the freshwater lens continued to increase. Af-
ter reaching a certain thickness, the increasing speed tended to slow down, and finally
stabilized. The stable thickness of the freshwater lens was at 28.3 cm.

4.2. Influence of Different Pumping Intensity on the Recovery of the Freshwater Lens

After the freshwater lens was stabilized, the No.1 pumping well was used to simulate
the exploitation of groundwater. Two group tests were conducted. The pumping intensity,
pumping duration, and total pumping volume of each group were different. The test
data of the two groups is shown in Table 2. During the pumping process, when the EC of
the water from the pumping well was greater than that of the water with a chloride ion
concentration of 600 mg/L, it was considered that the freshwater lens had been broken,
and the pumping test was stopped immediately. The EC distribution is shown in Figure 4.

Table 2. Data of the single-well pumping test.

Test Number Pumping Intensity Pumping Duration Pumping Volume
(L/s) (s) (L)
1 0.015 600 9.0
2 0.035 300 10.5
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Figure 4. EC distribution diagram with different pumping intensity. (a) Pumping intensity is 0.015 L/s; (b) pumping
intensity is 0.035 L/s.

Vertical height [em]

The pumping test of the previous group was stopped and recovered naturally for
16 h. Then, the EC of the water samples obtained from each water sampling hole was
measured, and the natural recovery of the lens was observed. The EC distribution is shown
in Figure 5. The thickness of the freshwater lens under different pumping intensities is
shown in Table 3. Then, the sand tank was recharged by rainfall to recover to the initial state
before the freshwater lens was pumped, and the next group of pumping tests followed.
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Figure 5. EC distribution diagram after natural recovery with different pumping intensity. (a) Pumping intensity is 0.015

L/s; (b) pumping intensity is 0.035 L/s.
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Table 3. Thickness of freshwater lens under different pumping intensity.
Pumpine Intensit Thickness of Thickness of Freshwater
Test Number umping Intensity Freshwater Lens Lens after Natural
(L/s)
(cm) Recovery (cm)
1 0.015 14.7 19.5
2 0.035 14.5 18.0

Saltwater level ¥ Loz

Saltwater

The test results show that when the freshwater lens was broken, compared with the
results of test No.1, the pumping volume in test No.2 was 17% higher, but the pumping
duration in test No.2 was 50% lower, and the thickness of the freshwater lens after natural
recovery in test No.2 was 7.69% thinner. It can be seen from the above data that the smaller
the pumping intensity of the freshwater lens, the longer the sustainable pumping duration,
and the better the natural recovery degree.

4.3. Influence of Pumping Intensity on the Rising Height Rate of Saltwater Upconing

Aquifer systems that contain freshwater and saltwater are usually stratified; the
saltwater with the higher density is located under the freshwater. A groundwater well
discharging from the freshwater lens can cause the saltwater to move upwards towards
the well. This phenomenon is known as saltwater upconing [21,22]. For the exploitation of
freshwater lenses in specific areas, people are mostly concerned about how much pumping
intensity should be used for pumping within a certain pumping duration to obtain the
largest pumping volume without causing saltwater upconing to invade or impact the
pumping wells [23]. Therefore, the determination of the critical pumping intensity and the
critical rising height rate A (hereinafter referred to as RHR) of the saltwater upconing play
an extremely important role in the development and utilization of the freshwater lens. The
schematic diagram of the saltwater upconing is shown in Figure 6.

R T ] e
RN

= Groundwater level

et
=Y

Freshwater
Saltwater

Rising height

\ Bottom of freshwater lens
Saltwater upconing

Figure 6. Schematic diagram of the saltwater upconing.

The ratio of the rising height of saltwater upconing to the distance between the
pumping well and the initial bottom of the freshwater lens is defined as the RHR of the
saltwater upconing, which is expressed mathematically as:

h

AH-1 @

where A is the RHR of the saltwater upconing, / is the rising height of the saltwater
upconing, H is the distance between the seawater level and the initial bottom of the
freshwater lens, and L is the distance between the groundwater level and the bottom of the
pumping well. When A = 1, this means the freshwater lens was broken.
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The No.1 pumping well was used for pumping, and a total of seven sets of pumping
tests were carried out. Each pumping duration was 300 s, and the pumping intensity was
gradually increased. After the completion of each group of tests, rainfall recharge was
carried out to restore the initial state of the freshwater lens before the next pumping test
was carried out. After each set of tests was completed, the corresponding RHR of the
saltwater upconing was calculated, and the correlation between the RHR of the saltwater
upconing and the pumping intensity was analyzed. The correlation between the RHR of
the saltwater upconing and the pumping intensity is shown in Figure 7.

. 000

0. 005 0.010 0.015 0. 020 0. 025 0. 030 0.035
Pumping intensity [L/s]

Figure 7. The correlation between the RHR of the saltwater upconing and the pumping intensity.

With a critical pumping intensity of 0.025 L/s, the critical pumping volume was 7.5 L,
which accounted for 71.4% of the maximum pumping volume, and the critical RHR of the
corresponding saltwater upconing was 0.35. When the pumping intensity was less than the
critical pumping intensity, the RHR of the saltwater upconing increased linearly at a small
gradient, and when the pumping intensity was greater than the critical pumping intensity,
the rising height ratio of the saltwater upconing increased linearly at a great gradient.

4.4. Influence of Single-Well and Multi-Well Pumping on Freshwater Lens

To analyze the influence of single-well and multi-well pumping on the freshwater
lens, schemes of single-well pumping and multi-well pumping with the same pumping
intensity were designed.

When the single-well scheme was used for pumping, the No.1 pumping well was
used to pump freshwater with an intensity of 0.015 L/s. When the pumping duration
reached 600 s, the seawater entered into the well, and the freshwater lens was broken. The
maximum pumping volume at that time was 9.0 L, and the EC is shown in Figure 8.

When the multi-well scheme was used for pumping, the No.2 and No.3 pumping wells
were used to pump freshwater at the same rate of 0.0075 L/s. When the pumping duration
reached 600 s, the measurement showed that the seawater did not enter the pumping well
at that time, which means that the freshwater lens was not broken and the pumping well
still had supply capacity. The EC distribution is shown in Figure 9a. When the pumping
duration reached 740 s, the seawater entered the pumping well and the freshwater lens
was broken. At this time, the maximum pumping volume was 11.1 L, and the EC is shown
in Figure 9b.
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Figure 8. EC distribution with single-well pumping.
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Figure 9. EC distribution with multi-well pumping at different time. (a) EC distribution at 600 s; (b) EC distribution at 740 s.

The data of the maximum pumping volume under different pumping methods are
shown in Table 4. The test showed that under the same pumping intensity, the pumping
duration of the multi-well scheme was longer than that of single-well scheme, and the
pumping volume was 23.3% larger than that of single-well scheme, leading to a smaller
drawdown in some areas. Single-well pumping was more likely to cause the upward
movement of the saltwater upconing, and the freshwater lens was more likely to be broken.
For the exploitation of the freshwater lens in the specified area, the multi-well pumping
mode is more sustainable in exploitation of the freshwater lens.

Table 4. The maximum pumping volume under different pumping methods.

Pumping Methods Pumplr(lf /gltensuy Pumplnf(;s])Duratlon Pumping Volume (L)
Single-well pumping 0.015 600 9.0
Multi-well pumping 0.015 740 11.1

5. Conclusions

According to the experiments and analysis in this paper, the following conclusions
were drawn:
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(1) For the single-well pumping of freshwater lens, the lower the pumping intensity,
the longer the pumping duration, and the better the recovery of the freshwater lens
after pumping;

(2) Under the same pumping duration, when the pumping intensity was less than the
critical pumping intensity, the RHR of the saltwater upconing increased linearly
at a small gradient, and when the pumping intensity was greater than the critical
pumping intensity, the rising height rate of the saltwater upconing increased linearly
at a great gradient;

(3) Under the same pumping intensity, comparing the two pumping sets, the multi-well
set had a longer pumping duration with a large volume of water pumped as compared
with the single-well set, and the drawdown caused by the multi-well pumping set
was smaller in some areas.

As the main, or even the only, freshwater resource in the island, the research on
the formation and evolution of the freshwater lens is of great theoretical significance.
The saltwater upconing and recovery of island freshwater lenses were studied in the
laboratory physical experiment, and the research results can provide a reference for island
freshwater exploitation.
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Appendix A

The laboratory physical experiment device (as shown in Figure A1) is divided into four
systems: a media system, a water supply system, a drainage system, and a measurement
system. The composition of each system is described in Section 3.1. The steps of the
physical experiment are as follows:

(1) Filling the sand medium: The medium sand is put in layers in the sand tank and
compacted layer by layer, ensuring that the porosity of the filled sand sample matches
that measured in the laboratory. The sand medium has a filling height of 1.3 m.

(2) Filling the seawater: On both sides, seawater with a chloride concentration of 18 g/L
is poured into regulating water tanks. The seawater then flows into the sand tank
through the hole in the porous baffle. The sand medium in the sand tank has been
saturated by seawater when the water level of the regulating water tanks on both sides
is stable at about 1.2 m. The electrical conductivity of a seawater sample collected
from a sampling hole in the sand tank’s sidewall is measured. In addition, the
electrical conductivity of a water sample with a chloride concentration of 600 mg/L
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is determined, and this value is used as the boundary value between the freshwater
and seawater.

Rainfall test: When the water supply source switch is switched on, water enters
18 plastic pipes, flows out of the small holes in the plastic pipes, and enters the sand
tank, simulating the natural rainfall process. The rainfall experiments consistof 10 sets,
and they are repeated every 24 h for 8 min. The thickness of the freshwater lens is
measured after each rainfall by measuring the electrical conductivity of the water
sample flowing from the sampling hole and observing the height of the water head in
a piezometer.

Pumping test: The process steps of a single-well pumping test and a multi-well
pumping test are identical in this paper. Using the single-well pumping test as an
example, the pumping intensity is regulated by turning on the pumping well’s switch.
The electrical conductivity of the water sample flowing from the pumping well is
measured during the pumping test to determine if the freshwater lens is destroyed by
the saltwater upconing. When the electrical conductivity of water sample from the
pumping well matches that of water sample with the chloride ion concentration of
600 mg/L, it indicates that the freshwater lens has been destroyed by the saltwater
upconing. The pumping is turned off at this point, and the electrical conductivity
of the water sample from the sampling hole and the waterhead of the piezometer
is measured to determine the shape of the freshwater lens and the rising height
of the saltwater upconing. Simultaneously, the pumping volume and duration are
registered. The freshwater lens should be recharged by rainfall before the next round
of pumping tests.
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Figure A1. Photo of laboratory physical experiment devices: (a) rainfall device, (b) pumping well,
(c) outlet hole of pumping well, (d) water sampling holes, (e) piezometer tube, and (f) sand tank.
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