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ABSTRACT 
Salt water intrusion modelling in coastal aquifers has progressed extensively in the last few 
years, and it has now become a very useful tool in managing aquifer processes close to the 
shoreline. However, care needs to be taken to define certain aspects very well during model 
building, such as the sea-aquifer contact. In most salt water intrusion studies, a vertical 
contact is considered a suitable means of simplifying the problem. Other studies evaluate the 
influence of the slope gradient at the contact without taking into account the sea within the 
model dimension. When a good approximation of intrusion features is required, the sea-
aquifer contact must be taken into account within the model. This means that the 
consideration of a specific sea section in the model could be interesting for obtaining better 
fits at the sea-aquifer contact. This study evaluates several hypothetical scenarios in the 
discharge zone of the Motril-Salobreña coastal aquifer, considering or not the sea section in 
the model, and different gradients for the sea-aquifer contact. Moreover, the tidal influence is 
also assessed as a special case when the sea is included. Our results suggest that the 
quantitative evaluation of salt water intrusion processes is more accurate when the sea is 
considered within the model. Quantification of the submarine freshwater discharge zones, 
the definition of the tidal influence on the interface behaviour, and the modelling of coastal 
storm events, among others, could be improved in this case, but it must be considered that a 
larger model dimension involves higher computational costs. 

INTRODUCTION 
Mathematical models of aquifer systems limiting with the sea entail uncertainties that could 
condition the results. One of the main issues is the way in which the sea-aquifer contact 
(SAC) is defined in the conceptual model. In many cases, the SAC features are simplified, 
sometimes looking for new analytical solutions by means of both models (Xia et al. 2010) 
and sand-tank experiments (Mehdizadeh et al. 2015). On other occasions, the models are 
simplified when the SAC constitutes a less relevant aspect within more regional aims in 
order to achieve better computational efficiency. However, when the main purpose of the 
model is framed in sea-aquifer relations of the coastal fringe (where most discharge is taking 
place), it is essential to evaluate the different modelling possibilities that could make the 
model more useful and effective for some issues, such as submarine discharge, salt wedge 
motion, or tidal influence on them, despite good calibration and validation results obtained 
with simpler models. In particular, tidal oscillation has a direct influence on groundwater 
flow through the contact, salinity distribution, and submarine freshwater discharge (Urish 
and Mckenna 2004). In this regard, a new package was developed by Post 2011 to 
implement periodic boundary conditions (PBC) in MODFLOW and SEAWAT, useful for 
simulating tidal oscillations, as noted by Mulligan et al. (2011). 

Aims 
The principal objective of this study is to determine the most suitable boundary conditions in 
order to model the SAC in coastal aquifer systems within the saltwater intrusion zone, 

24th Salt Water Intrusion Meeting and the 4th Asia-Pacific Coastal Aquifer Management Meeting, 4 –8 July 2016, Cairns, Australia

35

Table of Contents
for this manuscript



similar to the Motril-Salobreña coastal aquifer. To do so, the following issues are 
considered: 

• Possible ways of defining the sea-aquifer contact with the code used for the 
modelling. 

• Analysis of results with each case considered, and description of the main differences 
between them. 

• Define the pros and cons of each possibility revealed in the evaluated case in terms of 
computation and degree of definition of the aquifer system. 

 
Considering the importance of salt water intrusion for the management of water resources in 
coastal regions, modelling possibilities regarding SAC conditions must be taken into 
account, and the procedure presented is a viable methodology to achieve good results. 

Application context 
The model tests carried out have been located in the discharge zone of the Motril-Salobreña 
coastal aquifer (SE Spain), an alluvial-deltaic sedimentary system. Its small extension (about 
42 km2), and good state due to high recharge and low pumping activity (Duque et al. 2011) 
make the place a perfect natural laboratory for experimentation with hydrogeological 
processes. The upper part of the system (150 m depth) corresponds to an unconfined detrital 
aquifer of a mixed deltaic-alluvial nature, comprising alternating sand and gravel layered 
with occasional silt and clay lenses. 
 

 
 Figure 1.  Motril-Salobreña coastal aquifer (left) and specific location of the model’s 

horizontal domain (right). 
 
The model definition was inspired in the southwest section of the aquifer along a rectangle, 
parallel to the direction of flow (Fig. 1). The submerged part of the aquifer was also 
considered in all proposed cases, but in the first one the corresponding portion remains 
inactive. 

METHODOLOGY AND CONCEPTUAL MODELS 
To examine the different cases, SEAWAT (Langevin et al. 2008) and MODFLOW 2005 
(Harbaugh 2005) were used. The total dimension of the model is 1.5 km in length (direction 
of flow) by 0.1 km in width and 150 m in depth (upper unconfined aquifer), being the same 

24th Salt Water Intrusion Meeting and the 4th Asia-Pacific Coastal Aquifer Management Meeting, 4 –8 July 2016, Cairns, Australia

36

Table of Contents
for this manuscript



for each case. These measurements have been chosen to avoid having the boundary 
conditions (recharge and discharge zones) affecting the flow pattern, that is, the horizontal 
flow in the recharge zone becomes mostly vertical in the discharge zone, in accordance with 
the flow distribution for discharge zones in unconfined coastal aquifers (Glover 1959).  
 
The model is composed of 45,000 cells, each with a dimension of 10x10x5 metres, and the 
topography slope inland from the northeast (5 masl) to the sea (0 masl) is equal to 0.005% 
(Figure 2). Boundary conditions at the shoreline are Constant Head (CH) = 0 m and 
Constant Concentration (CC) = 35 g/l, and in the recharge zone, CH = 4.5 m and CC = 0.35 
g/l, in all cases except for the last one at the shoreline, where a tidal oscillation is imposed. A 
homogeneous porous medium is assumed, with a constant hydraulic conductivity (k) = 10 
m/d for the aquifer section of the model, and a vertical anisotropy of 0.1. The aspects 
changed in the different cases are: (1) the arrangement of the boundary conditions at the 
shoreline, (2) the morphology of the sea-aquifer contact (SAC), and (3) sea level (constant or 
cyclic). 
 
The tidal oscillation is obtained by applying the following equation (Mulligan et al. 2011): 
 

      (1) 
 
where  (L) is the sea level at time t (T),  is the mean sea level (L), i is the number of 
the constituent (where i =1 to n),  is the amplitude of the constituent i of the tide (L),  is 
the frequency of the constituent i (radians * T-1), and  is the phase of the constituent i 
(radians). Applying Equation (1), a synthetic tidal signal defined by the five most important 
constituents is obtained (Fig. 2), which are extracted from the analysis of the tide 
measurements from the tide gauge at Motril Harbour. 
 
The conceptual models for all the different cases are explained in Figure 3 (left).  In all 
cases, a previous steady state model (20 years) with constant density has been run with 
MODFLOW-2005 to obtain an initial flow solution. Then, SEAWAT is applied for each one 
in a quasi-steady state, with a simulated time from 10 to 30 years. 
 

 
Figure 2.  A. The five most important tidal constituents (in terms of amplitude) at 
Motril Harbour’s tide gauge. B. The resulting signal is for one month. 

RESULTS 
The proposed cases are evaluated in terms of: (1) computational efficiency and (2) discharge 
features such as the submarine discharge zone, the shape and position of the interface, and 
the flow configuration of the discharge fringe. From Case 1 to Case 6, the results are shown 
in Figure 3 (right), in the same order as the conceptual models (left). 
 
Case 1 without the sea portion is performed as the simplest intrusion setting, where the 
discharge zone is straightened to the shoreline, but the equipotential lines are coherent with 
the salt wedge position. The same is observed in Case 2, where the sea is represented with 
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active cells and the SAC remains vertical. Both cases simulate the intrusion in the same way 
since the sea position does not change, and the only difference is the computational cost, 
higher in the second case due to its greater number of cells. When the SAC slope is changed 
from vertical to 45° (Case 3), the results are totally different with regard to the submarine 
discharge zone, which is wider, and the toe of the intrusion wedge progresses inland. The 
next change depicted in Case 4 is the definition of a more realistic gentler slope (10°) of the 
SAC  (maintaining the same boundary conditions), which results in the readjustment of the 
intrusion configuration, with still wider submarine discharges farther seawards. This in turn 
implies a broader interface in the horizontal and vertical directions. The definition of inactive 
sea cells in Case 5 involves the vertical narrowing of the interface mainly visible in the 
submarine discharge zone, and the wedge toe motion inland, with the slope being equal to 
Case 4. Finally, Case 6 includes a variable sea level with respect to Case 4, introducing the 
calculated tide values applying Equation 1. The results show that the tide does not produce 
any significant influence in the general wedge configuration except for some very slight 
changes in the arrangement of the equipotential lines close to the submarine discharge zone. 
 

  Figure 3.  Conceptual models of cases 1 to 6 (left column) and the resulting profile for 
each case (right column). 

DISCUSSION AND CONCLUSIONS 
A set of probes have been developed for modelling groundwater flow in the discharge zone 
of coastal aquifer systems similar to the Motril-Salobreña detrital aquifer. Six different cases 
are examined to evaluate the possibilities for modelling coastal aquifer systems and their 
intrusion features, changing the boundary conditions and the morphology of the sea-aquifer 
contact (SAC), applying the MODFLOW and SEAWAT packages. In light of the results, it 
is clear that the implementation of the sea portion as active cells with very high hydraulic 
conductivity values allows better detailing of the submarine discharge zone and yields 
changes in the freshwater-salt water interface and the degree of intrusion. Nevertheless, a 
high number of cells increases runtimes and could lead to convergence problems due to the 
sharp change in hydraulic conductivity values between sea and aquifer. In cases where the 
sea cells remain inactive and the sea boundary conditions are defined with a SAC with a 
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gentle slope (around 10°), the results are more consistent and have lower runtimes. When the 
tidal oscillation is imposed as a sea boundary condition, no influence is detected on the 
discharge zone features aside from a certain displacement of the equipotential lines, and the 
computational cost is higher. Nevertheless, the model was run only for one month with 
Mediterranean tide oscillation (low amplitudes), so this variable must be considered when 
higher tidal amplitudes and longer run times are required since the discharge configuration 
could be significantly different. 
 
KEYWORDS: coastal aquifer; saltwater intrusion; sea-aquifer contact; flow model 
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