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ABSTRACT 

 As freshwater stream flows into the Fuente de Piedra salt lake (Málaga, Spain) are 

scarce, the extremely high water salinity (around 150g/l) in this lake is likely interpreted as a 

consequence of regional groundwater recharge with a high salt content. The relative importance 

in the water budget of this saline recharge has been studied using a two-dimensional 

groundwater flow and transport model (MOC). A vertical profile of water electrical conductivity 

was established from data obtained by hydrogeological monitoring of several boreholes drilled 

around the lake’s perimeter to apply the model. Considering the mean values of rainfall and 

evapotranspiration, the position of the interface between fresh and salt water was then modeled 

in steady-state conditions, in the detrital aquifer of Fuente de Piedra. 

 Three different values of brine recharge flow have been simulated; one of them has 

been selected as the more feasible to explain the current geometry of the interface in the 

aquifer. It has been found that these conditions are stable in a period of time long enough (i.e. 

1000 years), and that, to maintain such a state, the results suggest that deep high salinity 

groundwater recharge has a value that is five times higher that the freshwater recharge of the 

aquifer.  
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INTRODUCTION AND OBJECTIVES 

In the north of Málaga province, high-salinity water appears in two different  

hydrogeological circumstances: the first one is associated to the subterranean flow through 

evaporitic Triassic materials (anhydrite, gypsum and halite), which gives rise to saline springs 

that cause serious problems, since they affect the water quality of rivers (CARRASCO, 1986; 

BENAVENTE and CARRASCO, 1984). The second one is related to brines appearing in a series of 

salt lakes occupying the lower part of endorrheic basins (BENAVENTE et al., 1992). In this second 

case, the concentration by evaporation —due to semiarid conditions of the Mediterranean 

climate in the area— is a key factor so that moderate-salinity water can evolve in annual cycles 

into brines, which will be the source of a saline layer because of their desiccation during the 

summer season. Phreatic brines linked to these seasonal salt lakes are identified at monitoring 

piezometers or from groundwater pumpings for obtaining halite industrially (LINARES, 1990; 

ALMÉCIJA, 1997). Nevertheless, there are some hydrochemical differences among these three 

kind of brines (BENAVENTE et al., 1986); particularly regarding the stable-isotope contents. The 

isotopic composition of saline springs is tipically metheoric; in contrast, the effects of isotopic 
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fractionation due to the evaporation are very clear to a greater or lesser extent in the water of 

free or phreatic brines linked to the lakes (ALMÉCIJA, 1997).  

In any case, the origin of all these brines can be regarded as very similar, since the 

karstification of the Triassic evaporites causes on the one hand saline springs, and on the other 

hand endorrheic basins, which host the lakes (PEZZI, 1977; LHENAFF, 1981; DURÁN and MOLINO, 

1986). The two processes above mentioned —flow through evaporitic materials and 

concentration by evaporation— may have acted jointly when examining the origin of phreatic 

brines related espacially with salt lakes, although the contribution of one of them can be 

predominant.  

This question is brought up to analyze the case of the Fuente de Piedra lake, the main 

one in the area and one of the biggest in Spain. The hypothesis to be verified is that the  

contribution to the lake of subterranean recharge of salt water produced by dissolution of 

Triassic evaporites can explain the shape and position of the interface between fresh water and 

phreatic brines, as it has been identified experimentally.   

 

HYDROGEOLOGICAL SETTING 

 The Fuente de Piedra endorrheic basin has an extension of around 150 km2 and is 

located in the north of Málaga province, 75 km far away from the capital (Figure 1), over the 

Atlantic-Mediterranean watershed divide (Guadalquivir and south of Spain basins, respectively). 

The Fuente de Piedra lake constitutes an ephemeral or “playa” lake normally with high-salinity 

waters in spring and a salt crust in summer. The maximum flooded surface is around 13 km2.  

 This wetland lodges an interesting group of birds, among which pink flamingos 

(Phoenicopterus ruber roseus) can be considered the most important. This is the only place at 

the Iberian Peninsula where this species nests and reproduces, whenever the meteorological  

conditions are favorable. For this reason, the Fuente de Piedra lake has been included in the 

Ramsar Agreement as a special interest area to preserve this group of birds (BERNUES, 1990), 

and the Andalusian regional Government has declared it a Nature Reserve as a protection 

measure.  

 The Fuente Piedra aquifer is made up mainly of Upper Miocene calcareous sands and 

of Quaternary alluvial materials. However, karstified Jurassic carbonatic materials also outcrop 

in the basin (at the Mollina mountains, at the northeast of the basin, and Humilladero mountains, 

at the south). Due to their hydraulic connection with the previous ones, they can be considered 

to be integrated in the same hydrogeological system (ITGE, 1998). Despite the fact that Triassic 

clayey materials constitute the substratum of this system, they can locally behave as permeable 

materials, especially due to the evaporites (gypsum, halite) that form part of the stratigraphic 

sequence and are affected by karstic phenomena in many sectors of the region (LHENAFF, 

1981).  

The highest piezometric levels coincide approximately with the watershed divide of the 

endorrheic basin, so the subterranean flow is radial centripetal towards the lake that constitutes 

the base level of the aquifer and the main subterranean-discharge area of the aquifer (LINARES, 



1990; ALMÉCIJA, 1997). This groundwater discharge, together with the contribution from two 

streams, Santillán and Charcón, becomes the main recharge of the lake. Since stream flows are 

scarce and their water have not a high salt content, the high salinity of the water in the Fuente 

de Piedra lake must be attributed to the saline-water subterranean recharge.  

 Previous studies about the water budget of the Fuente de Piedra aquifer have been 

carried out by Linares (1990) among others; the last one is focused on the period from 1962 to 

1987 (see Table 1). In all the cases, the evaporation of the lake is considered to be the main 

discharge of the system.  

Benavente  et al. (1996) described in the Fuente de Piedra aquifer a clearly-defined 

interface separating an upper zone saturated with less dense fresh-water from a deeper zone 

occupied by a denser water, whose salt content can reach 150 g/l. This interface is found near 

the surface at the lake shore, and becomes deeper as it goes farther from it (Figure 2). 

There are historical and archaeological evidences about salt - extraction work as well as 

the presence of flamingos in Fuente de Piedra since Roman times. This fact supports the idea 

that the hydrogeological features of the area and the hydrochemical characteristics of the lake 

have remained nearly stationary for a long period, at least 1000 years. Therefore, a modelling of 

the system has been considered to verify the stability of such an interface for a long period, or to 

point out the possible time evolution of the water salinity. 

 

METHODS. DESCRIPTION OF THE NUMERIC MODEL 

Topography of the basin and depth of impevious substratum have been digitized as a 

previous step in order to evaluate the involved water volumes and to select the sector more 

suitable for carrying out the bidimensional flow modelling.  

Electric conductivity of ground water in areas near the lake was measured to apply this 

model. A vertical profile was established from the obtained data to represent the position of the 

interface in steady-state conditions using the available average values of precipitation and 

evapotranspiration data (ITGE, 1998). 

The basin discretization has been made in a uniform grid (up to a total of 4548 nodes) 

on a scale of 1:50000 with Surfer 7.0. Taking the grid as a starting point, topographic height has 

been assigned to each node using maps on a scale of 1:10000. Depths of impervious 

substratum have been established from drilled piezometers and from previous data (LINARES, 

1990; ALMÉCIJA, 1997; ITGE, 1998). The average depth of the substratum is around 50 m (see 

Figure 3) and the maximum values are found in the central part of the basin. The thickness of 

the aquifer exceeds largely from these values at northeast and southeast areas of the basin at 

the sectors of Mollina and Humilladero calcareous mountains. 

The MOC model (“Two-dimensional method-of-characteristics ground water flow and 

transport model”), developed by the USGS, has been used for the flow and solute transport 

modelling. This model can be applied to problems in one or two dimensions, either in transient 

or steady-state conditions. The model computes the concentration changes in the course of 

time due to advection, dispersion, mixing or dilution processes, and some chemical reactions 



(KONIKOW AND BREDEHOEFT, 1978; GOODE AND KONIKOW, 1989). It also integrates the flow 

equation with the solute transport one. The program uses a iterative approach to solve the finite-

differences formulation of the groundwater flow equation.  

 

APPLICATION OF THE MODEL TO THE FUENTE DE PIEDRA AQUIFER 

The modelling has been applied to the above-mentioned more suitable profile according 

to the basin features (Figure 3). This one represents the northwest-southeast section of the lake 

basin, approximately from “Cortijo de las Rosas”, at the northwest, to “Cortijo de San Pedro”, at 

the southeast.  

The features of the used grid are as follows: at the horizontal axis, on a scale of 

1:12500, 77 nodes were placed at a distance of 100 m between every two (being 7,7 km the 

horizontal lenght of the section); at the vertical axis, on a scale of 1: 500, 20 nodes were placed 

at a distance of 5 m between every two (being 100 m the total height of the section).  

In the hydrodynamic model in steady-state conditions, an anisotropy (relation Kv/Kh) of 

0.05 in the aquifer materials of the basin has been considered. Two different values of the 

hydraulic conductivity have been assigned to the two different kind of materials appearing in the 

studied section:  

a) A hydraulic conductivity of 0.0020 m/d has been assigned to Quaternary materials that 

represent the surface deposits at the most part of the section, which is placed near the 

streams that flow into the lake from the southeast (Charcón stream) and from the 

northwest (Santillán stream); and,  

b) A hydraulic conductivity of 0.0036 m/d has been accepted for Miocene materials, which 

constitute the most part of the aquifer (LINARES, 1990). 

 Assigned values to other parameters used in the model are as follows: 

a) 35% for the effective porosity, according to the information given by Linares (1990), and 

0.3 m for the longitudinal dispersivity.  

b) The model does not consider diffusion as an independent parameter, although the 

dispersion coefficient (hydrodynamic dispersion) comprises the mechanic dispersion 

and the diffusion. The ratio between transversal and longitudinal dispersion is 30%.  

 The following boundary conditions have been set in the hydrodynamic model: 

a) average depth of effective precipitation recharge with an homogeneous value of 

approximately 70 mm/year, according to the data obtained from ITGE (1998); 

b) this recharge has been supposed to correspond to fresh water, so null salinity value has 

been assigned to it (0 g/l); 

c) deep recharge with high salinity water (150 g/l) has been accepted in every simulation 

(Figure 4) 

d) discharge of the system is only represented by the evaporation from the surface of 

water in the lake; 



e) the level of the lake has been considered constant, as an imposed condition of the 

model that should only be accepted when the period of time considered at the research 

is long enough. 

 

RESULTS AND DISCUSSION 

According to the average depth of the impervious substratum, the assessment of the 

volume of the involved aquifer is slightly more than 5 km3. Considering that the hydraulic head 

has a value of around 440 m a.s.l., the saturated volume of aquifer is nearly 4 km3.  

 Taking into account the value of the effective porosity, the water storage resulting from 

these calculations is 116 hm3, almost coinciding with the one previously obtained (between 

100hm3 and 160hm3) by ITGE (1998) using conventional methods. In any case, only a part of 

this water volume can be considered useful for exploitation purposes, since the saline content of 

water increases sharply in the depth.  

  Different values of deep recharge and the same surface recharge value —

obtained from experimental data— have been considered for the three simulations (Figure 4). 

 Results of modelling concerning the hydraulic heads and the fresh-water/salt-water 

interface at the Fuente de Piedra lake are shown in Figure 5. Three out of the ten stages 

considered for every simulation have been represented. During the first stage (T = 100 years), 

all the aquifer is considered to be saturated with phreatic brine, while during the following 

stages, the evolution of the brine can be observed to check the stability or instability of the 

system in a period of time long enough (i.e. 1000 years). 

 The system shows to be instable for the proposed period of time just in the second 

case, since the fresh-water recharge would remove the salts from the Triassic evaporitic 

substratum and the interface would be placed immediately under the lake, which would still be 

saline. However, in the rest of the basin, water would be fresh up to the impervious substratum 

of the aquifer, and this fact does not fit with the present hydrogeological observations. In this 

simulation, deep recharge flow was supposed to be equal to the surface one. Since salt removal 

does not take place, the deep recharge must be larger than the surface one.  

 As a consequence of this conclusion, the third case considers a deep recharge 10 times 

larger than the surface one under the lake and 5 times larger in borders of 1.5 km long at both 

sides of the lake. As a result, this simulation shows a too slightly sloping interface  placed at 400 

m a.s.l., so it is near the surface in areas too far away from the centre of the basin, in contrast to 

the current observed hydrogeological data.  

 A deep recharge flow 5 times larger than the surface one, and 2.5 times larger at the 

sides has been considered in the first case. The results of this simulation are really close to the 

actual hydreogeological data, although some differences related to the shape of the interface 

are observed at the left side of the studied profile. These results suggest a lake recharge from 

deep high-salinity flows coming from the dissolution of Triassic saline materials. Little anomalies 

in the general behaviour can be due to the lithology heterogeneity of the Triassic substratum, 

where deep saline domes can produce a higher salinity in some points.  



 

CONCLUSIONS 

The use of MOC has allowed to establish the geometry of the fresh-water/phreatic-brine 

interface for a period of 1000 years. The results obtained suggest that the actual conditions of 

the studied system are stable as time goes by. On the other hand, values of around 10 hm3/year 

have been obtained for the deep saline recharge. These values are coherent with the water 

budgets previously established for this aquifer by conventional methods, so the use of this 

model can be partially verified.  
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Figure 1: General location and geological sketch (from Benavente et al. 1992)
of the study area. 1: Triassic (clays and evaporites, basically). 2: Lower
Jurassic carbonates. 3: Upper Jurassic, Cretaceous and Paleogene marls and
calcareous marls. 4: Miocene (calcarenites) and Pliocene (clayey
conglomerates). 5: Quaternary (alluviums). 6: Lake and reference number
(1=Fuente de Piedra salt lake). 7: Main springs related to evaporite drainage.



 

Figure 2: Section across the northern shoreline of the Fuente de Piedra salt
lake showing the vertical zonation of electrical conductivity (values in mS/cm)
according to measures in boreholes (June 1992). Q: Quaternary, M: Miocene.
(Simplified from Benavente et al., 1994).   



 

 
Figure 3: Morphometry of the basin of Fuente de Piedra salt 
lake.  
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Figure 4: Conditions on the three different simulations 



 

 
Figure 5: Vertical profiles of concentration (% maximun concentration 
= 150 g/l, less than 50 % in grey scale) and hydraulic heads in the 
cross section X-Y. Results for the three different conditions of 
i l ti



 

Inflow  
Infiltration and runoff 11.5 - 13.4 hm3/year 
Return flow (pumping wells) 0.1 - 0.4 hm3/year 
TOTAL 11.6 - 13.8 hm3/year 
Outflow  
Pumping wells 3.0 hm3/year 
Discharge to the lake 8.6 - 10.8 hm3/year 
TOTAL 11.6 - 13.8 hm3/year 

 

 
 

 

Table 1: Water balance in the Fuente de Piedra aquifer (from ITGE, 1998) 


