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ABSTRACT

This work assesses the effectiveness of different methods of saltwater intrusion management in a
coastal aquifer. The study area is Hersonissos, near Heraklion, Crete, Greece, where saltwater intru-
sion is a significant threat for the sustainability of the local groundwater resources. The saltwater intru-
sion phenomenon was simulated using the MODFLOW program coupled with the SWI2 package, to
calculate the hydraulic heads in the area and to estimate the position of the seawater intrusion front.
Various saltwater intrusion management methods were examined such as the artificial recharge of the
aquifer with reclaimed wastewater, the optimization of the pumping rates of the supply wells and the
extraction of saltwater at locations where the problem is more acute, indicated by the thickness of
the intrusion zone. The above management options are evaluated individually and in combination, to
assess their relative and joint effect in managing the saltwater intrusion problem in the area.
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1. Introduction

Coastal aquifers are important freshwater resources
especially in arid or semi-arid regions, where population,
economic activity and tourism often concentrate. Crete is
the largest island in Greece, with significant influence on
the economy that has seen a significant increase in urban
and touristic activities, over the past 30 years. As a result,
the majority of the population has become concentrated in
coastal areas and in many cases the infrastructure required to
support this type of economic development is not adequate.
Hersonissos, which is the coastal aquifer of interest in this
work, is located in the central-northern coast of the island,
near Heraklion. Most of the activities and infrastructure in
the area, related to tourism, agriculture and industry, are
located near the coast and are very water intensive. The main
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source of water in the region is the coastal aquifer, which is
exploited by abstraction wells, exacerbating the naturally
occurring saltwater intrusion problem.

The process of saltwater intrusion is a serious prob-
lem in many coastal aquifers; therefore, there is a great
need for models simulating this phenomenon accurately.
Numerical codes have become a powerful tool for the sim-
ulation and management of saltwater intrusion [1]. One of
the most widely used codes is SEAWAT, which allows the
coupled modeling of solute transport and variable-density
groundwater flow [2]. The governing equations of flow and
solute transport are solved numerically using MODFLOW
and MT3D, respectively. SUTRA is another model used for
the simulation of saturated—unsaturated, variable-density
groundwater flow and solute transport that combines the
finite element and the integrated-finite-differences method
for the solution of the coupled equations [1]. The FEFLOW
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model is also a variable-density model that simulates both
the saturated and unsaturated zones and provides a finite-
element subsurface flow and transport modeling system [3].
Variable-density models, such as those described above are
very computationally demanding. An alternative, less com-
putationally expensive way of studying the saltwater intru-
sion problem without the use of density-variable models is
by using the groundwater-modeling program MODFLOW
[4] coupled with the SWI2 package [5]. The SWI2 package
allows the simulation of three-dimensional, vertically inte-
grated, variable-density flow without the need to discretize
the aquifer vertically. It requires fewer model cells, because
each aquifer can be represented as a single layer model and,
as a result, it requires less computer time and memory for the
calculations.

The use of MODFLOW-SWI2 has been limited since it is a
relatively new package. It has been coupled with a stochastic
inverse model (gradual conditioning method) and applied to
simulate the transient movement of the freshwater—seawater
interface in a two-aquifer synthetic case study [6]. It has also
been used in a few field applications; to establish the chance
of the upward movement of saline water in Northern Kenya
[7], to examine the effect of climate change on the depth of
the freshwater—saltwater interface in Casco Bay, Maine [8],
and for studying the saltwater intrusion overshoot based on
published parameters from field settings for four aquifers [9].

The management of saltwater intrusion is a challenging
process which requires adequate hydrological knowledge,
awareness of the local environmental and social conditions
and the ability to account for climate change and govern-
mental policies [1]. Common methods of saltwater intrusion
management are to reduce coastal evapotranspiration, to
reduce freshwater discharge into the sea, to increase aquifer
recharge through other sources, like wastewater injection or
infiltration through artificial recharge ponds, or to treat part
of the saltwater pumped from the aquifer using desalination
technologies [10].

Artificial recharge has been proposed by Johnson et al.
[11], Asano and Cotruvo [12] and Bouwer [13] in Los Angeles,
as a method to inhibit saltwater intrusion. Crook et al. [14]
proposed the use of reclaimed wastewater for replenishing
groundwater. An alternative solution is the pumping of salt-
water from the intrusion zone as proposed by Kacimov et al.
[15]. In this method, the saltwater pumping wells are posi-
tioned in areas where the problem is more acute, in order
to attract the saltwater front toward the sea and away from
the freshwater pumping wells located inland, as proposed by
Sherif and Hamza [16] for an aquifer in India. Dokou et al.
[17] and Karterakis et al. [18] have used an optimization—
simulation method to maximize groundwater withdrawal
rates while inhibiting the saltwater intrusion front at loca-
tions closer to the coast, at Hersonissos aquifer. Similarly, the
optimization of pumping rates has been considered in sev-
eral works for different case studies: for the coastal aquifer of
Malia in Crete [19] and for a coastal aquifer in the island of
Kalymnos in Greece [20,21].

In this paper, the current extent of saltwater intrusion at
the Hersonissos aquifer was simulated using MODFLOW
combined with the SWI2 package. Using the calibrated
model, management scenarios for controlling saltwater
intrusion were proposed and evaluated. These methods

include (a) artificially recharging the aquifer with water from
the local wastewater treatment plant, (b) extracting saltwater
near the coast and (c) optimizing existing pumping rates by
using a groundwater management optimization model. The
above management options are evaluated individually and
in combination, to assess their relative and joint effect in
managing the saltwater intrusion problem in the area.

2. The study area
2.1. Area characteristics

The Hersonissos aquifer is located in the northern coast of
Heraklion, 25 km from the city of Heraklion in Crete, Greece
(Fig. 1). The Hersonissos basin covers an area of about 18 km?
and stretches for 3.8 km in the W-E direction and for almost
4.7 km in the N-S direction. Hersonissos has about 10,500
permanent residents, engaged mainly in tourist services or
agricultural activities. Due to these activities, water demand is
high during the summer period, in particular, leading to high
pumping rates that cause massive drops of hydraulic heads. As
aresult, the existing seawater intrusion problem is exacerbated
and the sustainability of this coastal aquifer is jeopardized.

2.2. Hydrogeology

The basin is mainly covered by karstified limestones of
variable hydraulic conductivity and marls, whereas alluvial
deposits of high permeability can be found along the coastal
line. The hydraulic conductivities for the main geological
formations, specified based on the geological map of the area
[22] (Fig. 2), are presented in Table 1.

It was assumed that these geological formations are
uniform in the vertical direction of the model. This coastal
aquifer is karstified; because of this, its regional conductivity
values are difficult to establish and may vary within wide
ranges. The hydraulic characteristics of such aquifers are
influenced by the extreme values of permeability and by the
presence of permeable channels and of extended conduit/
cavern networks with unknown spatial distribution. To over-
come these difficulties, the karstic system was simplified and
modeled as an equivalent porous medium. In this approach,
the spatial variations in the hydrogeological properties of the
rock mass are averaged over a representative elementary vol-
ume in order to define their values at the macroscopic level. It
was also assumed that the vertical conductivities are equal to
one-tenth of the horizontal by applying an anisotropy factor
of 0.1, a typical assumption for groundwater models [23].

2.3. Meteorological data

Hersonissos has a temperate Mediterranean climate with
a mean temperature of approximately 19°C. Winters are
mild, with January and February being the coldest months.
Snowfall is rare and, therefore, not taken into account in this
work. Sunshine is vivid all year round, with the warmest
months being July and August. The rainy season extends
from October to March.

According to the hydrological study of the north of the
province of Heraklion [22], about 47% of the study area is
permeable and the infiltration rate at these permeable areas
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Fig. 1. The island of Crete in Greece and the location of the Hersonissos basin (modified from [17]).
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Fig. 2. Geological map of the study area [18,22].

Table 1
Hydraulic conductivities for the geological formations in the
study area [22]

Bedrocks Hydraulic conductivities (m/d)
Limestone—-dolomites 12.96

Brecciated limestone 52

Marls-Marly limestone 0.15

Clay 0.6048

Sand-marine deposits 430

is about 23%. The semi-permeable areas cover 22% of the
study area and the infiltration rate at the semi-permeable
areas is 11%. The precipitation rate in the area is 483 mm/year

and is considered to be evenly distributed over the model
domain. The amount of groundwater recharge for the per-
meable and semi-permeable areas is calculated as follows:
47% x 23% = 483 mm/year = 52 mm/year for the permeable
and 22% x 11% x 483 mm/year = 12 mm/year for the
semi-permeable areas. The total recharge is, therefore,
estimated to be 52 + 12 = 64 mm/year.

3. Methodology

Simulation models were used in the work for the assess-
ment of possible solutions to the saltwater intrusion problem
[24]. As a starting point, a conceptual model was first con-
structed and then solved by using numerical modeling [25].
The processing of the model data was performed by using
mfLab [25,26], an open-source environment that enables the
interface of the groundwater modeling code of MODFLOW
with Matlab.

3.1. The MODFLOW program

MODFLOW is a freely available United States Geological
Survey modular three-dimensional finite difference
groundwater-flow code, which is used worldwide for
providing numerical solutions to the partial differential
equation of groundwater flow. The study area is discretized
into a grid of rectangular blocks and the solution of the
equations follows directly from each block’s mass balance
and Darcy’s law. Using this block-centered finite differ-
ences model, the computation of the hydraulic heads is per-
formed at the centre of each block or cell, while the flows are
computed at the block interfaces [4].

MODFLOW solves the partial differential equation that
describes the movement of water in the subsurface by using
finite differences:
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where K, KW, K_ (L/T) are the values of hydraulic conductiv-
ity along the x, y, z coordinate axes, 1 (L) is the potentiometric
head, W (T) is the volumetric flux per unit volume repre-
senting sources and sinks of water, with W <0 for flow out of
the groundwater system and W > 0 for flow into the system,

S (L) is the specific storage of the porous material and ¢ (T)
is the time [4].

3.2. Seawater intrusion package for MODFLOW

The seawater intrusion (SWI2) package for MODFLOW
2005 allows for the simulation of vertically integrated,
variable-density groundwater flow and seawater intrusion
estimation. The main advantage of using SWI2 is the signifi-
cantly reduced computational time, compared with models
that couple variable-density flow and contaminant transport.
SWI2 adopts the Dupuit approximation (resistance to verti-
cal flow is neglected and there is no vertical head gradient)
and is able to simulate multiple aquifers; each aquifer (rep-
resented as a single layer model) is discretized vertically into
zones having different densities. As a result, numerical sim-
ulations using the SWI2 package require far fewer cells than
dispersive solute transport simulations [5].

A simplified derivation of the horizontal, vertically inte-
grated, variable-density groundwater flow is presented here
for the calculation of the flow in specific zones, assuming an
aquifer with a horizontal top and bottom, which contains
two fluids of different density at zone 1 and zone 2 (Fig. 3).
In order to find the discharge (Q,) for zone 1 between the

a b
Y b
h, ¥
le dx N
(a,l h — C’b.]
Zone 1
A1 01
— P
(6,2
pa|| Zone 2 T~ o - o2
0,
— P2
Ca,a’ 'y C’h,S
z
A 4

Fig. 3. Horizontal aquifer with two zones (zones 1 and 2) between
wells a and b [5].

two observation wells, a and b, shown in Fig. 3, the following
equation is used:

h,—h
y(b )

Q=-Kbd dx

2

where b, is the average thickness of zone 1 between wells
a and b (L), dy is the aquifer width vertical to flow, &, is the
freshwater head at the top of the aquifer at well b (L), & is the
freshwater head at the top of the aquifer at well a (L) and dx
isx, —x, (L).

Similarly, the discharge between the two wells for zone
2is:

_ (Ijlb,Z - I:\la,z )
Q, =-Kb,dy-—"= ®)

dx

where b, is the average thickness of zone 2 between wells a
and b (L), ,, is the calculated freshwater head at zone 2 at
well b (L) and };,, is the calculated freshwater head at zone
2 at well a (L).

To calculate the average freshwater head for zone 2 at
well b ( . ) the following equation can be used:

ho(x,y,2) =h(x,y) + fl v(z,y,2")dz 4)

+pf

. . . . p .
where v is the dimensionless density, v = with p rep-

p
resenting the fluid density (M/L% and P isfthe density of
freshwater (M/L’) and (, representing the elevation of the
interface (L) at the top of zone n.
Based on the above, the average freshwater head for zone
2 at well b is given by:

}Al“ =h, +V1(Cb,1 _C-:b,z)+%vz(€b,2 _Cb,s) 5)

Also, for calculating the average freshwater head for zone
2 at well a, i St

}Al“rz =h, +V1(Ca,l _Cm,z)"'%vz(gu,z _Cu,s) (6)

The calculated average freshwater heads in zone 2 at the
two wells refer to the vertical midpoint of that zone, and as a
result the ,, and j,, differ at elevations at the two wells.
This poses the risk of having nonzero discharge at no-flow
conditions. To avoid this risk, the heads need to be adjusted
to the same vertical elevation (datum) by modifying Eq. (4).
In addition, hydrostatic conditions are assumed within the
entire aquifer. This results in Eq. (7):

i;w,Z = Ew,z + VZ (zw,Z - ZO\) (7)

where fzw is the average freshwater head at zone 2 at well a
orb (L), z,, is the elevation of the vertical midpoint of zone 2
at well a or b (L) and z, is an arbitrary datum (L).
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This arbitrary datum, z, can take any value. In case z,=0,
Eq. (5) reduces to:

f“’rz =h,+v, (C:m - Cb,z ) + %Vz (gb,z - gb,a ) + %Vz (Cb,z + Cb,s) ®)

or more simply:

hp = b, +v, (Cb,l -Gy ) VG, ©)

Similarly, Eq. (6) can be written as:

}Alu,z :hﬂ +V1(C”,1 _Ca,2)+v2€a,2 (10)

Combining Egs. (2), (3), (9) and (10), the total discharge
of the aquifer shown in Fig. 3 can be written as:

Q=0,+0, =Ky ")

11
Lvl (C-’b,l - Ca/l) Vi (gb,z - C-’H,Z) +V, (Qb,z - C-’H,Z )J =
dx

- Kb,dy

where b is the average thickness of the aquifer between
wells a and b and

Lvl (C-’b,l - C—’a,l) Vi (Cb,z - C-’/z,Z) Vv, (Cb,z - C-’/z,Z )J
dx

R =-Kb,dy (12)

where R stands for the pseudo-source term.
So, the implementation of SWI2 at this coastal aquifer
is based on the computation of the surface elevation values

© [5]-

3.3. The groundwater management model

The groundwater management (GWM) model is a tool
for groundwater management used in combination with
MODFLOW. The GWM model uses the response matrix
approach in order to solve different types of linear, nonlinear
and mixed-binary linear groundwater management prob-
lems. Each problem consists of decision variables, an objec-
tive function and constraints [27].

By using GWM it is possible to find the optimal pump-
ing rates at current extraction wells, for which the saltwater
intrusion front will retreat at a certain location, while meet-
ing at least part of the irrigation and drinking water needs
of the region. For unconfined aquifers, the optimization
problem of determining the optimal pumping rates is non-
linear, due to the nonlinear change of the hydraulic head in
response to pumping. This kind of problems can be solved
using a sequential linearization approach. More specifically,
GWM solves the nonlinear problem by repeated lineariza-
tion of the nonlinear features of the management problem,
where response coefficients are recalculated at each iteration.
The first-order Taylor series expansion for hydraulic head is
assumed to be accurate for each sequential linear program,
but in contrast to the linear case, the vector of base flow rates
changes at each iteration [27].

The sequential process is repeated until two convergence
criteria are met: (a) the change in flow rate values from the
prior iteration to the current iteration becomes less than
a fraction of the magnitude of the flow rate at the current
iteration and (b) the change in the objective function value
becomes less than a specified fraction of the magnitude of the
objective function value.

The solution is based on the simplex algorithm and the
mathematical expression of the optimization problem is
given by:

max ZQ,'
s.t.

h] 2 hmin
Qi < Qimax
Q.20

(13)

where Q, represents the pumping rate at well 7, h, is the
hydraulic head at a control point j and &, is the minimum
hydraulic head needed to avoid saltwater intrusion, i is the
number of pumping wells and j the number of constraint
locations (control points) representing the saltwater intru-
sion front. The upper limit on well pumping rate, Q, ,is set
equal to the currently used one for every well, representing
the maximum capacity of the well.

4, Results

In order to compute the saltwater intrusion in the study
area, the existing abstraction wells must be taken into account
[28]. The locations of these active wells, which belong to the
municipality of Hersonissos, are presented in Fig. 4 and their
pumping rates are given in Table 2.

The elevation of the saltwater zone interface above the
model bottom is shown in Fig. 5.

Due to the abstraction, saltwater is clearly attracted
inland, reaching the water supply wells. As a result, the
extracted water is a mixture of freshwater and saltwater, with
the salinity varying from well to well, depending on the dis-
tance from the sea, the geology of the area and the local nat-
ural recharge.

Given the nature of seawater intrusion, the management
of a coastal aquifer involves the decision of an acceptable ulti-
mate landward extent of the seawater front and the calcula-
tion of the amount of freshwater discharge necessary to keep
itin that location. The risk of seawater intrusion clearly limits
the extent to which a coastal aquifer can be used for water
supply, but the amount of extracted water can be increased
by using an optimal management scheme. To this end, vari-
ous management scenarios and their impact on the amount
of water that can be safely extracted from the aquifer are pre-
sented in the following sections.

4.1. Scenario 1: injection of treated wastewater

One of the techniques used to counteract saltwater intru-
sion is the replenishment of the aquifer using injection wells.
For this scenario, it is assumed that the replenishment is
performed with treated effluent from the local wastewater
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treatment plant [12-14]. Such injection wells should be
placed as far as possible from the extraction wells, in order to
maximize the flow path and prolong the residence time of the
recharged water. This would allow the adequate breakdown
of pathogens and toxic substances and the dilution by mixing
of the recharged water with the freshwater of the aquifer [12].
However, due to the karstic nature of the aquifer, shortcuts

.;_n.'L:’"I I'.. tll
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Fig. 4. Locations of abstracting wells [22].

Table 2
Pumping capacities of abstracting wells active in the area [22]

Pumping rates (m®/d)
1 1,800
2 2,520
3 576
4
5

520
146
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Fig. 5. The elevation of the saltwater zone interface above the
model bottom with active abstracting wells [29].

may occur and travel times cannot be easily predicted. So,
the applicability of the idea of using injection wells with
treated wastewater needs to be adequately tested in the field
and extensive monitoring should be performed in order to
check if the recovered water can meet the quality standards
of Greek legislation.

The wastewater treatment plant at Hersonissos has a
capacity of 500 to 3,400 m?/d, currently used for irrigation
and fire protection purposes. It is assumed that 1,000 m?*/d of
treated water, that can be stored, will be available for injec-
tion [30], which corresponds to 1,000 m?/d x 365 d/year =
365,000 m*/year. The rest of the effluent will be used for irri-
gation and fire protection.

Since there is no information about the specific use
of this water, the replenishment of the aquifer with water
from the treatment plant will only be examined as a poten-
tial scenario. However, the model can be used to study the
extent to which saltwater intrusion is hindered by injecting
1,000 m?/d of water, using a single well located close to the
coast in the eastern part of the aquifer. Results for this sce-
nario are shown in Fig. 6(b) [29]. A significant reduction of
the saltwater intrusion zone due to the injection of water can
be observed. The saltwater zone was reduced from about 60
to 40 m near the injection well, especially in areas with low
hydraulic conductivity.

4.2. Scenario 2: saltwater extraction

Another method for hindering saltwater intrusion is the
use of wells for extracting saltwater from the aquifer [15,16].
In this scenario, the existing pumping wells were kept oper-
ating at their current capacities. The saltwater was pumped
from the aquifer using five wells located in the northern
part of the study area where the intrusion problem is most
severe. An extraction capacity of 1,000 m*/d was considered
for every well [29]. The results for this scenario are shown
in Fig. 6(c).

The use of these saltwater extraction wells inhibits the
intrusion in the north (coast) and reduces the intrusion zone
up to a maximum of 20 m. This methodology could be fur-
ther investigated by determining the optimal number, as well
as placement, of the extraction wells by using optimization
algorithms.

4.3. Scenario 3: optimized pumping rates

The optimization of the initial pumping rates was cho-
sen as another method for alleviating the saltwater intrusion
problem. The GWM software was chosen for determining the
optimal rates required to retract the saltwater intrusion front
to the specific position marked with a red line in Fig. 7 [17].
Since the Hersonissos aquifer has a depth of 100 m, the criti-
cal hydraulic head value for preventing saltwater intrusion is
102.5 m, based on the Ghyben-Herzberg approach.

The calculated pumping rates for hindering saltwater
intrusion at the chosen location depicted in Fig. 7 are pre-
sented in Table 3.

The purpose of this optimization is to increase the
hydraulic head at the saltwater intrusion front to values
above a specific threshold. By taking a closer look at Fig. 7, it
is clear that pumping well 1 is located far from the intrusion
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Fig. 6. Seawater intrusion zone under (a) current pumping conditions; (b) scenario 1: water injection (recharge well marked by an
asterisk); (c) scenario 2: saltwater extraction in the northern part of the area (extraction wells marked by asterisks) and (d) scenario 3:

using optimal (reduced) pumping rates [29].

front. Therefore, it is not surprising that its pumping rate is
not reduced after applying the optimization. Although well
1 affects the saltwater intrusion phenomenon in the study
area, it does not directly influence the retraction of the salt-
water front that has already reached the wells located inland.
However, it is important to note that the quality of the water
pumped from this well would be very low, with salinity lev-
els over the desirable limits for drinking or irrigation pur-
poses, making its use questionable.

The results for scenario 3 are shown in Fig. 6(d). By apply-
ing these optimized pumping rates at the existing wells, the
saltwater intrusion problem is alleviated in the northern
and northeastern coastal parts of the study area. With this
method, the saltwater intrusion front retracts almost 500 m
away from the pumping wells located in the central part of
the study area and a 10% reduction of the saltwater interface
elevation is achieved at locations near the coast.

4.4. Scenario 4: combination of solutions

Various combinations of the previous methods were
also considered in order to test their cumulative effect on
saltwater intrusion. The results for the combination of the
methods applied in scenarios 1 and 2 — one well injecting
reclaimed wastewater and five wells pumping saltwater — are
shown in Fig. 8(b). By combining these two methods, a 20%
decrease in the depth of the intrusion zone was achieved in
the northern part of the study area. A significant improve-
ment is observed in the eastern part of the study area, where
the injection well is located, where the thickness of the intru-
sion zone was reduced from about 60-70 to 40 m.

Results for the combination of the methods applied in
scenarios 1 and 3 — one injection well and optimized pump-
ing rates for existing wells — are presented in Fig. 8(c). In this
case, the elimination of the intrusion zone in areas close to the
pumping wells located inland is significant, since, the toe has
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Table 3
Optimized pumping rates [17]
Pumping Initial pump-  Calculated Pumping
well ing rates pumping reduction
(m%d) rates using percentage
GWM (m%d) (%)
1 1,800 1,800 0
2 2,520 42 98
3 576 576 0
4 2,520 2,520 0
5 146 146 0
Q. 7,562 5,084 33
Fig. 7. Saltwater intrusion toe position (red line) for optimized
pumping capacities.
a) Current Conditions z(m) b) Scenario 1 + Scenario 2
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5000 + 5000
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Fig. 8. Seawater intrusion zone under (a) current conditions, (b) the combination of the methods in scenarios 1 and 2, (c) the combina-
tion of the methods in scenarios 1 and 3 and (d) the combination of all three methods.
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been moved about 1 km away from the wells located in the
central part of the study area. An improvement of approxi-
mately 30% is observed in the eastern part. However, in the
northern part where the problem is more acute, the problem
of saltwater intrusion does not change significantly, a mere
reduction of about 10% of the saltwater interface elevation
is achieved.

The simultaneous application of all three methods con-
sidered in scenarios 1, 2 and 3 yielded significantly improved
results as shown in Fig. 8(d). The front of the intrusion zone
is pushed away from the wells by about 1.5 km and the thick-
ness of the zone decreases by almost 80% in the eastern part.
The problem remains more pronounced in the northern part,
where a decline of about 20% is achieved in the saltwater
interface elevation. Therefore, by implementing a combi-
nation of the above methodologies, the saltwater intrusion
front is restricted to locations closer to the coast and the water
quality of the inland wells can be protected.

5. Conclusions

The exploitation of water from the existing pumping
wells in the area of Hersonissos in Crete exacerbates the nat-
ural phenomenon of saltwater intrusion, thereby deteriorat-
ing the quality of the abstracted water and jeopardizing the
sustainability of this coastal aquifer. The modeling of the salt-
water intrusion phenomenon performed here, demonstrated
that the seawater intrusion front is approaching existing
water supply wells and has already reached at least some of
them. By adopting a “business as usual” approach, the prob-
lem will aggravate, with saltwater intrusion spreading fur-
ther inland over time. Different counteraction methods were
tested through simulations. The injection of treated waste-
water for the replenishment of the aquifer would improve
the situation. However, with this method, the quality of the
effluent and its subsurface changes and the breakdown of
pathogens are issues that must be addressed.

The estimation of the maximum freshwater amount that
can be safely extracted from this vulnerable aquifer is of great
importance. For this reason, the method of optimizing the
existing pumping rates was applied. It is a low cost method,
since it only requires adapting existing capacities to the cal-
culated optimal ones, but limiting the freshwater amounts
available to the public cannot be adopted without ensur-
ing alternative freshwater resources. Its main benefit is the
immediate application of the new pumping rates, but also
the possibility of their adjustment according to local needs.
However, the fact that the capacity of one well in the study
area must drop dramatically, by almost 98%, may raise social
objection, and therefore, could be deemed infeasible, if no
additional water supply is secured.

Another promising method of alleviating the seawater
intrusion problem is the extraction of saltwater from specific
locations near the coast. This method requires drilling new
wells, an action associated with installation and operating
costs, but does not require changes in the present freshwater
pumping regime of the area, making it a more attractive
solution.

The combination of the three methods can provide a sig-
nificant improvement of the results by hindering the intru-
sion front toward the coast and away from the inland wells.

However, further research is also necessary with respect to
the hydraulic properties of this karstic aquifer, in order to
reduce the uncertainty of the model results.
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