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ABSTRACT 

The ground water in the Castell de Ferro aquifer (Granada province, South Spain) has evolved over 

the past decade towards water increasingly contaminated by salt-water intrusion. The chloride contents, 
which were normal for fresh ground water in 1980, had become close to those of sea water in 1986. This 
aquifer is made up of detrital sediments and has the peculiarity of including small karstified carbonate 
outcrops that are in contact with the detrital material just on the coastal limit. These outcrops have very 
high transmissivity and establish contact between the detrital materials and the sea. We have modelled 
the ground-water flow (MODFLOW) of the aquifer in orther to obtain a clearer idea of the influence of 
these highly transmissive materials on the hydrodynamic behaviour of the ground-water flow and also, 

therefore, of their influence on the salt-water intrusion process. We obtained a water balance indicating 

low total influx of fresh water into the system (2.1-2. 7 hm3/year) and a low volume of sea water entering 

by the coastal edge (0.06-0. 19 hm3/year). We conclude that the Castell de Ferro massif constitutes a 
preferential route for ground-water flow in both directions. As a result a detrital sector near the coast is 

left with little ground-water circulation (particulary little towards the sea), so that the removal of salts 
from sea-water intrusion is insufficient for the materials to recover their original saline content. 

INTRODUCTION 

The aquifer of Castell de Ferro (province of Granada) is situated on the coast of 

eastern Andalusia (Fig. 1 ), a region booming economically due not only to longstanding 

tourism but also to changes in agriculture. For example, traditional cultivation is giving 

way to greenhouse farming. The boom has brought a considerable increase in the area 
under cultivation, and cons,equently a rise in water consumption. In this low-rainfall 

region the principal water resources are ground waters. The uncontrolled arid excessive 

exploitation of ground water is causing salt-water intrusion in almost all the coastal 
aquifers of the region, reflected in the increasing saline content of the ground water. 
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Fig. 1. Location of the area studied and the basin draining into the Castell 

de Ferro aquifer. 1. Detrital alluvial materials; 2. impermeable metapelites; 

3. Sierra de Lujar carbonate materials; 4. Murtas nappe carbonate 

materials; 5. basin margin; 6. ramblas. 

This study, by the application of a flow model, focuses on the state of salt-water 

intrusion in the Castell de Ferro aquifer, and examines the factors influencing the 

dynamics of this intrusion. 

GENERAL CHARACTERISTICS OF THE AQUIFER 

The Castell de Ferro aquifer is made up of alluvial sediments deposited by ramblas 
cut into the basin slope (Fig. 1 ), which only rarely carry water. The deposited materials 

consist of alternating beds of unconsolitated gravel, sand and silt. 

The basin is comprised mainly of impermeable or nearly impermeable metapelitic 

materials over which small carbonate outcrops are stratigraphically superimposed (Fig .1), 

but these are of little importance as aquifers because of their limited size. Two of these 

outcrops located in the coastal zone nevertheless have a significant influence on the 

aquifer system, being in contact with both detrital material and sea water. 
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Morphologically, the system is characteristic of the coastal alluvial aquifers of this 
sector, being very long, 8.5 km, and narrow, only 700 m in maximum VVidth. The 

greatest thicknesses are located near the coastline (60 m) and at the confluence of the 
two principal ramblas (50 m) (Fig.1 ). 

This aquifer has notably smooth changes in piezometric levels in the fertileplain 
around Castell de Ferro (Fig.2). At most points variations are less than 50 em, and only 
in those with major water explotation, as at point 71, does the level vary more than 1 
m. In the area at the head of the system (point S-8), however, variations of 7 m (to 14 
m in the most extreme years) are recorded from the wet season to the dry of the same 
year. One possible explanation for this stability is that the detrital materials bound 

limestone materials, which, being highly permeable and in contact with the constant 
level of the sea, would mitigate piezometric fluctuations. 
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Fig. 2. Piezometric head evolution in different points of the Castell de 

ferro aquifer (see point situations in Fig. 4). 

Two main factors influence the piezometric evolution of the aquifer: heaviest 
rainfall brings maximums and heaviest exploitation results in minimums (Fig. 2). 

Therefore a piezometric rise during the dry season is curious, reflecting a decreased 

pumping due to a worsening of ground water quality. The greatest volume of water is 
drawn from the central area of the aquifer, depressing the piezometric level, inverting the 
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hydraulic gradients for most of the year, and thereby leading to salt-water intrusion. The 
overexploitation of the Castell de Ferro aquifer (Benavente, 1987; Calvache, 1991) is 
reflected in a continual decline in the chemical quality of the water (Fig. 3), illustrated 
by the fact that from 1980 to 1984 the chloride content tripled and in 1986 ground 
water at 1 000 m from the coastline had almost the same composition as sea water 
(Benavente, 1987). 

Fig. 3. Hydrochemical characteristics of samples taken at different times 
in the detrital sector near the coast. Data taken from (a) 1981; (b) 1982; 
(c) 1984; (d) piezometers S-1 and S,2, 1986; (e) seawater. After 

Benavente ( 1987). 

METHODOLOGY 

In this study we have carried out a mathematical modelling of the ground-water 
flow of the Castell de Ferro aquifer in order to increase our understanding of the process 
of salt-water intrusion, and to provide a preliminary step in the mathematical modelling 
of the contact between fresh and salt water (Calvache, 1991) as is made in other paper 
for other aquifer with similar charateristics to this (Calvache and Pulido-Bosch, 1991 ). 

We have applied the MODFLOW model (McDonald and Harbaugh, 1988), which resolves 
the equation of ground-water flow by the method of finite differences: 

where: 

__!__ (k oh) +__!__ (k oh 1 +__!__ (k oh 1 -w = 8 oh 
ox ""'ox oy »' oy oz u oz sot 

k ••• kYY' k,, is the hydraulic conductivity on the axes x, y and z [L T 1 J 
h is the hydraulic head [LJ 
W is the volumetric flow per unit volume [T1

] 

s. is the specific storage coefficient [L-1
] 
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The modelling was carried out both for steady and transient states. In the former 
case the means were calculated using the data for the time period in which information 

was available, and an attempt was made to adjust the simulated results to these mean 

values. However, the final adjustment did not prove satisfactory, and therefore is not 

included in this work. 

The transient state was simulated monthly for 3 years, from 1985/6 to 1987/8, 

the monthly intervals offering all the data necessary for the modelling. The following is 

a brief review of the aspects related to the mathematical modelling of the transient state. 

Fig. 4. Modelled area of Castell de Ferro aquifer and situation of 

piezometric control points and pumping wells. 
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GROUND WATER FLOW MODEL 

Conceptual model 

The modelling was carried out for the major volume of the detrital aquifer, from 
the confluence of the two principal ramblas to the coastline (Fig. 4). The remaining 
sector represents a minor volume of the aquifer, for which there is very little data. The 

detrital system surrounds a small limestone massif where the town Castell de Ferro is 
situated and a second carbonate system borders the alluvial on the southwest (Fig. 4). 
Being in contact with both the detrital aquifer and the sea, the carbonate aquifers can 
have an important influence on salt-water intrusion. 

These carbonate systems show advanced karstification. In the zone where fresh 
water mixes with salt water, calcium carbonate tends to dissolve and therefore increases 

karstification, resulting in highly permeable limestone (Plummer, 1975; Wigley and 

Plummer, 1976; Back eta!., 1979; Sandford and Konikow, 1989; Pascual, 1990). 
Thus, through these materials salt water enters easily when the falling piezometric levels 
bring about an inversion in the hydraulic gradients. Consequently, for our model we 
consider these surfaces to be highly transmissive elements within the modelled area. 

The aquifer is fed principally by surface runoff flowing over the metapelitic 
materials of the basin. The use of drip irrigation systems eliminates important recharge 
from the infiltration of excess irrigation water. 

Civic pumping and, above all, agricultural irrigation, in combination with outflow 

along the coast, constitute the total discharge of the aquifer. 

Entry data 

The irregularity in the discretization has resulted from the irregular distribution of 
the data (Fig. 5). The central coastal zone provides a greater number, and therefore the 

grid here is denser, with blocks of 1 00x1 00 m2
• Over 2 km from the coast the data 

become scanty, with a great distance between the points which could offer information; 

therefore, we have established a network of 200x400 m2
• 

The eastern and western boundaries, in contact with the metapelitic materials, we 
consider impermeable (Fig. 5). The southern boundary, bordering the coast, has a 

constant level (Fig. 5), and the northern boundary, which connects with the rest of the 
detrital aquifer, cannot be considered constant, since the piezometric level registered can 

fluctuate as much as 13 m from the wet season to the dry. We consider the limit 

variable in the two periods, and therefore it was necessary to modify the MODFLOW 
program in order to model the sharply varying piezometric levels. On this boundary, 
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water enters the simulated area in the form of ground-water flow coming partly from the 

aquifer, which continues beyond this limit. This flow is very difficult to estimate, since 

a part of surface runoff may have other sources which would be practically impossible 

to identify. Therefore we have decided to calculate the water which is within this limit, 

using Darcy's law. Thus, given that there is a piezometer just at the boundary (point S-8, 

Fig. 4), there is a monthly record of the piezometric evolution, we consider the mean 

level invariable for the time period chosen (I month). 
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Fig. 5. Discretization and boundaries consider dd in the ground-water 

flow model. 

For the initial distribution of hydraulic conductivity, we relied on data obtained by 

pumping tests and this preliminary distribution follows hydrological criteria (Fig. 6). The 

highest values for the detrital aquifer (200m/d) occurred in the central zone and near the 

sea. From here and towards both sides, the values for this parameter decreased 

progressively until reaching the lowest values in the zone along the boundaries (1 00 

m/d). The carbonate materials were assigned a value qf 1000 m/d, based on the 

similarity with other nearby karstified materials which, from pumping tests, provided data 

relevant to this parameter. 

With respect to the storage coefficient, the value obtained by pumping tests was 

6%. To verify this value we calculated the hydraulic diffusivity (T/S) in the aquifer by 

means of the effect of the tide has on the piezometric level at different points near the 

coast. We considered the difference between tides and the changes in piezometric levels 

recorded on a limnigraph (S-2) situated at 580 m from the coast, and deduced the values 

for the storage-coefficient variables between 0.8 and 1.5%. The distribution of this 
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parameter was done in the same way, using hydrogeological criteria. 

HYDRAULIC CONDUCTIVITY (m/d) 
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Fig. 6. lnicial distribution of the hydraulic conductivity for the ground

water flow model. 

The first entry for the system to be determined in the model is the surface 

recharge of the aquifer. For this we considered the rainfall directly infiltrating the detrital 

material, and the surface runoff which flows over the meta pelitic materials on the slopes 

in the area used for the model. We considered as surface runoff the effective rainfall 

obtained with Thorthwaite's method to daily precipitation records, applying a correction 

factor to this values to compensate for the effect of torrential rains. In this way we took 

into account that on days of intense rain the runoff flowing over the metapelitic 

materials partly infiltrates the alluvial material and partly washes through the ramblas to 

the sea. In a preliminary attempt we considered that effective rainfall in excess of 10 

mm for a retention capacity of 25 mm is lost to the sea. 

The quantity of well water pumped was recorded monthly at each point (Fig. 4). 

The m.ost important volume pumped occurred in the central sector of the widest zone 

of the detrital aquifer, at I or 1.5 km from the coast. 

Adjustement of the model 

The input data was adjusted by a long calibration process, in which the less 

well-known parameters, such as recharge from surface runoff, hydraulic conductivity and 
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storage coefficient were changed. From the final data rendering the most satisfactory 

results, those which involved a modification of the entry data as mentioned above, are 

presented without a description of the intermediate modifications. 

The surface recharge was reduced although we continued estimating the effective 

rainfall of less than 10 mm daily, but the retention capacity was increased to 40 mm. 

The distribution of storage-coefficient values are shown in Figure 7, with values which 

range from 10% in the central sector to 1% on the boundaries. 
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Fig. 7. Distribution of the storage coefficient for the ground-water flow 

model. 

The values for hydraulic conductivity vary (Fig. 8): 40 to 60 m/d along the 

boundaries and 250 m/d in the central sector of the aquifer, for detrital materials; 2,000 

m/d for the carbonates. 

Results 

Figure 8 shows the final adjustment between the simulated piezometric levels and 

those measured at different points of the aquifer from September 1987 to September 

1988, the only time interval for which detailed data on piezometric evolution is available. 

In general, the adjustment is good, although at some points contradictions appear (due, 

we believe, to data errors), such as variations of up to 0.5 m between points only 50 

m apart (points 10 and 12), or maximums and minimums for different points at the same 
time (points 5 and 71). 
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The simulation of a period for which sufficient data on inflow and outflow are available 
( 1985/86, 1986/87 and 1987 /88) provides a water balance, from which we may 

calculate the volume of salt water involved in the intrusion process. Table I shows the 
different influxes and outfluxes occurring in the system after modelling of ground-water 
flow for these three hydrological years. Distinctions are made between inflow sources 

of the aquifer: those along the northern boundary of the modelled area (connection with 

the rest of the detrital system), the surface recharge by both direct infiltration of rainfall 
as well as indirect infiltration of surface runoff over the metapelitic materials draining 
towards the modelled area, and salt-water intrusion. Attention is given to the outflow 

along the coastline as well as that of pumping stations. 

1986-87 

1987-88 

INFLUXES (hm3
) 

2.20 1.06 0.09 

1.85 0.26 0.19 

2.03 0.69 0.11 

Table I. Water balance in the modelled area of the Castell de Ferro aquifer 

for the period 1985-88. 

2.8 

3.3 

In general, the resources for the simulated part of the aquifer are rather scant 
during these three years (2.1 to 3.3 hm3

). Despite the fact that the total sources of fresh 

water for the aquifer in 1986/7 (3.26 hm3
) were highe(than in the previous year (2.79 

hm3
), the volume of salt-water intrusion also increased during this time (rising from 0.06 

to 0.09 hm3
). This reveals the close relationship between the increase in the volume of 

water pumped and the increase in salt water intrusion, since a rise in pumping is 

recorded in the two successive years (from 1.59 to 1. 78 hm3
). 

The flow model suggests that the volume of salt-water intrusion occurring in the 

Castell de Ferro aquifer is insufficient to explain the very high chloride content of the 
ground water. 
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DYNAMICS OF INTRUSION 

From the results obtained with this mathematical model for the sector of the 

aquifer, we can estimate the flow (volume of water entering and leaving) of each cell in 

the grid. We can therefore determine the amount of water exiting via the coastline and 

the time involved, as well as when the flow is inverted and when the salt-water intrusion 

occurs. In addition, we can determine the type of materials through which the water 

flow is higher. Using these data, we have attempted to reconstruct the salt-water 

intrusion and also determine how the carbonate materials influence the process (Fig. 9). 

Ground water flow (m'/dl 

Fig. 9. Schematic representation of the dynamics of salt water intrusion 
in the aquifer. 

Firstly, water enters the aquifer twice yearly, around April and September, 

coinciding with the periods of maximum exploitation. Between these two periods water 
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exits to the sea, washing the aquifer. 

The intrusion process begins by way of the detrital materials and, to a lesser 

extent, the carbonate materials west of the aquifer. During the transitional period 

between washing and intrusion, the aquifer drains water through the carbonate outcrop 

at Castell de Ferro (situated in the central coastal sector of the detrital aquifer, Fig. 4). 

At a more advanced stage of intrusion, the entry of salt water through the carbonate 

materials is volumetrically much greater than through the detrital materials. 

As intrusion begins through the detrital materials, the washing of the aquifer 

(ground water flowing to the sea) begins through the carbonate materials in the centre 
of the aquifer. Although the increase in outflow can in turn be detected in the increased 

outflow through detrital materials, most loss to the sea occurs through the karstified 

materials. 

This flow pattern during salt-water intrusion, and the washing of the aquifer, could 

explain the high saline content of the ground water in the central sector of the detrital 

system of Castell de Ferro. Thus, although the intrusion does not involve a large volume 

of salt water, the flow of fresh water through the detrital materials located between the 

two coastal limestone massifs is not significant. Figure 9 shows that ground water 
circulates preferentially through the most transmissive material (the carbonate outcrop 

at Castell de Ferro), which also allows both the most important entry for salt water and, 

during recharge periods, the largest fresh-water exit to the sea. Finally, there is an 

alluvial sector through which the fresh-water flow is very slight and, although the entry 

of salt water is lower than through the carbonate materials, the seaward flow is 

insufficient to wash out the salt residue after intrusion. 

RESULTS 

Establishing a flow model for the Castell de Ferro aquifer has enabled us not only 

to characterize the system quantitatively by spatially evaluating the hydraulic parameters 

in particular as well as the entry and exit of water in general, but this model also helps 

explain the high chloride content of ground water in the sector of this aquifer near the 

coast. 

The flow model (MODFLOW) suggests that ground water follows a preferential 

circulation route, through which the largest volumes of water are exchanged with the 

sea (in both directions). This route runs approximately north to south, through the 

karstified massif in the coastal sector and through the middle of the system's detrital 

materials. Thus, despite the small amount of salt water involved in the intrusion process 

(0.06 to 0.19 hm3 /year), the Castell de Ferro aquifer has a very high saline. content in 

the sector between the two carbonate massifs in contact with the sea. This salinity is 
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due to the fact that if the ground water circulates primarily through the central sector 

of the system (the karstified ) only approximately 1 0 to 1 5% of the total flow passes 
through the detrital sector, this amount being insufficient to wash the aquifer after 

intrusion. 

This case points out the potential importance of karstic or highly transmissive 

materials along a coast; even with a limited size these materials can seriously aggravate 

the problem of salt-water intrusion. 
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