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Introduction
The exploitation of water resources has varied significantly 

throughout history. One of the practices that has increased its 
extraction is the use of underground wells located near the coasts, 
where, in some cases, freshwater aquifers are found. In the coasts, 
aquifers represent the main source of supply for their population, given 
their need, mainly in the industrial processes and the basic needs of 
the habitual population and the floating that comes permanently in 
the holiday season. The uptake of groundwater near coastal areas has 
in most cases grown without any control by the regional authorities. 
Particularly, in the Colombian context, there have been several 
problems for the community and the environment, the most notable 
being the contamination of coastal aquifers due to the presence of salts 
from the sea.1 The presence of these salts is due to the intrusion of the 
wedge of sea water, that is to say, due to the overexploitation of the 
mass of fresh water contained in a coastal aquifer, the sea water bursts 
in the continent to complete the balance that has Been interrupted by 
over-exploitation; Thus creating a mixing zone in which the salty and 
sweet waters are found, generating brackish waters that occupy a great 
extent of the aquifer.2 At present, one of the tools that could provide 
more detailed information about this phenomenon are the numerical 
models that allow the simulation of saline intrusion cases in different 
contexts. Thanks to these models, different hypothetical cases can be 
generated that would allow us to arrive at approximations close to 
reality that contribute to the knowledge of its state and to establish 
control measures. These impacts are the decrease in the quality of the 
coastal water due to the saline intrusion and other associated to the 
climatic change as: rise in the level of the sea, acidification of oceans, 
and change in the currents the ocean, coral bleaching and extreme 
changes in climate behavior.

Saline intrusion case study
Since the beginning of the twentieth century, tests were begun to 

determine mathematical models to assess the progress of possible 
contamination. One of the earliest examples is presented by Huyakorn 
et al.,3 which focuses on developing a finite element model can 
simulate cases salt intrusion, for various cases of coastal geometry, 
including geomorphology variables and conditions particular aquifer 
(type).3 Bachu4 presented a review of methods applied to two case 
studies in which it is sought to estimate the variable density flux in the 
Albetc basin in Canada and the eastern plains in Colombia. From the 
piezometric levels, its location and the topography of the place, we 
tried to characterize the zones to start the construction of a model that 
allowed to simulate the behavior of the flow of variable density from 
the representation of a specific flow given by the flow and its speed.5 

Zhou et al.,6 present the simulation of the case progression of saline 
intrusion in the aquifer belonging to the Beihai coast off the coast of 
the Republic of China. From studies conducted from 1988 to 1993 
has been evaluated the presence of salts along observation wells. The 
intrusion in the area is mainly attributed to the intensive extraction 
of groundwater near the coast without any regularization until 1988. 
For the summer of 1993 a decrease in the presence of chloride was 
observed due to the low extraction of water, product of a long period 
rains of that year.4,5

Monreal et al.,7 studied the aquifer of the coast of Hermosillo, 
located in the sea of Cortes in the Pacific Ocean in the state of Sonora 
(Mexico). This coastal aquifer has been reducing its extraction: in 
1965 about 1100 million m3 / year were extracted and in the decade of 
2000 only 400 million m3/year are extracted. In order to determine the 
progress of the salt water wedge, drilling of wells at different depths was 
proposed, as well as pumping tests, sampling, topographic surveys and 
electromagnetic geophysical surveys. From these field investigations 
a characterization of the study area was developed, which includes: 
geology (subsoil, soil, structural), geophysics, hydrogeology and 
hydro geochemistry. The field data collection allowed the definition of 
areas with intrusion problems, which an overall of 17km in width and 
a length of 65km, with a resulting fringe of 1113 km2.7 Heredia et al.,8 
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Abstract

Saline intrusion represents one of the most persistent environmental problems at the 
worldwide coasts; this problem has arisen due to overexploitation of coastal aquifers, 
sea-level rise accelerated by climate change and changes on the hydrogeological 
cycle. Typically, changes on the hydrological cycle are associated to urbanization of 
recharge areas and changes on the natural surface and subsurface water bodies induced 
by anthropogenic interventions. Because of the accelerated growth of the population 
and the increased touristic activities this perturbation has called the attention of the 
scientific community and more recently of the decision makers. In the international 
context, one can find many efforts to define strategies to control and mitigate the 
effects of the saline intrusion on coastal aquifers, however at Colombia only some 
initiatives has been reported that intended to understand conceptually the phenomena. 
In this work, a numerical model is presented to simulate saline intrusion that allows 
understanding quantitatively the advance of the seawater into the aquifer. Such a 
model may serve as starting point towards the design of water management strategies 
at the Colombian coasts. In order to show the applicability of numerical models the 
Morrosquillo aquifer case is used. Different scenarios were studied using hypothetical 
conditions.
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studied the case of sources of Pierre lagoon that is located in Malaga 
(Spain), approximately 50 km from the Alborán Sea. This wetland 
was one of the first to be included in the Ramsar Convention and is 
considered as one of the most important wetlands in Spain. It also 
represents a natural reserve that is of vital importance as the second 
largest flamingo reserve in the western Mediterranean.8 The objective 
of the study was to characterize the hydrogeological system of the 
zone from the application of hydrogeochemical techniques and the 
analysis of environmental isotopes. In special, the study included the 
analysis of the spatial distribution of groundwater salinity, flow tests, 
sampling for chemical and isotopic analyzes, and chemical analyzes 
of collected samples.

Materials and methods
In the present research the simulation of the phenomenon of 

saline intrusion in the Morrosquillo aquifer is proposed, which has 
an approximate area of 700 km2 and includes all the flat zone that 
extends from the western foothills of the Montes de Maria to some 
the coastline; And from the northern part of the hill system located in 
the municipalities of Coveñas and San Antonio de Palmito, to the south 
of the hill system associated with the municipality of San Onofre,9 as 
shown in Figure 1. The climate of the region is tropical dry forest. The 
average temperature of the area is 28 °C, the average annual rainfall 
is between 1100 and 1800mm. The value of the evapotranspiration 
calculated by the Penman method is more than 1000 mm.10 The 
temporal distribution of precipitation occurs in mono modal form with 
a higher amount of rainfall between April and October. The lithology 
of the area is represented mainly by marine deposits near the coastline, 
fine alluviums and materials transported.

Figure 1 Morrosquillo aquifer, sucre (Colombia).

The Morrosquillo aquifer according to different studies carried out 
in the area presents important saline intrusion problems. In this study, 
an area located between the urban centers of the Tolú and Coveñas 
municipalities was chosen. The choice of the study area was based 
on the analysis of the results of monitoring campaigns Conducted 
in the Gulf of Morrosquillo, where potential problems of electrical 
conductivity were detected in the selected area.11 The computational 
model used to calculate the water flow is ModFlow12 while SEAWAT 
software is used for calculating variable density. These models were 
developed by the United States Geological Survey (USGS) and have 
been used extensively successfully in the literature in the simulation of 

saline intrusion cases and in general in variable density flow problems. 
In general, ModFlow is used to pair the velocity field and SEAWAT 
to calculate the concentration and the corresponding density. This is 
done in coupled mode for each time step.

Simulation of scenarios

To simulate scenarios mesh 1000m long and 120m coastal 
area with a mesh size of 5m was constructed. A depth of 20m was 
assumed. As initial condition for the distribution of concentrations it 
was assumed that the concentrations in the system (Co=0mg /L). In 
addition, values were assigned to the soil parameters obtained from 
typical cases in the literature, as summarized in the following Table 1. 
The boundary condition on the ocean side is defined as the constant 
level (Dirichlet boundary condition) and a salt concentration of 
39,000mg/L is assumed. The effects of climate change on sea level are 
associated with the thermal expansion of the oceans and the thawing 
of the planet’s poles, so according to the intensity of these factors 
and their location they make more vulnerable places of the planet 
more vulnerable. Some authors have estimated that sea level increased 
1.7mm/yr from 1860 to 1900, while only from 1993 to 2003 its increase 
was 3.1 mm/yr.13 In order to incorporate the impact of climate change 
into this analysis, an estimate was made keeping the trend from 1993 
to 2003 in the period between 2003 and 2015.14 On the other hand, 
12 extraction wells were defined that serve to establish the extraction 
conditions for each scenario considered. In order to demonstrate the 
usefulness of the numerical models in the study of cases of saline 
intrusion in the Colombian context, three main scenarios are proposed, 
which are simulated for a period of 130 days.

Table 1 Values of the soil parameters chosen for the simulation

Property Value

Specific Storage 1.0 e-5/m

Specific performance 0.2

Effective porosity 0.15

Total Porosity 0.3

Base case: In this case only the effect of climate change is simulated in 
the study area and are not considered extractions.

Normal explotation: The study area is characterized by a tourist area 
in which a large number of people converge, where there are also 
several extraction wells established in the area (legal and illegal), 
which generates an exploitation of the resource Water for the normal 
satisfaction of their needs.

Overexploitation: For this scenario, the parameters established using 
the same location of the wells as in the previous case are continued. 
However, water extraction is increased in order to represent the 
overexploitation of the wells caused by the presence of a high floating 
population in the seasons of high tourist season. In that sense, in the 
model increases the exploitation levels in the wells according to the 
percentage values of increase in the demand of the water resource.

Results
Figures 2 & Figure 3 show the concentration distributions for the 

cases used. The results show that for the scenario of the base case it is 
evident how the wedge advances the levels in the salt concentrations in 
a simulation of 130 days. From this perspective, the model is able to 
reproduce the effect of climate change, illustrating the advance of the 
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pollution caused by the saline intrusion in the aquifer. The results for 
the case where a typical extraction of water through extraction wells 
in the region were assumed, shows the advance of the salt wedge 
through determined preferential paths due to the flow distributions 
imposed by the extraction wells. This distribution suggests that for 
normal exploitation scenarios with the growing problem of climate 
change the deterioration of the quality of the waters of the study area 
will increase. 

Figure 2 Distribution of salt concentrations in the study area for the case of 
normal exploitation.

Figure 3 Distribution of salt concentrations in the study area for the case of 
overexploitation.

Finally, the results for the case of overexploitation during high 
season represented by an excessive extraction of water, show again 
an advance of the wedge through preferential paths. This results in an 
increase in the susceptibility of the wells to be affected by the saline 
intrusion and a consequent affectation of the quality of the extracted 
waters, which is used in various activities in the tourism infrastructure 
located in the municipalities of Tolú and Coveñas.

Conclusion
The determination of the saline water mass in a coastal aquifer 

is extremely complex due to the need for hydrogeological studies, 
as well as specific measurements of salinity levels at different points 
in the aquifer. In Colombia the presence of saline intrusion has not 
been evaluated effectively, first because it is still not seen as a type of 
contamination and second because there is no clear information about 
its presence or not. Therefore, given the lack of accurate information, 
few cases are known and studied about possible contamination by 
saline intrusion. In the present work, the Morrosquillo aquifer was 
modeled using the ModFlow and SEAWAT models to analyze the 
salt intrusion process. This modeling was done using soil parameter 
values taken from the literature and adapted to the properties of 
the area. For the analysis, three synthetic cases were implemented: 
base case, normal exploitation and overexploitation during a period 
of 130 days. The results of the simulations show that there could be 
great implications of the phenomenon in the Morrosquillo aquifer 
derived from the overexploitation associated to the tourist activity, 
especially in high seasons. The problem is aggravated by the lack of 
information associated with the hydrogeological characteristics of 
the aquifer, the absence of an exhaustive inventory of wells and their 
extraction flows, and the limited multitemporal information on the 
water quality conditions associated with the aquifer. In this sense, it is 
necessary to carry out descriptive studies of aquifers in coastal areas, 
to regulate the presence of extraction wells that allow a more reliable 
quantitative evaluation of the true magnitude of the phenomenon 
of saline intrusion in the Morrosquillo aquifer and in the majority 
of aquifers Coastal conditions in the Colombian context where the 
situation is not very different.

The processes of induced pollution through the overexploitation 
of coastal aquifers requires characteristic studies that involve field 
work (sampling and drilling) and the use of numerical models. Use a 
numerical model in the simulation of saline intrusion cases represents 
a tool with many potential in decision making since it allows not 
only the analysis of the current situation and understanding of the 
phenomenon but the evaluation of possible future scenarios that 
incorporate anthropogenic variables And natural resources such as 
climate change, population growth and tourism development. This 
could contribute definitively towards the design of sustainable strategies 
to mitigate and control the processes of saline intrusion.
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