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Abstract 

Aquifers in the Llobregat Delta have become increasingly polluted with 

salt water. As a result several wells have been abandoned, thus provo

king a rise in the piezometric level and the subsequent water logging of 

part of the Delta. Despite this fact the salt water front continues to 

move inland. Salt water infiltration occurs in the area where the deep 

aquifer outcrops under the sea. 

New data about the chemical composition of pore water in intermediate 

mud layers confirm that it is connate and confirm the low vertical 

permeability of this formation. 

Introduction 

The Llobregat Delta lies due S.W. of Barcelona. It has a surface area of 

approximately 80 km 2 • A large part of Barcelona's urban and industrial 

belt is located in the area. It supports an increasingly diminishing but 

still important agricultural green belt. The demand for water in 

the area has largely been satisfied by exploiting delta aquifers, which 

has led to salt water pollution. Information on the situation, as it 

existed in 1977, was presented in a report at the 8th SWIM meeting in 

Uppsala (Custodio, 19811. Since then, monitoring of the piezometric head 
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and quality control analyses of the groundwater has been continued at 

regular intervals. Recent studies in sedimentology and marine geology 

(Serra and Verdaguer, 1983; Manzano, 1986) have established the structu

re of the aquifers located under the sea bed. On the basis of the 

information provided, a groundwater mathematical model was made (PHPO, 

1985), thereby up-dating and improving a previous model made in 1971 

(REPO, 1971). 

2 Geological and hydrogeological characteristics of aquifers 

The substrata underlaying the Llobregat delta is composed of pliocene 

materials (figure 1). Although important horizontal changes of facies 

can be found, it can be said that the Pliocene is overlain by four 

clearly distinguishable layers: they are, from bottom to top: 

The bottom layer, composed of conglomerates, gravels with a clay 

matrix and sandstones. 

-A layer of clean gravel, sand and alluvial terrace deposits which 

dates from late quaternary, when sea level dropped about 100 m below 

its present level. It constitutes the so-called deep aquifer in the 

delta. 

-A wedge-shaped clay-silt formation with some sandy silts and fine sand 

layers and abundant organic material. This formation is thickest in 

the coastal zone, where it was formed in a marine environment that 

may be taken as a prodelta environment. Hydrogeologically this 

formation constitutes an aquitard. Its vertical permeability in 

near-shore central areas is approximately 10-5 m/day Pelaez (1983). 

Two deltaic lobules have been iJentified between which coarse silt 

and sand deposits were deposited (figure 2). The clay fraction is 

mainly non altered illite (Manzano, 1986) 

-An upper layer that overtops the whole of the deltaic plain. It is 

composed largely of sandy 

ments along the deltaic 

aquifer. 

materials deposited in different environ

fringe. This constitutes the upper delta 

A marine geology survey of the delta (Serra and Verdaguer ,1983), shows 
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Figure 1. Geological cross-sections of the Llobregat delta. (rnodifyed from Custodio et al; 1971) 
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that approximately 5 km offshore the present coastline, at a depth of 

100 m, the gravel and sand layer is overlain by a thin layer of mud, and 

outcrops on the sea bed along the fringe of the delta (figure 2). 

The deep aquifer in the delta is hydraulically connected to the valley 

aquifer, which is unconfined and composed of gravel and alluvial sands. 

The deep aquifer is also connected to the upper aquifer along the outer 

edges of the delta. Here, the wedge-shaped mud formation merges into a 

sandy zone as a result of changes in lateral facies. The permeability of 

these aquifers was ascertained in (MOP, 1966) and in two mathematical 

models (REPO, 1971; PHPO 1985) and adjusted on the basis of copious 

information on piezometric data taken from the CAPO-SGOP piezometer 

network and adequate information on withdrawals and other actions on the 

system. Briefly, the results obtained for the permeability values (k) 

are as follows: 

Deep aquifer area, in contact with the lower valley: k ~ 1000 m/day 

Deep aquifer, coastal area: k ~ 100 m/day 

Upper aquifer: k ~ 50 m/day 

Groundwater flow patterns in 

numerous publications (MOP, 

a]., 1976; Custodio, 1981). 

the aquifers has been the subject of 

1966; Custodio et al., 1971; Custodio et 

Basically, two different historical situa-

tions may be distinguished in the hydrogeological model. 

a) Natural flow with no significant abstractions, a situation prevalent 

for almost 8000 years up to the beginning of the present century. 

The hydraulic head in the recharge zone allows both aquifers to 

discharge directly into the sea, either along the coastline or 

through the sea bed. 

b) Influenced flow, as a result of large scale withdrawal of groundwa-

ter from wells, particularly after 1950. As a result of the drop in 

the level of groundwater, the deep aquifer can no longer discharge 

fresh water into the sea and salt water begins to infiltrate the 

aquifer. Intrusion will continue to progress while groundwater 

levels are low. 

In these circumstances the upper aquifer continues to discharge into 

the sea and the lower tract of the river because it is recharge with 
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Figure 2. Geology of the off-shore part of the delta complex. (modifyed 

from Serra and Verdaguer, 1983) 

large quantitites of rainwater and excess irrigation water, imported 

to the area by means of canals. 
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3 Salt water intrusion 

The quantity of groundwater withdrawn from the deep aquifer has dropped 

considerably since between 1965 and 1985 (figure 3) and the piezometric 

level has gradually risen although at present it is still below sea 

level throughout the deltaic plane. As a result of the recent rise in 

the piezometric level some basements built at the time when the level 

was lower have been flooded, particularly in those areas where wells 

have been abandoned because of saltwater pollution (Custodio and Bayo, 

1986). In these areas the upper and deep aquifers are connected. However 

the general rise in the piezometric level has not been sufficient to 

halt the progress of saltwater intrusion. 

Figure 4 shows the variation of chloride content in the water in the 

deep aquifer between 1966 and 1985. Seawater intrusion has progressed in 

the centre and at either side of the delta. The salt water front is 

moving towards the more important pumping wells in the delta, some of 

which have already become polluted. According to calculations using the 

mathematical model <PHPO, 1985), the rate at which salt water intrusion 

progressed in the deep aquifer was approximately 6 hm3 /year over the 

period 1966-1982. 

The two areas through where salt water has penetrated are not protected 

by the wedge-shaped clay-silt formation and the deep aquifer is in 

contact with the sea. The central area of the delta where intrusion has 

occurred is where transmissivity is at its highest in the coastal zone 

and it outcrops some 5 km offshore, representing the offshore extension 

of the wurmian river terrace. 

The appreciable thickness of the mixing zone is of particular signifi

cance. This shows high dispersivity, related with the medium properties 

and the extreme day fluctuation of piezometric level, but more detailed 

studies are needed to clarify this. 

Old freshwater has been trapped in between the plumes of intruding salt 

water (Custodio, 1981; Pelaez, 1983). In the areas where this occurs, 

permeability is lower than in adjacent areas. These areas are slowly but 

surely diminishing in size and can become saltwater polluted relatively 

quickly if pumping begins in the area, as has already happened in the 
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Prat Industrial Estate. 

A salt-water transport model is under preparation to simulate the 

penetration of sea water and the effect of fresh, brackish and saltwater 

abstractions. The velocity of landward salt water movement is highly 

variable, but values in excess of 300 m/year have been observed in some 

areas. 

4 Studies carried out in the wedgeshaped mud formation 

Recent studies have provided up-to-date information on the hydrologic 

and hydrodynamic characteristics of the delta. Observation wells were 

drilled in both aquifers and in the wedgeshaped mudstone formation. 

Chemical anaylysis of the water in the interstices in the mudstone has 

yielded firsthand information on its different hydrodynamic parameters. 

The theory of dispersion in porous media has been applied to the 

hydrochemical data. The experimental curves obtained representing the 

concentration of Cl- an Na• ions were adjusted to some of the curves 

representing the solution of the given equation (Pela~z, 1983). The 

results obtained, fairly homogeneous within given limits of time, 

porosity and initial concentration of tracer, are as follows: 

- the value of vertical permeability varies between Sxlo-~ and 1xl0-6 

m/day 

- the coefficient of hydrodynamic dispersion varies between 18x10- 6 and 

3xlo-• m2 /day in the case of Cl- and between Bxl0-6 and 2x10- 6 m2 /day 

for Na•. 

- Cl has proved to be an ideal tracer. It is subject to no change while 

Na' presents a retardation factor of between 2 and 1.5 and a coeffi

cient of absorption of between 0.2 and 0.1 cm 8 /g. More recent data, 

still under study, show that Na• data is affected by the dilution 

method used to determine pore-water composition in cores, but still 

some retardation can be found, even in close-to-molecular diffusion 

situations. 

The salt water found in the wedge-shaped mud formation is connate, 

having been subject in the lower zone to-up flushing by freshwater from 

the deep aquifer at in the past, when the vertical hydraulic gradient 
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favoured an upward flow of the water. 

The observation wells along the coast (figure 5), where the deltaic 

structure is more developed, have established 3 clearly defined salt 

water zones. 

a) An upper layer or mixing zone, where the salt water comes into 

contact with the unconfined upper aquifer. 

b) A central zone where the concentration of ions in the water in pores 

is similar to that in the Mediterranean sea, reaching up to 23000 

mg/1 of Cl- and 14000 mg/1 of Na+ (observation wells A and Bl. 

c) A lower zone wherediffusio~dispersion by flushing occurs. It was in 

this zone that the experimental intrusion curves were obtained and to 

which the theory of diffusion-hydrodynamic dispersion was applied. 

Flushing has had less effect on the central part of the wedge formation, 

near the coast, but it has been almost totally effective towards the 

edge of the formation where it is thinnest and its composition is more 

heterogeneous (figure 5). 

The study of hydrochemical relations show wide variations in molar Na/Cl 

values, ranging between and 18. Changes always appear in the area 

where flushing by water from the lower aquifer takes place. While 

initial Cl- is simply flushed out by fresh water, Na+ is desorbed by 

cation exchange (figure 6). The process of desorption was accelerated by 

the effect of dilution and stirring during experimental treatment. High 

values however increased as more fresh water was flushed through the 

terrain. 

The ratio 504 /rCl in meq/1 shows similar characteristics: it increases 

from 0 to 5 in the lower mud layers as a result of the upward movement 

of water from the deep aquifer. The effect produced by the freshwater is 

two-fold: it flushes out the initial Cl- and increases the concentration 

of so4- by freeing the soq- trapped in the mud and by the oxidation of 

part of the organic sulphides present in abundance. Experimental treat

ment has probably caused desorption and oxidation but its effect seems 

negligible in comparison with the flushing of the terrain. 

In well processed samples the amount of tritium present in pore-water 

in the mud is zero (figure 6), which would confirm the absence of recent 
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water penetrating the formation. Close to the interface with the upper 

aquifer the amount of tritium increases sharply, showing the mixture 

with recent water. 
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Figure 6. Vertical variation of r(Na+Kl/rCl and rS04 /rCl ratios in pore 

water along the clay-silt lens in a cored bore-hole. Values 

obtained through 

(r=meq/ll. 

dilution. (Adapted from Pelaez, 19831. 

More detailed studies are presently directed towards acquiring informa

tion on water-rock (interaction) in the area surrounding the wedgeshaped 

mudstone formation that separates both aquifers. Pore water is being 

obtained trough gas squeezing. 
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