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ABSTRACT 

 
One interesting hydrogeological feature of the small (less than 4 km2) Almuñécar alluvial 
aquifer -andalusian mediterranean coast, Spain- is related to its seasonal intrusion-extrusion 
cycles. This is thought to be a consequence of the coarse and clean nature of the sediments 
and the correspondent high values of hydraulic conductivity  (around 500 m/day). The 
recharge (14 hm3/y as an average) comes mainly from the infiltration of surface water from a 
catchment of  slightly more than 100 km2. In normal hydrologic conditions, the underground 
discharge to the sea (of some 7 hm3/y) is restricted to the wet season (around winter). The 
maximal pumping/recharge values are found between June and September and induce 
negative piezometric levels throughout most of the aquifer as well as a saltwater intrusion of 
some 3-4 hm3.  Then, the decrease of such ratio in autumn is followed by the recovery of both 
piezometry and groundwater quality. A severe drought has happened between 1991-1995, 
followed by an abnormally rainy period (1995-1997). A general hydrological model of the 
overall basin as well as  the mathematical simulation of the groundwater flow indicate that the 
recharge to the aquifer has doubled the normal values. Freshwater discharge from the aquifer 
to the sea (around 19 hm3/y) has taken place even during the summer of 1996. Electrical 
conductivity logs in a number of monitoring wells have been useful in characterising the very 
active extrusion process (resulting in a piston-flow flushing of the aquifer) between December 
1995 (end of the drought, when most of the EC values were higher than 10-20 mS/cm, 
showing  different preferential pathways of seawater penetration) and February 1996, as a 
consequence of rainfall values of near 800 mm registered in such a short interval of time. In 
addition, a number of borehole dilution tests have allowed to evaluate the Darcy (5-10 
m3/m2·d ) and flow (50-100 m/d) velocities in the aquifer associated to this important recharge 
period.  
 
 
   
INTRODUCTION 
 

In spite of its small size- less than 4 km2- the alluvial aquifer of Almuñécar (Granada 
province, Andalusia, South Spain) has a great economic interest. This is mainly due to the 
special climatic conditions (mild temperatures) which come out from the barrier effect against 
cold north winds induced by a mountain range located few kilometers from the sea shore 
(Figure 1).  This enables a special type of irrigated crops which extend over the totality of the 
alluvial plain as well as over a part of the valley slopes: specially custard apples and avocados, 



 

 

all of them fairly rare as intensive plantations on the European continent, and because of it the 
term “Tropical Coast” has been chosen to name touristically this Mediterranean coastal strip.  

Figure 1.- General location and sketch of the Verde River basin. 1: alluvial aquifer, 2: 
carbonate aquifer, 3: metapelitic materials, 4: springs, 5: gallery. 
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Tourism is another important economic activity in the area, particularly in the town of 
Almuñécar during the summer season when the normal population of around 25,000 is 
increased nearly six times. Both activities –crop irrigation and urban supply- require the 
availability of good quality water. 
 
 
HYDROGEOLOGICAL SETTING  
 

The area has a mediterranean climate in which precipitation averages around 600 
mm/year but is very scarce between June and September. The catchment surface of the Verde 
River (Figure 1) is slightly more than 100 km2, approximately half of which corresponds to 
the head section, made up of permeable triassic marbles, drained by a number of springs that – 
unless during flood episodes- are responsible of a significant fraction (80-90 %) of the Verde 
River streamflow: around 16 hm3/year as an average. The river hydrograph at the end of the 
head area typically exhibits not very sharp rises after the main pluviometric episodes and 
relatively high flows (0,3-0,4 m3/s) during late summer. This reflects the important regulating 
effect of the flow through the fissured carbonates.  
 

The materials which make up the rest of the basin are schists. The alluvial aquifer is 
enclosed within these impervious materials. It is made up mainly of clean sands and gravels. 
The sector located nearest to the sea (“vega” –irrigated plain- of Almuñécar) is the most 
interesting from the hydrogeological standpoint. It coincides with an appreciable widening of 
the alluvial plain with respect to the relatively narrow sector located upstream. Transmissivity 
values of around 30,000 m2/day have been registered there from pumping tests and the 
substratum is located at depths between 30 and 70 m; the northern boundary of this sector 
roughly coincides with the intersection between the substratum and the sea (zero) level. The 
recharge to the aquifer comes mainly from the infiltration of the Verde River streamwater –
which acts as a losing stream along most of its course over the alluviums- and it has been 
evaluated in 14 hm3/year as an average. Of  this figure, an amount of approximately 3-4 
hm3/year corresponds to seawater intrusion, located during the summer season (Calvache and 
Pulido, 1990).  
 
 
THE PROCESS OF SEAWATER INTRUSION/EXTRUSION  
 

Traditionally, the water for irrigating the alluvial plain and for human consumption 
was obtained directly from the Verde River and from an old (pre-Roman?) gallery that 
discharged between 200 and 400 l/s. Since the 1970s, the area experienced a touristic 
development and specially an important agricultural transformation by mean of terraces 
covering some tens of km2 of the valley slopes. The previous exploitation schemes of  water 
resources became clearly insufficient to fill the new requirements which since then were based 
on groundwater pumping from the alluvial aquifer –usually ranging from 5 to 10 hm3/year- 
concentrated during the summer season. Subterranean discharges into the sea of 3-6 hm3/year 
could be expected under average hydrological conditions. Obviously, most of this discharge is 
concentrated around the winter-spring period. 
 

The first detailed studies (Benavente, 1982) pointed out to the risk of seawater 
intrusion, taking into account the seasonal overexploitation and the piezometric data available 
which indicate negative water levels throughout most of the vega of Almuñécar sector as well 
as the frequently experienced drying up of the above mentioned gallery. The intrusion process 



 

 

was clearly noted in the summer of 1983, affecting the Almuñécar water-supply wells -located 
1 km inland from the coastline – where chloride contents rose from normal values of around 
20 mg/l to 5 g/l (Benavente et al., 1984). In more recent years the intrusion process has been 
more intense, specially during the 1990-1995 drought period, as it will be shown later. As a 
consequence of this, other wells –in addition to those for urban supply- have been abandoned 
due to salinisation. 
 

Nevertheless, it is worth to note the very rapid recovery registered both in piezometry 
and in groundwater quality every year around autumn. Thus, a seasonal 
salinisation/desalinisation pattern has been observed since the beginning of the intrusion 
process (Fernández-Rubio et al., 1986; Fernández-Rubio and Jalón, 1988). This is a 
consequence of the decrease in pumping rates after the first rainy events, when less water is 
needed for irrigation  and  the population to be supplied decreases. Furthermore, there is an 
increase in streamflow, so the aquifer discharge/recharge ratio reaches values that are far 
lower than during the summer season.  
 

The seawater intrusion/extrusion process has been monitored mainly from a network 
of more than thirty boreholes designed to provide piezometric and hydrochemical 
information. This network has also given clues to complete the knowledge of the geometry 
and hydraulic properties of the aquifer. 
 
 
THE 1990-1997 ABNORMAL HYDROLOGIC PERIOD 
 

The precipitation recorded at the Cázulas station can be considered as representative of 
the whole basin. The mean value of the 1954-55 to 1996-97 period in this station is about 700 
mm/year. The hydrologic year 1989-90 was a relatively wet one: around 900 mm with most of 
the precipitation recorded in the last two months of 1989 which was the cause of important 
flood events. The following five years registered precipitations below the average: 500 
mm(1990-91), 380 mm(1991-92), 300 mm(1992-93), 420 mm(1993-94) and 220 mm(1994-
95) (rounded off values). This situation –and specially the very dry character of the last year- 
originated one of the more severe droughts of this century in most of Spain, which caused a 
lot of problems of water management throughout the territory. 
 

The two hydrologic years that followed the drought were exceptionally rainy, with 
around 2400 mm. Three episodes of concentrated precipitations are worth to note: November 
95- January 96 (750 mm), May 96 (240 mm) and October 96- January 97 (1080 mm).  
Furthermore, there has been many days with rainfall values above 20 mm and in one case (in 
the Lentegí station- located in the head sector of the basin- the 11th of November 1996) above 
200 mm. Thus, in only one day the rain collected was more or less the same that during the 
complete hydrologic year 1994-95! 
 

Figure 2 allows the comparison between the average precipitation values and those 
recorded during the 1996-97 hydrologic year. As in the previous year, the rain collected 
between November and January was anomalously high; again, in May the rainfall was quite 
abundant, but no precipitation was recorded during February and March, which is an 
uncommon feature too, as well as the intense rain episodes of August.  
 
 
 



 

 

 

 
 

Figure 2.- Monthly precipitation in Cázulas station. 
 
 
 
CONSEQUENCES OF THE HIGH PRECIPITATION PERIOD 
 

A detailed hydrological analysis has been made of the complete Verde River basin 
between May 1996 and April 1997, both included. This means one year in the middle of the 
anomalously rainy period above mentioned. The evapotranspiration and the surface runoff 
have been calculated daily and then added up to get monthly values. The alluvial aquifer was 
divided in five sections and in each one a monthly hydrological balance was performed. The 
behaviour of the aquifer has been simulated using the MODFLOW model (Mcdonald and 
Harbaugh, 1988). The results have been checked with the continuous streamflow measures in 
the Cázulas station as well as some serial data of flow controls in different sections of the 
river at different times of the study period. A summary of some of such results is given next.  
 

In normal climatological circumstances there is not any significant surface discharge 
from the Verde River to the sea, because all the flow is diverted upstream by irrigation canals. 
During the study period there has been important discharge to the sea, specially in January: 8 
m3/s as an approximate monthly average.  
 

Some results concerning the aquifer are schematised in Figure 3, in which we have 
divided the year in two seasons: humid (November to April) and dry (May to October). In this 
figure we compare the results of our analysis with average values taken from previous works 
of the last two decades. The first aspect to note is (Figure 3 A) that the total recharge 
(excluding seawater intrusion) has been around three times the average. The relative increase 
has been higher during the dry period, due to the particular conditions (important rains in May 
and August, for instance). The main fraction of the recharge comes from the streamflow 
seepage (70 %), followed by lateral groundwater flow and direct rain infiltration (10-20 % 
each). 
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Figure 3.- Comparison among various components of the aquifer water balance in different 
hydrological situations. 

 
 
Obviously, pumping from the aquifer (15 % of the total discharge) has been lower 

during the study period than in the normal situation (Figure 3B) because of the lower 
requirements for watering crops. The drainage by the old gallery -which has operated 
continuously during the period- amounts near 25 % of the total discharge. The subterranean 
flow to the sea is the main fraction of the discharge (60 %). In average conditions, the flow 
towards the sea is lower and restricted to the humid season, whereas in the drier half of the 
year the seawater enters inland. During the dry season of the study period, however, there has 
been freshwater flow to the sea and no intrusion is produced (Figure 3C). 
 

A number of borehole-dilution tests using salt as a tracer have been performed in two 
times: June 96 and September 97. The results indicate specific discharge values of around 10 
m3/m2·day and 5 m3/m2·day, respectively. This difference reflects the reduction in 
groundwater flow between the two situations.  
 

The three schematic cross sections in Figure 4 show clearly the change in the 
freshwater-saltwater relationships by mean of the electrical conductivity values recorded in a 
number of fully-screened boreholes. The A and B sections correspond to the end of the 
drought period in which most of the represented aquifer (the “vega” of Almuñécar sector) had 
water levels below the sea. The C section shows the situation in a period of abundant 
groundwater recharge.   
 
 The Figure 4A shows that approximately half of the aquifer presents water with EC 
values between 10-50 mS/cm in August 1995. The situation depicted in Figure 4B (December 
1995, just before experiencing the influence of the first recharge event) illustrates on the 
maximal effect of seawater penetration: all the groundwater presents EC values above 5 
mS/cm and –in a great part of the aquifer- above 10 mS/cm. It is also to note the generation of 
a small (tongue) water with 20-30 mS/cm on top of the main seawater penetration wedge. 
This corresponds to a level of relatively high hydraulic conductivity indentified in previous 
researches. The section C in Figure 4 (February 1996) shows the very effective leaching that 
followed the first recharge event. Now all the salt and brackish water has been flushed to the 
sea in a piston-flow way. Values of EC above 2 mS/cm are restricted to a narrow string close 
to the coastal border. Half of the aquifer presents now EC values below 1 mS/cm.  
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Figure 4.- Cross-sections of the aquifer with iso-EC values (expressed in mS/cm) registered in 

August 1995 (A), December 1995 (B) and February 1996 (C) (Carrasco et al., 1999). 
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CONCLUSIONS 
 
 A five-year period (from 1990-91 to 1994-95) with precipitation below the average has 
lead to a severe drought. The Verde River (Almuñécar alluvial aquifer) –typically affected by 
seasonal overexploitation and seawater intrusion- presented at the end of such period 
(December 1995) EC values above 10 mS/cm in most of its volume. 
 
 Following that drought, two successive years (1995-96 and 1996-97) with 
precipitation that approximately doubled the average have produced an important recharge, of 
about three times of that in normal situations. As a consequence of this, an important 
subterranean discharge to the sea has been induced even during the summer season, what it is 
an opposite behaviour to the normal conditions.  
   
 The high hydraulic conductivity of the aquifer is the cause of the high values 
registered for Darcy (5-10 m3/m2·d) and flow (50-100 m/d)  velocities. This favours the very 
active flushing of the intruded salt water, in such a manner that the EC monitoring in February 
1996 indicated that most of the aquifer presented values below 1 mS/cm.    
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