
Technical Note/

Impact of Coastal Land Reclamation on
Ground Water Level and the Sea Water Interface
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Abstract
Land reclamation in coastal areas may have a significant effect on local ground water systems. Steady-state

analytic solutions based on Dupuit and Ghyben-Herzberg assumptions are derived to evaluate this effect. Two sit-
uations are considered, both with ground water flow resulting from precipitation recharge: the coastal aquifer of
an extensive landmass and an island. The results show that after reclamation, the water table rises and the salt
water-fresh water interface moves seaward. The degree of these changes depends on the extent of reclamation and
the hydraulic conductivity of the fill material. For the island situation, the reclamation displaces the ground water
divide and changes the ground water conditions in the entire island. An unintended advantage of the reclamation
is an increase of fresh ground water resource because the reclaimed land can be an additional aquifer and rain
recharge takes place over a larger area.

Introduction
Coastal areas are often the ultimate discharge zones

of regional ground water flow systems. There is always
an interaction between coastal ground water and sea water
(Fetter 1972; Jiao and Tang 1999), but such an interaction
may be modified by land reclamation. This issue is not
widely addressed in the literature. Jiao et al. (2001) briefly
reviewed the limited studies about water level changes in
coastal unconfined aquifers in response to land reclamation
and presented some analytic solutions. However, their sol-
utions ignored the interface between sea water and fresh
ground water.

Hydrologists have investigated the salt water inter-
face for many decades. With the assumption that a sharp
interface exists between the fresh water and the saline
water, many classical analytical studies have been con-
ducted (Bear and Dagan 1964; Glover 1964; Henry 1964;

Fetter 1972; Strack 1976). However, there has not been an
analytical study yet about the alteration of the salt water
interface in response to land reclamation. This study pres-
ents analytical solutions to study the long-term impact of
land reclamation on both the water level and the salt
water interface in a coastal extensive landmass and an
island with unconfined ground water conditions. It is
assumed that all the ground water flow originates as pre-
cipitation recharge and that the ground water flow before
reclamation is in a steady state and achieves another
steady state after reclamation. The flow is assumed to
satisfy the Ghyben-Herzberg relationship and the Dupuit
assumption.

Impact of Reclamation on Ground Water
Level and Salt Water Interface
in an Extensive Landmass

A coastal unconfined ground water system receiving
uniform vertical recharge w is represented in Figure 1a.
The hydraulic conductivity of the aquifer is K1. A salt
water interface separating the fresh water and the salt
water occurs near the coast. The distances from the water
divide to the coastline and the tip of the salt water tongue
are denoted as L1 and xt, respectively. The head in the
fresh water, h, is measured in relation to the horizontal
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impermeable bottom of the aquifer, which is H0 below
sea level. After reclamation (Figure 1b), the coastline
moves seaward by a distance of L2, and the hydraulic
conductivity of the fill materials is K2 (the boundary
between K1 and K2 is approximated as vertical). This
study focuses mainly on large-scale land reclamation, and
it is assumed that the tip of the salt water tongue after
reclamation is located in the reclaimed land when
steady-state flow conditions are reached. The distance
from the water divide to the tip after reclamation is
assumed to be xtr.

Solution for Ground Water Level
and Salt Water Interface

According to the Ghyben-Herzberg principle (Bear
et al. 1999), the salt water interface is like a fixed imper-
meable boundary and the position of the boundary is at
a distance below sea level equal to:

z ¼ qfðh 2 H0Þ
qs 2 qf

ð1Þ

where qf and qs are the densities of fresh ground water
and sea water. Thus, in the Dupuit equation, the depth of
flow, b, is as follows:

b ¼ h; 0 � x � xt ð2Þ

b ¼ z 1 h 2 H0 ¼
qsðh 2 H0Þ
qs 2 qf

; xt � x � L1 ð3Þ

Noting that z ¼ H0 at the unknown x ¼ xt leads to:

h ¼ qs
qf

H0; x ¼ xt ð4Þ

Ground water flow in the unconfined aquifer before
reclamation (Figure 1a) is assumed to satisfy the Dupuit
assumption and can be described as:

d

dx
ðK1b

dh

dx
Þ 1 w ¼ 0 ð5Þ

where b is as defined by Equations 2 and 3. Integrating
Equation 5 in the interval xt � x � L1 subject to the
boundary conditions:

h ¼ H0 and 2 K1b
dh

dx
¼ wL1ðoutflow ¼ total rechargeÞ

at x ¼ L1

leads to:

h ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
wðqs 2 qfÞ

K1qs
ðL21 2 x2Þ

s
1 H0; xt � x � L1 ð6Þ

The expression for the location of the tip of the
salt water tongue can be obtained by setting h equal to
qsH0/qf (see Equation 4) in Equation 6 and then solving
for x, which yields:

xt ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L21 2

K1ðq2s 2 qsqfÞ
wq2f

H2
0

s
ð7Þ
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Figure 1. Sketch of an unconfined aquifer system and the salt water interface in a coastal extensive landmass (a) before
reclamation and (b) after reclamation.
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Integrating Equation 5 in the interval 0 � x � xt
subject to the boundary conditions:

2 K1b
dh

dx
¼ 0 at x ¼ 0; and

h ¼ qs
qf

H0 at x ¼ xt ðsee Equation 4Þ

leads to:

h ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
w

K1

ðL21 2 x2Þ 1 qs
qf

H2
0

r
; 0 � x � xt ð8Þ

After reclamation (Figure 1b), Equations 6 and 8
remain valid for x � L1 but with K2 in place of K1 and L
(¼ L1 1 L2) in place of L1. The solutions are as follows:

h ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
w

K2

h
ðL11L2Þ2 2 x2

i
1

qs
qf

H2
0 ;

r
L1 � x � xtr ð9Þ

h ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
wðqs 2 qfÞ

K2qs

h
ðL11L2Þ2 2 x2

is
1 H0;

xtr � x � L1 1 L2 ð10Þ

Equation 9 defines h at x ¼ L1. Integrating Equation
5 in the interval 0 � x � L1 subject to the boundary
conditions:

2 K1b
dh

dx
¼ 0 at x ¼ 0 and

h as defined by Equation 9 at x ¼ L1

leads to:

h ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
w

�
1

K1

ðL21 2 x2Þ 1 1

K2

ð2L1 1 L2ÞL2
�
1

qs
qf

H2
0

s
;

0 � x � L1 ð11Þ

The location of the tip of the salt water tongue can
be obtained by setting h equal to qsH0/qf (see Equation 4)
in either Equation 9 or 10 and then solving for x,
which yields:

xtr ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðL11L2Þ2 2

K2ðq2s 2 qsqfÞ
wq2f

H2
0

s
ð12Þ

Discussion of the Analytical Solutions Using a
Hypothetical Example

Assume that K1 is 0.1 m/d and L1 is 1000 m. The
densities of sea water and fresh water are 1.025 g/cm3

and 1.000 g/cm3, respectively. The infiltration rate is
0.0005 m/d and H0 ¼ 20 m. The aquifer configuration
and parameters are based on a typical reclamation site
in Hong Kong (Jiao et al. 2001).

The land reclamation will increase the water level
and change the fresh water and sea water interface. The
highest water level increase is at the original coastline.
With L2 ¼ 500 m, the increase is 20.74 m for K2 ¼ 0.5 m/d
and 1.74 m for K2 ¼ 10 m/d. Using the solutions of Jiao

et al. (2001), the corresponding increases if the salt water
tongue is not considered are 20.62 and 1.51 m. Thus, the
incorporation of the salt water interface does not make a
significant difference to the effect of the reclamation on
the water table in the hypothetical cases; the water level
increase is much more sensitive to K2.

The length of the salt water tongue before reclama-
tion (L12xt) is calculated as 1.03 m using Equation 7. A
comparison of displacement of the tip of the tongue,
which is defined as xtr2xt, as a function of K2 and L2
shows that the displacement decreases with K2 and
increases with L2 (Figure 2). Usually, the displacement is
less than L2 when K2 > K1. The displacement is slightly
greater than L2 when K2 ¼ K1 because of the increased
flow due to increased recharge. One can also see that the
postreclamation salt water tongue can be significantly
longer than the initial one in some cases. The length of
the salt water tongue increases in this example almost lin-
early with K2 (although the relation between the length of
the salt water tongue and K2 is not linear, as can be seen
from Equations 7 and 12). The graph in Figure 2 is valid
only when the displacements of the tip of the salt water
tongue are greater than (L12xt), i.e., when the post-
reclamation tip is located in the reclaimed land.

The reclamation therefore increases both recharge
and fresh water storage. The fresh water storage increases
doubly as K2 is decreased because the water level rises
and the salt water tongue becomes shorter.

Impact of Land Reclamation on Ground Water
Level and Salt Water Interface in an Island

In an island, the water divide will be moved when
reclamation is significant compared to the size of the
original ground water catchment, as often occurs in Hong
Kong (Jiao 2000). In this case, the reclamation on one
side changes the ground water flow in the whole island,
including the water level and position of the salt water
interface on the other side.

Solution for Ground Water Level and
Salt Water Interface

Figure 3a shows schematically an unconfined ground
water system in a long oceanic island supported by a con-
stant infiltration. Here, the origin is located at the left

Figure 2. Displacement of the tip of the salt water tongue
with hydraulic conductivity of the reclamation materials for
different reclamation lengths when K1 5 0.1 m/d, L1 51000
m, qs 5 1.025 g/cm3, qf 5 1.000 g/cm3, w 5 0.0005 m/d, and
H0 5 20 m.
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shoreline, L1 is the original width of the island, and w
is the uniform vertical recharge rate per unit area. The
distances from the left coastline to the tips of salt water
tongues are represented as xt1 and xt2, respectively.
Because of the symmetry, the ground water divide is in
the middle of the island and L12xt2 ¼ xt1.

Equation 6 remains valid in the portion between the
tip of the salt water tongue and the corresponding coast-
line. Equation 8 remains valid in the portion between the
water divide and the tip of the salt water tongue. In the
coordinate system of the island setting, however, L1 in
Equations 6 and 8 should be replaced by L1/2 and x by
x 2 L1/2. The solutions are as follows:

h ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
wðqs 2 qfÞ

K1qs
ðL1x 2 x2Þ

s
1 H0;

0 � x � xt1 or xt2 � x � L1 ð13Þ

h ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
w

K1

ðL1x 2 x2Þ 1 qs
qf

H2
0

r
; xt1 � x � xt2 ð14Þ

The locations of the tips of salt water tongues
can be readily obtained by setting h equal to qsH0/qf in
either Equation 13 or 14 and then solving for xt1 and xt2.

Figure 3b shows the ground water flow system after
reclamation. The reclamation length and the hydraulic
conductivity of the reclamation material are represented
as L2 and K2, respectively. The current distances from the
coastline on the unreclaimed side to the tips of salt water
tongues are represented as xtr1 and xtr2, and the ground
water divide after reclamation is assumed to be at x ¼ xd.

After reclamation, Equation 8 remains valid in the
portion between the tip of the salt water tongue on the
unreclaimed side and the water divide but with xd in place
of L1 and x 2 xd in place of x in the coordinate system of
the island setting (Figure 3b). Similarly, Equation 11 is
also valid in the portion between the water divide and the
original coastline on the reclaimed side but with L1 2 xd
in place of L1 and x 2 xd in place of x. The revised Equa-
tions 8 and 11 can be combined to determine the position
of the new ground water divide where the two equations
give the same head. The solution is:

xd ¼
K1L

2 1 ðK2 2 K1ÞL21
2ðL1K2 1 L2K1Þ

ð15Þ

Once the position of the new divide is known, the
head distribution across the entire island can be readily
determined by appropriate substitutions of symbols in
Equations 6, 8, and 11. The final solutions of the head
distribution are as follows:

h ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
wðqs 2 qfÞ

K1qs
ðbx 2 x2Þ

s
1 H0; 0 � x � xtr1 ð16Þ

h ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
w

K1

ðbx 2 x2Þ 1 qs
qf

H2
0

r
; xtr1 � x � L1 ð17Þ

h ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
w

K2

ðbx 2 x2 1 2c=wÞ 1 qs
qf

H2
0

r
L1 � x � xtr2 ð18Þ
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Figure 3. A schematic sketch of the ground water flow system in an oceanic island receiving uniform vertical recharge (a)
before reclamation and (b) after reclamation.
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h ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
wðqs 2 qfÞ

K2qs
ðbx 2 x2 1 2c=wÞ

s
1 H0;

xtr2 � x � L ð19Þ

where b ¼
�
K1L

2 1 ðK2 2 K1ÞL21
�
=ðL1K2 1 L2K1Þ and

c ¼ wL1L2LðK2 2 K1Þ=ð2L1K2 1 2L2K1Þ.
After reclamation, the locations of the tips of salt

water tongues can be obtained by setting h equal to
qsH0/qf in Equations 17 and 18 and then solving for xtr1
and xtr2. The displacement of the water divide, �d, can be
calculated as:

�d ¼ xd 2
L1
2

¼ K1L2ðL1 1 L2Þ
2ðL1K2 1 L2K1Þ

ð20Þ

Equation 20 shows that the water divide will move
toward the new coastline after reclamation, indicating that
ground water discharge to the sea on the nonreclamation
side will be increased by an amount of w�d per unit
width of flow.

Discussion of the Analytical Solutions Using a
Hypothetical Example

Assume that L1 is 2000 m. The values for K1, infiltra-
tion rate, H0, and densities of sea water and fresh water
are the same as the previous example.

Calculations show that the displacement of the tip of
the salt water tongue near the coastline on the reclama-
tion side is similar to the results in Figure 2. After recla-
mation, the salt water interface on the reclamation side is
pushed toward the postreclamation coastline. The salt
water interface on the unreclaimed side will similarly be
pushed seaward. This is because the water divide moves
toward the reclaimed side, increasing the recharge to the
aquifer and the ground water discharge to the sea on both
sides of the island.

The water table increases throughout the island as
a result of the reclamation, as shown in Figure 4, for dif-
ferent K2. Using Equation 20, the percentage increase in
the discharge to the sea on the unreclaimed side (100 3

2w�d/wL1 ¼ 200�d/L1) is plotted with the ratio of the
reclamation length (L2) to island width (L1) (Figure 5).
One can see that the percentage increase is more signifi-
cant as the ratio of the reclamation length to island width
increases and K2 decreases.

As in the previous example, the fresh water storage
increases doubly as K2 is decreased due to the rising
water level and the outward movement of the salt water
tongue on both sides of the island.

Summary and Conclusions
Analytical equations describing ground water level

and salt water interface in an extensive landmass and an
island have been developed. Generally, land reclamation
increases water level in the original aquifer and moves
the salt water interface toward the sea. After reclamation,
both recharge and the size of aquifer are increased, in-
creasing the water resource, an important issue in coastal
areas. In the island situation, the water divide moves
toward the reclamation and ground water discharge to the
sea on both sides of the island increases. Therefore, the
impact of reclamation on ground water level and salt
water interface in the coastal area opposite to the recla-
mation site should be included in the design. In all the
cases, changes of the water level and the sea water-fresh
water interface are mainly controlled by the extent of rec-
lamation and the hydraulic conductivity of the reclama-
tion material. The effects of the reclamation decrease as
the hydraulic conductivity of the reclamation material in-
creases. The incorporation of the saline tongue in the
analysis does not have a significant impact on the water
level distribution across the aquifer but is important in
understanding the movement of the salt water interface in
response to land reclamation and in calculating the fresh
water volume.

In the analytical study here, it is assumed that the
Dupuit assumption and the Ghyben-Herzberg relationship
are valid. The use of these assumptions appears to give
results that are sufficiently accurate for many purposes
(Henry 1964). However, one of the major shortcomings of
the Ghyben-Herzberg relationship is that there is no seep-
age face at the coastline. The conceptual model presented
here also does not include the heterogeneity of the aquifer
system, complicated topography at the coast, and the tran-
sient process immediately after the reclamation. Finally,
it should be noted that aquifers near the coastline are
usually shallow and have seepage zones. When the re-
clamation increases the water table to be near the ground

Figure 4. Water tables in the island with the distance from
the coastline on the unreclaimed side for different hydraulic
conductivity of the reclamation materials when K1 5 0.1 m/d,
L1 5 2000 m, L2 5 500 m, qs 5 1.025 g/cm3, qf 5 1.000 g/cm3,
w5 0.0005 m/d, and H0 5 20 m.

Figure 5. Percentage increase in the fresh water discharge
to the unreclaimed side of the island vs. the ratio of the
reclamation length to island width for different hydraulic
conductivity of the reclamation materials when K1 5 0.1 m/d,
L1 5 2000 m, qs 5 1.025 g/cm3, qf 5 1.000 g/cm3, w 5 0.0005
m/d, and H0 5 20 m.
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surface, some of the ground water may discharge to the
ground surface through the seepage zone. Consequently,
the water level buildup calculated from the simple equa-
tions in this study may be overestimated.
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