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ABSTRACT 

The "Campo de Dallas" is a semi-arid coastal plain in the Almeria Province (SE Spain). 
About 15,000 ha of greenhouses exist in this area. They are of paramount socioeconomical 
importance. The water demand for agriculture, as well as for urban uses of Almeria and 
others towns of the region, is supplied mainly by groundwater. The "Campo de Dallas" 
includes the aquifers in the plain and in the southern slopes of the high Sierra de Gador. 
There are five main inter-connected aquifers, which present different characteristics and are 
presumably open to the sea. The present paper refers to the lowermost aquifer of the north
eastern sector (AIN). At least two distinct layered aquifers exist in it, with different water 
heads and hydrochemical characteristics. Both of them are affected by saline water intrusion 
problems. 

The AIN is the most important and productive aquifer of the "Campo de Dallas". Its 
boundaries and hydrogeological characteristics are not always well known everywhere in its 
area (around 200 to 300 km 2) since there are no exploratory boreholes or wells in the plain. 
This is due to the great depth (up to several hundred metres) of the aquifer, but in the 
Aguadulce area, where the aquifer is unconfined and easily accesible, and in some outcrops 
near the Sierra de Gador. The AIN aquifer bears the largest groundwater abstraction in 
the north-eastern sector of the Campo de Dallas since the original water chemical quality 
was, and in many cases still is, suitable for agriculture and human supply. The aquifer is 
formed basically by a 600 to 1000 m thick sequence of Triassic dolomites and limestones 
~f the lower tectonic unit - called "Manto de Gador" - and rests on very low permeability 
metapelites of the same unit. The aquifer extends southwards below the coastal plain, where 
it becomes confined under another tectonic unit of metapelites, overthrusting the former one. 
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Fig. 1.- Situation map with the "Sierra de Gador" aquifer system and the "Campo 
de Dallas". 
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These formations are covered in some areas by about 100 m of Miocene detrital, carbonatic 
and volcanic rocks, and several hundred metres of Pliocene marls topped by about 100 m of 
sandstones. 

Since 1980 groundwater withdrawal has been between 20 and 30 hm3 /year (1 hm\o= 106 

m 3). This has produced decreasing hydraulic heads, up to 2 m/year in dry periods in some 
areas, and increasing salinity at least since 1982. The aquifer is in direct contact with the 
sea in the area of Aguadulce. There, in a surface area of only a few squared kilometers about 
15 hm3 /year are abstrated, with wells yielding more than 200 L/s in some cases. Pumped 
water salinity has been rising and the deepest exploitation wells are already abandoned due 
to salinization problems. 

Temperature and electrical conductivity logs of the AIN aquifer show significant temperature 
and salinity changes along the well due to inflow from above and saline water flowing upwards 
from deep layers. These logs do not represent the true salinity and temperature distribution 
in the aquifer but help in understanding the groundwater behaviour. 

INTRODUCTION 

The "Campo de Dallas" is a coastal plain in Almeria province, SE Spain (fig. 1). The surface 
area is about 330 km2 , attaining an altitude of 300 ~ at the inner boundary. Since the 
area is protected by the Sierra de Gador from cold and warm continental winds, moderate 
temperatures dominate, but semiarid conditions develop due to the isolation from the Atlantic 
humidity and poor Mediterranean wet air inflow. Mean rainfall is about 250 mm/year in 
the plain and 300 mm/year at the boundary with the Sierra de Gador. Since the decade 
of 1960 a dramatic economic development took place due to the introduction of intensive 
irrigated agriculture. Currently, there are about 15,000 ha of greenhouses, supplied mainly 
by groundwater. Groundwater is also the main urban water supply source for local inhabitants 
(about 80,000) and for Almeria itself (150,000), located outside the Campo de Dallas. 

The Campo de Dallas is - and was - practically devoid of permanent natural surface water 
and springs. The discharge of the aquifers was along the coast. Deep wells were developed 
since the 60's. Total abstraction was about 20 hm3jyear (1 hm3:=106m 3) until 1967, then 
increased to about 60 hm3 /year until1975 and in 1980 it rose to about 90 hm3 /year (Navarro 
et al., 1989). The mean value is about 105 hm3 /year for the 1981-1991 period. In 1991, 69 
hm3 were for agricultural uses and 36 hm3 were for supplying urban in the Campo de Dallas 
and Almeria (ITGE, 1992). Progressive saline groundwater contamination is the current main 
problem in the Campo de Dallas. 

The hydrogeological complexity of the area and the great thickness of the formations are 
a major disadvantage to fair, detailed knowledge of the area, especially for saline intrusion 
mechanisms and preferential pathways. The ITGE (Instituto Tecnol6gico Geominero de 
Espana) and its predecessor, the IGME (Instituto GeolOgico y Minero de Espana) have 
carried out studies and surveys and have monitored these aquifers for 25 years, since the 
beginning of the exploitation. The development activities were the consequence of studies 
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carried out by the ancient INC (Instituto Nacional de Colonizaci6n), now IRYDA (Instituto 
de Reform a y Desarrollo Agrario ). 

The most important aquifer in the Campo de Dallas is the Aculfero Inferior Noreste (NE 
Lower Aquifer), referred in this paper as AIN. It is also the main aquifer in the study area 
of Aguadulce, whose characteristics have been considered in detail elsewhere (IGME, 1982; 
ITGE, 1989). 

HYDROGEOLOGICAL CHARACTERISTICS OF THE CAMPO DE DALlAS 

The area is bounded by the high Sierra de Gador (2242 m) and the sea. The aquifers in the 
plain between these two boundaries form the hydrogeological system denominated "Campo de 
Dallas" (fig. 1). The plain is a rolling surface intersected by deeply incised creeks leaving the 
Sierra de Gador and forming extensive alluvial fans at the mountain foot. Five main aquifers 
can be differenciated, in a complex hydrogeological structure of blocks, which involve very 
different, interconnected formations. There are at least two aquifers below any locality. All 
aquifers present areas with the potentiometric surface below sea level due to groundwater 
abstraction (IGME, 1982; ITGE, 1989). 

The aquifers of the Campo de Dallas (fig. 2) can be grouped in (ITGE, 1989-1992): 

1.- Deep fissured and karstified aquifers in which "alpujarrides" Triassic dolomites and 
limestones of the lower tectonic unit ("Manto de Gador") dominate. They present dominant 
SE-NW, SW-NE and E-W fracturing, which also affect the overlaying Intermediate aquifer. 
The NE sector extends along most of the southern slopes of the Sierra de Gador. 

2.- Upper aquifers, generally porous and formed by detrital formations of the Neogene
Quaternary cover. There are Upper central, Upper NE and Intermediate NE aquifers. The 
geometrical arrangement of the Intermediate aquifer is especially complex. More than three 
overlaying layers exist in the upper NE aquifer, with different water heads and salinities. 

The Central and NW sectors of the Campo de Dallas are structurally simpler than the NE 
sector because there are only two main overimposed aquifers in the plain. Groundwater heads 
in the porous Upper Central aquifer (ASC) are generally above sea level, but in the fissured, 
lower one (Deep W aquifer or AIO), groundwater heads are below sea level, with a drawdown 
of abput 20 m between 1965 and 1992. 

In NE Campo de Dallas there are three main aquifers: Deep (AIN),.Intermediate (AitN) and 
Upper (ASN). They overimpose towards the plain, in a still poorly known, complex structure, 
with intrincate lateral connections among them (Dominguez et al., 1991). Figure 3 shows a 
NE-SW cross-section of the Campo de Dallas, from the eastern end of the Sierra de Gador 
elevations (area of Aguadulce) to the western coastal area. 

The geometrical layout and groundwater flow pattern of the Campo de Dallas aquifers present 
important knowledge gaps since there are not enough boreholes to study the structure, 
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groundwater heads, salinity and chemical characteristics. This is more serious for the deep 
aquifers, especially at the inner parts of the Campo de Dallas NE sector. Thus, salinization 
mechanisms and evolution in the main aquifers are poorly known. There is no data about 
connections with aquifers or sectors in which saline contamination has been noticed (ITGE, 
1989-1992). 

THE DEEP NORTH-EASTERN AQUIFER (AIN) 

The aquifers of the NE sector consist of (ITGE, 1989): 

-Aquifer AIN. There are 600 to 1000 m of "alpujarrides" Triassic dolomites and limestones 
of the "Manto de Gador", with possible low permeability marly layers. It may be covered by 
up to 150m of diverse Miocene, carbonate, detrital and volcanic formations, with low vertical 
macroscopic permeability but criss-crossed by numerous discontinuities. In some areas the 
cover consists of Pliocene detrital formations overlaying the Miocene, and a Quaternary layer, 
saturated only locally. The AIN is the main aquifer of the Campo de Dallas. It is a water 
table aquifer in the NE (Aguadulce) and NW (El Aguila) areas. In the plain it becomes 
confined under the Upper and/or Intermediate aquifers (fig. 2). Its behaviour is linked to all 
the other aquifers of the Campo de Dallas, mainly to those in the NE sector (ITGE, 1989). 

-Aquifer AitN. Mainly variable, porous, detrital, carbonate and volcanic Miocene formations, 
about 200 m thick. A discontinuous, variable thickness, carbonate section of the "Manto de 
Felix" (which overthrusts the "Manto de Gador") may be present as well, seldom exceeding 
200 m thickness. There are important spatial changes. The existence of low permeability 
Miocene formations may produce subaquifers. The AitN aquifer rests on the "Manto de 
Felix" metapelites. It has a similar stratigraphic sequence than the "Manto de Gador" but 
with thinner and discontinuous carbonate layers, due to erosion. It is in side contact with 
the AIN aquifer (see figures 3 and 13). 

- Aquifer ASN. Pliocene and Quaternary, marine, detrital formations that mainly fill the 
upper part of the basin. The mean thickness is about 100 m. The Pliocene deposits which 
correspond to boundary sediments of the basin, present frequent lateral and vertical facies 
changes resulting in a multilayered aquifer in some areas. The ASN aquifer rests on a thick 
sequence of Pliocene marls that fill the basin (fig. 3). It is in side contact with the unconfined 
zone of the AIN and Intermediate aquifers, and with the upper Central aquifer (figures 3 and 
12). 

Consequently, the aquifers in the NE Campo de Dallas form several layers separated vertically 
by the following low permeability formations (ITGE, 1989): 

1.- Permo-Triassic metapelites of the "Manto de Felix" upper unit, which separate the AIN 
and AitN aquifers. They outcrop in the SE sector of Sierra de Gador and plunge under the 
plain. They are about 150 m thick in areas in which there are boreholes. They are found 
in the whole NE sector. In El Aguila and Aguadulce areas only remnants of these materials 
exist. 
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2.- Pliocene marls, several hundred meters thick. They separate the ASN aquifer from the 
underlaying AitN or AIN aquifer, depending on the location (existence of metapelites of the 
"Manto de Felix"). 

Some recent, private deep wells (143 Vc, 146 Vc, 147 Vc and 148 Vc, fig. 4) confirm this 
structure, although they penetrate a small length into the AIN aquifer. 

The dominant NE-SW, SE-NW and E-W fracturing produces a series of horsts and grabens. 
By means of fault displacements up to 200 m they progressively sunk the AIN and AitN 
aquifers towards the S and W of the plain. In the deeper areas of the grabens the AIN aquifer 
may attain 2000 m depth. The depressions of the block structure are filled by Pliocene marls, 
which are finally covered by the ASN aquifer (fig. 3). 

AIN AQUIFER POTENTIOMETRIC BEHAVIOUR 

About 50% of the recharge in the Campo de Dallas goes to the AIN aquifer (ITGE, 1989). 
It is the most productive and presents the best water quality of all the Campo de Dalias 
aquifers. Its surface area is approximately 200 to 300 km2, with a possible extension towards 
theN, beyond the Sierra de Gador water divide. TheW boundary with the carbonate aquifer 
(El Aguila area) and a portion of the E boundary with the sea (Aguadulce) are fairly well 
known. In the plain (El Visa area) the AIN aquifer is reached by some exploitation wells (fig. 
4). More than 90% of its recharge is due to rainfall and flood water infiltration in the alluvial 
fans. The rest is return irrigation flows in the unconfined areas and seawater intrusion. 

The following figures are indicative of the water balance of the late SO's, in hm3 /year (see 
figure 5): 

Inflow: 36.5; Rainfall recharge 34 (estimation) 
Return irrigation flows 2 
Sea Water 0.5 (coarse estimation) 

Outflow: 43.5 Pumpage (mainly in the 
El Aguila and Aguadulce areas). 31 
To the AIO aquifer 5 ~coarse estimation~ 
To the ASN + AitN aquifers 4 coarse estimation 
To the sea 3.5 coarse estimation 

Difference: 7.0 Cumulative effect of balance term errors and decrease of aquifer storage 
volume (head decrease), partly as a transient stage of exploitation. 

Abstraction was rarely monitored before 1964, but occurred more often between 1964 to 1980. 
Since 1981 monthly groundwater abstraction from the main exploitation wells (about 35 in 
1991; fig. 4) has been monitored, and in some of the main wells daily values are available 
(Aguadulce area). The 1981-1991 mean abstraction of the AIN aquifer, mainly concentrated 
in the unconfined areas (El Aguila and Aguadulce) was 28 hm3 /year. In Aguadulce, in 
only about 5 km2 of surface area, nearly 15 hm3 /year were withdrawn in 1991, or about 12 
hm3/year from 5 main wells. They yield between 1.4 and 5.6 hm3/year, with instantaneous 
well discharges between 175 and 210 1/s (ITGE, 1992). 
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Fig. 5.- Schematic flow pattern of the AIN aquifer. 
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Fig. 6.- Potentiometric contour lines of the Campo de Dalias NE sector aquifers 
corresponding to February 1987 (modified from ITGE, 1989-1992). 
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The potentiometric surface is quite well known in the unconfined areas. Only some data is 
available from the confined area for the last few years. This data has to be used carefully 
since the measured wells are under exploitation, Besides, it is not sure that the overlaying 
aquifers are correctly isolated. 

In 1981 and 1987 extensive groundwater level measurement surveys were carried out (ITGE, 
1989-1992). Figure 6 shows the potentiometric surfaces corresponding to February 1987, 
when most wells were not operating. The very low hydraulic gradient, the errors due to 
possible uncomplete recovery from pumping and the lack of piezometric boreholes give way 
to uncertainties in the contour drawing. 

Since 1974 groundwater level has been monitored by the ITGE using an observation well 
network which includes a few especially-drilled boreholes. Monthly measures were taken 
until1986, bimonthly afterwards, and quarterly from 1991 onwards. The AIN aquifer is only 
partially monitored. Since 1983, a few groundwater level recorders have been installed in the 
Aguadulce area. They show oscillations that reflect exploitation in the central area. Figure 
7 shows some well hydrographs. They show a downward general trend until 1986. In the El 
Aguila area, drawdowns up to 1 m/year have been recorded (fig. 7). Seasonal fluctuations 
show a potentiometric minimum in Sep.-Oct., which is the end of the dry period of the year 
and when groundwater abstraction is maximum, During wet years there is some groundwater 
level recovery, as in 1989/90 (ITGE, 1989-1992). Oscillations are somewhat dampened in the 
Aguadulce coastal zone, 

Before intensive groundwater exploitation started (in the 60's) groundwater head was about 
15m above mean sea level in the El Aguila area, and about 5 min the Aguadulce area (ITGE, 
1982), where freshwater springs were discharging into the sea, as the local name indicates 
(Aguadulce means fresh water). Total drawdown is currently 11m in El Aguila and about 
5 min the coastal zone of Aguadulce. Then groundwater head in Aguadulce is at about sea 
level, fluctuating between +1 ·and-1m (fig. 7), although values below mean sea level appear 
more often after 1982. Consequently groundwater outflow to the sea has practically ceased. 
In the well field of El Aguila mean groundwater head values are still above sea level, about 
3 min the W sector and 5 m in the E sector. In the confined zone of the AIN aquifer the 
groundwater heads are higher than those observed in El Aguila and Aguadulce areas, but 
less than 10 m above sea level. Some monitored heads may be deeper since some wells are 
affected by the lower head of other aquifers above. This is due to poor construction (ITGE, 
1989-1992). 

AIN AQUIFER HYDROCHEMICAL CHARACTERISTICS AND SALINE 
WATER INTRUSION 

The AIN aquifer water chemical characteristics are only known where there are exploitation 
wells and at the few monitoring borehole sites, Data concentrates around Aguadulce, due to 
the early appearance of salinity problems there and to its situation closer to the sea (ITGE, 
1989-1992). 

Monitoring focuses on salinity and temperature logging at different times, with only occasional 
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water samplings. Most samples are obtained from pumping wells, and therefore mix waters 
from different depths. Only a few are grab samples at selected depths, but the possible 
existence of flow along the borehole has not been checked. Data goes back to 1964, although 
it is sporadical, poorly distributed, with a dominance of shallow wells, and often with no 
indication of sampling conditions, except in the 80's. Records are better and more complete 
for water electrical conductivity, and more recently for water temperature. Often groundwater 
level, well discharge and recovery time have been recorded as well. Only in the Aguadulce 
area has the AIN aquifer water been logged for electrical conductivity and temperature, and 

sampled at different depths. Monitoring wells (fig. 8) are old pumping wells (designated 
RM) or especially drilled bore-holes (designated A). Boreholes A.1, A.3 and A.5, drilled in 
1982, have short screens. Thus, they are not suitable for logging. Other areas have not 
been explored due to the cost of drilling, since the depth may sometimes exceed 1000 m, and 
different aquifers must be isolated. 

About 40 exploitation wells attaining the AIN aquifer (half of them near Aguadulce) are 

monitored by the ITGE for groundwater level, electrical conductivity and temperature. 
Also complete chemical analyses are carried out from time to time. Periodical electrical 
conductivity logging started in 1983 and temperature logging is carried out since 1989. 

It is assumed that groundwater of the AIN aquifer was originally of similar chemical 
characteristics in all the area, with low salt content and a predominance of magnesium, 
calcium and bicarbonate ions. These hydrochemical characteristics have remained unchanged 
in El Aguila and in the zones of the plain where the aquifer is reached by exploitation wells 

(El Viso area). In these two areas the salt content does not exceed 0.6 g/1 and chloride 

concentrations are close to 35 mg/1 (see table 1). 

The exploitation of the AIN aquifer in the coastal area of Aguadulce has produced an 
increasing salinity of abstracted water, Two of the main pumping wells have become unusable 

because of their high salt content (2.2 and 3.1 g/1 of chloride). Well6-RM was affected in June 
1982 and the 224-RM in September 1985 (fig. 8). The other wells of the main exploitation 

zone (fig. 4) are already experiencing a clear increase in their salt content. The effect is more 
serious the deeper the well and the closer to the coast. The two wells affected first penetrated 
138 and 172 m below sea level. Currently exploited wells penetrate between 0 and 102 m 
below sea level. 

Figure 9 shows the time evolution of some ions in three representative wells of the AIN aquifer. 
Wells 228RM and 230RM are being exploited, yielding more than 180 1/s; they penetrate 65 

and 102 m below sea level. After some stability period, after the exploitation started, there is 

a continuous ion concentration increase with minor reversals. The rN a/rCl ratio (r=meq/1) 
decreases (fig. 10) to a value less than that of sea water (0.89) as can be expected from typical 
ion-exchange processes when a freshwater aquifer is invaded by sea-derived saline water. It 
also can be seen that the rS04/rCl ratio decreases towards a typical 0.11 marine ratio. The 

rNa/rK ratio increases from 10-20 up to 40-60 when water becomes more saline, as expected. 
The concentration range of the major ions in several representative wells of the Aguadulce 
area is shown in table 1. 
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Fig. 8.- Well and monitoring network corresponding to the Aguadulce area (modified 
from ITGE, 1989-1992). 
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Table 1.- Hydrochemical characteristics of some wells of El Aguila (1), El Viso confined zone (2) and Aguadulce (3) areas of the AIN 
aquifer. 

WELL DATA NUMBER W}~ Cl so4 Jc~~l~ Na K Mg Ca Area 
NAME PERIOD OF DATA co3 
212D ~(87-10(90 6 0.4-0.5 20-29 27-34 264-312 11-17 1-3 31-41 46-64 m 522D 5/87-10/88 5 0.4-0.5 37-50 38-40 251-279 17-25 2-4 31-37 47-52 
116Vc 3/85-10J90 3 0.3-0.6 13-50 18-117 232-336 5-33 1-3 24-54 48-64 1 
143Vc ~(85-1~(90 6 0.4 26-60 20-35 204-256 15-36 3-5 26-35 30-53 2 
147Vc 10/90-5_192 2 0.3-0.4 14-18 4-18 232-262 9 2 25-27 45-56 2 
56RM ~(85-~(92 7 0.5-1.2 103-412 69-107 133-281 47-185 1-3 42-61 45-107 3 

216RM 5/87-4/92 8 0.6-1.0 90-357 77-98. 265-298 40-156 2-3 43-56 80-103 (3) 
219RM 5/87-4/92 6 0.0-1.2 204-466 82-125 253-281 96-214 2-4 46-71 91-107 m 241RM 10/83-4/92 9 1.1-2.4 319-1112 103-168 245-299 147-595 5-8 58-88 83-121 

6RM 4/83-5/83 2 5.0 2200 336 234 145 2 53 163 140 (3) 
224RM 12/81-9/85 11 1.0-6.0 284-3120 26-441 183-297 160-1563 6-34 46-248 49-393 (3) 
228RM 7/82-4/92 14 1.0-2.2 301-1049 25-164 185-344 168-493 5-16 35-95 30-130 (3) 
230RM 4/81-4/92 15 1.0-2.2 283-1032 90-130 232-292 174-498 6-19 47-95 39-137 (3) 
245RM 7/82-4/92 17 1.0-2.3 401-1120 25-133 121-287 190-520 7-19 52-101 41-142 m 249RM 9f85-4f92 9 1.4-2.3 496-1111 134-140 253-294 240-540 5-8 69-100 101-160 
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Fig. 9.- Time evolution of Cl-, Na+ and Ca2+ in monitoring wells 224-RM, 228-RM 

and 230-RM, in Aguadulce area, 
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Fig. 10.- Time evolution of rNa/rCl and rS04jrCl ratios (r=meq/1) for monitoring 

wells 224~RM, 228~RM and 230~RM, in Aguadulce area. 

No detailed hydrochemical study of the AIN aquifer has been carried out yet except for 
preliminary trials. Most waters have rMg/rCa :::0: 1, which agrees with the dolomitic nature 
of the aquifer. It seems that the natural freshwater has a lower sulphate content and rNa/rK 
ratio in El Aguila and El Viso areas than in Aguadulce, which suggests lower groundwater 
turnover time in those aquifers than in the exploited part of the AIN aquifer. Moreover, 
there are some thin gypsum seams in the Triassic materials, especially in the contact between 
the "Manto de Felix" and the "Manto de Gador", that can be leached down by percolating 
groundwater. No environmental isotope data is available to check this. The less saline 
groundwaters analysed in the early 80's from the Aguadulce wells, far from the coast, show 
a chloride content about 100 mg/1, or three times the mean content in the other two areas, 
which ranges between 15 and 60 mg/1. This can be due to different recharge conditions 
(more saline rain water and/or less recharge), or to an incipient natural (diffusion from 
saline groundwater in the lower part of the system) or exploitation-induced saline water 
contamination, or perhaps to returns flows passing from the ASN aquifer to the AIN aquifer. 

From the existing chemical analyses the mean local freshwater composition in Aguadulce is: 

Ion 
mg/1 

meq/L 

Na 
47 
2.0 

K 
2 

0.1 

Ca 
82 
4.0 

Mg 
44 
3.6 

Cl 
103 
2.9 

so4 
82 
1.7 

N03 
9 

0.2 

If a mean value for Western Mediterranean sea water is adopted (Custodio and Llamas, 1976, 
Ap. Sect. 10) theoretical (closed system) mixing calculations can be performed assuming 
that Cl- is conservative in the mix. From the difference with actual well water analyses it is 
observed (table 2) that in most cases there is a slight total ion decrease, probably due to calcite 
precipitation in a process similar to that described for the Calafell area (Pascual and Custodio, 



Table 2.- Preliminary fresh and salt water mixing trials of selected well waters (ionically compensated) from the Aguadulce area. Values 
in meqjL. A= actual value. T =theoretical (closed system) mix. /::,. ~ T-A. 

Water Na K Ca Mg ~c Cl so4 HC03 N03 ~a % freshwater 

Freshwater end member 2.0 0.1 4.0 3.6 9.7 2.9 1.7 4.9 0.2 9.7 
Sea water end member 511.0 12.2 24.0 117.5 664.7 598.0 64.0 2.7 0.0 664.7 

56RM (25 May 88) A 4.7 0.0 4.5 4.3 13.5 7.0 2.0 4.4 0.1 13.5 0.69 
T 5.5 0.2 4.1 4.4 14.2 7.0 2.1 4.9 0.2 14.2 
/::,. +0.8 +0.2 -0.4 +0.1 +0.7 0.0 +0.1 +0.5 +0.1 +0.7 

216RM (27 Apr 92) A 6.7 0.1 5.2 4.6 16.6 10.1 1.9 4.5 0.1 16.6 1.21 
T 8.2 0.3 4.2 5.0 17.7 10.1 2.5 4.9 0.2 17.7 
/::,. +1.5 +0.2 -1.0 +0.4 +1.1 0.0 +0.6 +0.4 +0.1 +1.1 

228RM (27 Apr 92) A 19.0 0.2 6.7 8.1 34.0 26.8 3.1 4.0 0.1 34.0 4.02 
T 22.4 0.6 4.8 8.2 36.0 26.8 4.2 4.8 0.2 36.0 
/::,. +3.4 +0.4 -1.9 +0.1 +2.0 0.0 +1.1 +0.8 +0.1 +2.0 

237RM (6 Feb 92) A 28.1 0.2 7.4 9.3 45.0 33.8 6.1 4.9 0.2 45.0 5.19 
T 28.5 0.7 5.0 9.5 43.7 33.8 4.9 4.8 0.2 43.7 
/::,. +0.4 +0.5 -2.4 +0.2 -1.3 0.0 -1.2 -0.1 0.0 -1.3 

224RM (9 Apr 85) A 25.4 0.4 7.5 10.2 43.5 35.4 4.3 3.7 0.1 43.5 5.46 
T 29.8 0.8 5.1 9.8 45.5 35.4 5.1 4.8 0.2 45.5 
/::,. +4.4 +0.4 -2.4 -0.4 +2.0 0.0 +0.8 +1.1 +0.1 +2.0 

228RM ( 5 May 86) A 12.2 0.4 2.3 5.2 20.1 12.7 3.4 4.0 0.0 20.1 1.65"' 
T 10.4 0.3 4.3 5.5 20.5 12.7 2.7 4.9 0.2 20.5 
/::,. -1.8 -0.1 +2.0 +0.3 +0.4 0.0 -0.7 +0.9 +0.2 +0.4 

244RM (4 May 83) A 13.0 0.4 3.1 5.1 21.6 13.9 3.8 3.9 0.0 21.6 1.85"' 
T 11.4 0.3 4.4 5.7 21.8 13.9 2.8 4.9 0.2 21.8 
/::,. -1.6 -0.1 +1.3 +0.6 +0.2 0.0 -1.0 +1.0 +0.2 ±0.2 

* Softening. In the other there is hardening. 
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1992) in which there is increasing salinity by mixing with seawater and simultaneous cation 
exchange. Cation exchange follows the expected pattern when salinity increases (Bosch and 
Custodio, 1981; Custodio and Bruggeman, 1986), eg. Ca2+ increases, with a minor increase 
of Mg2+, and Na+ and K+ decrease (table 2). Impure carbonates have a non-negligeable 
cation exchange capacity. The decrease in S04 is probably due to analytical errors; sulphate 
reduction conditions are not expected since NO:J is present, at least in some layers. 

But less often, other water analyses, if there are no major analytical errors (the ion balance 
is good), show a possible slight carbonate dissolution, as could be expected from a mixing of 
fresh and marine water in a solid carbonate environment (Wigley and Plummer, 1976; Back 
and Hanshaw, 1970). But there is aNa+ increase against a Ca2+, and perhaps some Mg2+ 
decrease. One possibility is that the saline water end member of the mix is not really recent 
marine water but old marine water in the aquifer system, previously subjected to partial 
flushing by freshwater. 

The rNa/rK ratio increases with time as salinity increases, up to values close to 100 in the 
most salinized wells, which points out ion exchange processes due to salinity encroachment. 
The N03 content also increases but it is not sure if this is real or an effect of the interference 
of increasing chlorinity in the analytical method. In any case N03 values are not great and 
currently return irrigation flows are at most a minor fraction in the water from the AIN 
aquifer being monitored, since greenhouses are recent and not so concentrated. 

During the 1983-92 period (ITGE, 1989-1992) the electrical conductivity of water from the 
exploitation wells increased from 2 to 4.5 mS/cm for the depth interval of 0 to 120 metres 
below sea level, and from about 1.2 to 3.8 mS/cm for wells penetrating between 0 and 65 m, 
and remained practically unchanged during 1984 and 1991. On the other hand, it increased 
during the period 1985-89 and during 1992. This salinity behaviour is also observed in the 
grab samples at selected depths taken in well 224-RM during 1985-89, as well as in the 
electrical conductivity logs run during 1990-92. In wet periods, when there is less abstraction 
and recharge increases, salinity does not grow. This relationship has not been studied in 
detail. Since rainfall and pumpage are inversely correlated it can not be concluded which 
effect is dominant or responsible for the changes observed. At the recharge zone of the 
aquifer during 1980-85 the annual rainfall was less than the mean value of the 1980-1991 
decade (436 mm/year for the Felix station), with a minimum in 1982/83. The pumpage 
increased from 20 to 31.5 hm3 /year during the same period. These circumstances mark the 
raising salinization of wells 6-RM and 224-RM during 1982 and 1985 respectively. Rainfall 
during the period 1988-1990 was near or larger than the mean value and the withdrawals 
decreased between 2 and 4 hm3 /year in relation with the 1984-88 period, corresponding to 
the observed salinity stabilization. 

PRELIMINARY STUDY OF SALINITY AND TEMPERATURE LOGS 

The first salinity and temperature logs were carried out with a portable probe, performing 
manual readings at given intervals or when major changes were observed. Since November 
1989 a continuous recording device has been used. First with chart output and since 1991 
with digital recording and extended sensitivity. Temperature readings are comparable down 
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to the 0.1 °C level. Electrical conductivity data is less accurate since there are some absolute 
value changes from one device to another and even for different times with the same device, 
due to calibration difficulties and variable situation of the electrode effective surface and 
depolarizing capability. To improve understanding, some wells were logged with different 
devices the same day. Corrections have been attempted to make data more comparable. 
However, not always reliable probe calibration solutions have been used and probe behaviour 
in depth is not the same as in the surface after a long submersion and operation time. Thus, 
absolute values from different runs may be not fully comparable, but the depth of sudden 
changes and the relative variations are comparable. 

The monitoring network designed for this detailed study focuses in the Aguadulce area. It 
consists of the available private wells and several exploratory boreholes constructed between 
1987 an 1988. Pumped water was sampled from 14 other wells (fig. 8), simultaneously to the 
borehole logging. Currently vertical electrical conductivity and temperature is monitored in 
10 wells, 4 of which are exploratory boreholes and the other 6 old exploitation wells (figures 
8 and 12) with open depth intervals between 48 and 512 m, or zero to 460 m below mean sea 
level. In other areas of the AIN aquifer (El Visa and El Aguila areas) there are no wells to 
carry out salinity and temperature logs. Thus, only the pumped water is monitored. 

Between 1989 and 1992 six different logging surveys in different places and at different times 
were carried out (fig. 12). The timing has been chosen to have similar local circumstances, 
in order to enhance comparability. Until now, the April1991, November 1991 and May 1992 
logs have been studied. 

The salinity (electrical conductivity) and temperature logs of monitoring boreholes are a. 
tool to understand groundwater salinity distribution. However, the use of long screened or 
long uncased (environmental) boreholes or wells may produce deformed information due to 
vertical flow along the bore. This possibility is enhanced by freshwater exploitation in the 
upper part of the aquifer system. The most likely result is upward flows inside the bore 
between permeable sections, and also downward flow from shallow layers if the AIN aquifer 
is subjected to greater drawdowns. 

The information considered here is preliminary and refers only to the three logging surveys of 
1991 and early 1992. Figure 11 is an example corresponding to well224-RM (see fig. 8 and 12 
for the situation). Local shallow soil temperature is assumed around 20°C, but in the Sierra 
de Gador may be approximately 15°C. The well is open both in the permeable AIN aquifer 
materials (Triassic) and in the cover of apparently less permeable Miocene calcarenites and 
volcanics (dacites/andesites), and permeable Quaternary piedmont and alluvial fan deposits. 
Between them there is a layer of Triassic marls, which jointly with the Miocene may provide 
some hydraulic separation. The well penetrates the eastern block of the aquifer, which 
corresponds to the lower part. Local ground surface elevation is 51.7 m above mean sea 
level. 

A possible interpretation of the temperature logs is some local downward flow from the 
Quaternary to the upper part of the AIN aquifer. There it mixes with a dominant horizontal 
flow of relatively cold water in the AIN aquifer (recharge at a higher elevation and therefore 
colder). The main flow area is from 50 m below sea level down. In the lower part the water 
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get warmer, possibly due to upward flow of a deeper contribution. Wells 227RM, 228RM, 
230RM and 245RM (fig. 4) abstract up to 650 1/s of fresh water, with discharges of 170 to 
200 1/s per well, and screens between 0 and 102 m below sea level. 

All this implies higher groundwater head' in the upper and lower permeable layers, which 
are less exploited (the upper one with small yield and the deeper one saline) than the AIN 
aquifer. When the mean head measured in the well is the lowest, if this is due to a low 
head in the Quaternary, remaining still higher in the AIN aquifer, the effect of the warmer, 
shallower water is erased sooner (at a higher elevation). Since in the upper part there is 
a slight downward temperature decrease in the upper 20 m and there is no major change 
down to 50 m, this can be interpreted as the water coming mainly from the bottom of the 
Quaternary or the Miocene basalts. The temperature inversion, seen in all logs of the area, 
is the long-term effect of the cold water in the AIN aquifer, which reflects the recharge at the 
Sierra de Gador. 

This explanation agrees with what is seen in most of the salinity logs. Freshwater from the 
water table down to 50-60 m is probably the inflow from the upper part. The progressive 
salinity increase from 50-60 m downwards is the dilution effect of an upward flow of saline 
water along the bore due to the higher head of the untapped deep saline layers. The flow 
section may reach 90 m below sea level. These are qualitative considerations. Quantitative 
calculations of this flow assumption will be carried out later on. 

Figure 12 shows the monitoring network in Aguadulce area and the logs carried out during 
the 1991-92 period. Salinity is expressed in g/1 of equivalent NaCl, derived from electrical 
conductivity measurements, and the vertical scale corresponds to metres above sea level in 
order to make the different logs comparable. Data is summarized in table 3. 

Table 3.- Data of water electrical conductivity and temperature logs carried out in 1991 and 
1992 in wells and boreholes reaching the AIN aquifer, around Aguadulce. See figure 12 for 
the situation. 

.8 
A.9 

A.10 
A.ll 

224RM 
240RM 
244RM 
252RM 
253RM 

* I: April1991; II: November 1991; III: April1992 
(1): Elevation of well or borehole mouth above mean sea level 
(2) Depth below mean sea level 

Head 

The above description of salinity and temperature behaviour along long screened or uncased 
wells fit many of the other logged wells shown in figure 12. Some comments are given in table 
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4. The observed salinity changes along the monitoring wells in many cases do not correspond 
to the actual salinity stratification inside the aquifer system, in which saline water can be 
deeper. 

Table 4.- Main results from the preliminary observations of the salinity and temperature 
logs of figure 12. 

Downward Depth of main AIN 
flow from U pflow of deep aquifer flow section 

Well upper aquifers saline water . (m below s.l.) · Comments 
A10 yes yes 80 to 240 

244RM small unclear below 60 
224RM yes yes 50 to 90 
240RM interface situation 

All yes yes 100 to 180 
A9 yes yes 75 to 240 good flow in the AIN aquifer 

253RM yes no no deep flow 
252RM yes no no deep flow 

AS yes some unclear similar to interface situation 

Close to typical fresh-saltwater interfase situations appear at the NE boundary of the area, 
which corresponds to the lower zone of the AIN aquifer (cross-sections 1 and 3 in fig. 13), 
and actually borehole A-8 reaches the impermeable bottom. Salinity increases when heads 
are lower. Abstraction is 5.6 hm3 /year (well 249RM) in this area. 

The less saline waters correspond to monitoring wells at the NW sector, with no clear 
downward salinity increase, although chlorinity is higher than what is assumed the 
background value of the main recharge. This monitoring wells are the farthest from the 
coast. Water temperature is relatively high, indicating local recharge, probably from above, 
moreover the possible lateral inflow from the confined zone of the western AIN aquifer below 
the "Manto de Felix" (fig. 5). 

The other monitoring wells, mostly in the Central and SW sector of Aguadulce and closer 
to the sea, show a horizontal flow of cold groundwater in the AIN aquifer with some inflow 
of water from the upper aquifers and an upward moving deep saline water. The intersected 
part of the AIN aquifer is structurally higher than in the NE and NW sectors (see fig. 13) 
and is the most exploited one. Most data correspond to 100 to 200 m below sea level and 
tend to show a rising salinity when heads raise. Logs of wells A.9, A.lO and A.ll are quite 
similar (fig. 12) and penetrate deeply into the formation. They are near the central pumping 
field (about 650 L/s), between 0 and 100m below sea level. 

DISCUSSION AND CONCLUSIONS 

All wells at the Aguadulce area, even those more than 2 km inland are suffering some 
salinization, and it is probable that the first' chemical analyses available show some degree of 
saline water contribution. 

The natural situation is poorly known and historical head values do not allow sure 
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assumptions on which permeable layers contained freshwater or saltwater. Currently well 
143 V c (see figure 4 and cross-section of figure 13), penetrating the aquifer between 350 
and 600 m below sea level. It yields freshwater with no clear traces of being attained by 
saline water (see table 1). This means that originally the freshwater head was at least 15m 
above mean sea level. If the values of +5 m near the Aguadulce NE corner are considered 
representative, aquifers below 200m had to be filled with saline water. Since 1982, well 6RM, 
which penetrates 172 m below sea level, is abstracting freshwater. Due to the complicated 
structure that characterizes the area, there are permeable layers down to more than 600 m 
(see fig. 13). A reasonable assumption to consider, is that under natural conditions near 
the Aguadulce coast salty water was in the AIN aquifer, at least in its bottom (confined 
part), and further from the coast (unconfined part) there was only freshwater. The exception 
was the NE corner, where outflowed the coastal springs giving the name to the area. In 
the deeper confined, or semiconfined parts, the saline or brackish water could present the 
chemical characteristics of a saline-water equilibrated aquifer being flushed by freshwater. 
This means an excess Na+ +K+ over Cl-, and a deficit of Ca2+. 

The intensive groundwater exploitation of the area, results in a clear permanent head 
drawdown and produces the penetration of saline water into freshwater equilibrated aquifers. 
The mixed water shows a typical N a++ K+ deficit and a clear excess of Ca 2+ (and of some 
Mg2+). The source of this saline water is the sea, although the contact between the aquifers 
and the sea and the main flow paths h<.1s not being studied in detail, yet. The vertical flow 
pattern inside the monitoring wells, if it is defined correctly, shows upward flow of saline water 
from below. This means that the saline water has always a higher potential than freshwater 
suggesting an easy connection with the sea. Sea water penetrates forming an encroaching 
saline wedge through the AIN aquifer bottom, with a wide dispersion front. The exploitation 
wells suffer from saline water upconing below them. 

But also salty water, already in the aquifer, is probably being displaced towards other areas 
of the aquifer system, producing well salinization by up coning. 

Further studies are needed to clarify and check these assumptions, with the help of chemical 
and environmental isotope methods. 

In any case, it is clear that to catch a large fraction of the recharge, a large part of the coastal 
area will be salinized, and the exploitation wells should be displaced further inland. 
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