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ABSTRACT 

The Baixo (lower) Vouga region, Portugal, is a coastal area facing the Atlantic Ocean, around 

Aveiro. It is a large littoral plain, most of it corresponding to the "Ria de A veiro". It 
comprises the deltaic formation of the Vouga river and the associated beach strand plain, 

with a lagoon separed from the sea by an island barrier system. The area has high population 

density due to the existence of diverse industrial activities, such as chemicals, food processing 

and paper, intense agriculture in small plots and traditional harbour and fishing activities. In 

this area the main water resources source is the Cretaceous multiaquifer system underlaying 

the Quaternary formations. There are three overimposed main multilayer units, with different 
water heads, yield and salinity ranges. The deepest layers are the more saline ones and their 

composition is close to a mixture of freshwater with sea water. Groundwater exploitation of 

the Cretaceous aquifers has increased conspicuously during the last decade and consequently 
a generalized groundwater head depression can be observed, with levels currently below sea 

level. The high water salinity of the deep layers and the salinization in 1983 a well placed 

at less tha~ 1 km from the coast line were assumed the result of sea water intrusion process. 

However, the study of groundwater chemistry and the existence of other nearby wells yielding 

freshwater show that this was not the right explanation. Data from a recent exploratory well 

shows that the hypothesis of fast preferential seawater penetration paths was not acceptable. 

The high salinization of the 1983 well - about 60% of seawater - was actually due to a 

breakdown in the upper part of the well casing, at the lower limit of the Quaternary. Some 
salinity problems in deep wells can be solved by grouting the lower part of them with only 

a reasonable yield decrease. The deep saline waters are remnants of unflushed old marine 

water. However, current water heads, lowered by groundwater exploitation, have reversed the 

groundwater flow direction. This allows deep saline layers to contribute to freshwater aquifers 

if intermediate aquitards are too thin or have been perforated. When water is pumped after 
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Fig. 1.- Situation map. Wells mentioned in the text are shown as well as the 
location of the A-B hydrogeological cross-section of figure 3. 
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a rest time or when well discharge is small, water is more saline due to the higher head of 
the poor quality layer. 

INTRODUCTION 

The lower area of the Vouga river basin is at the Central-Northern coastal area of Portugal 
(fig. 1). It is a large plain around a lagoon separated from the Atlantic Ocean by an island 
barrier system. The lagoon is known as Ria de A veiro. Various rivers tribute to it. The most 
important of them is the Vouga river. It has a complex delta, which is a part of the Ria de 
Aveiro. 

The area is densely inhabited. Diverse economic production means has been developed such 
as chemical and food industries, and paper mills. Intensive agriculture in small plots is well 
developed as well as habour and traditional fisheries. 

Water for urban and rural use comes fully from local groundwater, abstracted either by the 
municipalities which provide domestic supply (less than 50% at the region around the Ria) or 
by the house dwelers themselves in the remaining towns. Also many of the small agricultural 
plots of the area have their own well, most of the times a shallow dug well. This results in 
more than one well per hactare. Similarly, most of the industrial demand is supplied with 
groundwater. The use of surface water from the highly polluted Vouga and Antuii rivers is 
only ocassional. 

As a consequence there are numerous operating wells penetrating the Quaternary aquifer, 
although the most important wells are open into the Cretaceous deep confined aquifers. Both 
aquifers are overimposed in the whole area. Quaternary aquifers are open to the Atlantic sea 
water body as well as the saline water Ria de Aveiro at different depths. It is unsure how the 
Cretaceous aquifers contact the sea, and it cannot be ruled out the outcrop some distance 
offshore, but a dead end shape is possible as well. Since there is the risk of a serious sea 
water intrusion, wells are monitored and their construction are surveyed, especially for wells 
drilled near the coastline. 

GEOLOGICAL AND HYDROGEOLOGICAL BACKGROUND 

From a geological point of view the A veiro area is the northernmost part of the Portuguese 
Western Mesozoic Belt. It consists of a tectostratigraphic domain characteristic of a craton 
boundary, adjoint to the Hesperic Massif. There are continental, mainly fluvial, sedimentary 
media or transitional formations such as lineal coasts and deltas. At this sector of the Belt, 
the subsidence rate has been very low. The sediments pile up on top of the Precambiam 
continental shelf. The sediments are essentially detrital due to the closeness to the source area. 
Fluvial continental environments dominate, intermediate between proximal and distal, mostly 
granite-derived. Facies distribution is related with wide cycles of alternating transgressions 
and regressions of variable range. 

The sediments are little deformed since the general tectonic style of the basin is characterized 
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by the simple adaptation of the sedimentary infilling to the undelaying cratonized bedrock 
movements. There is a slight deeping, of a few degrees, toward the sea and to some extension 
fractures. Fig. 2 shows a synthetic stratigraphic column of the Cretaceous sediments, a 
multilayer set with sedimentary gaps and/or erosion surfaces, cross-cuts, truncation, etc. 
The total maximun thickness of the local Cretaceous sediments is less than 400 m. 

The Quaternary sediments confine the Cretaceous formations. Two main units can be 
differenciated: 

i) above, the Holocene, which is more developed around the Ria de Aveiro. It is 
formed by beach strand plains around the lagoon of the Ria de Aveiro, associated 
to deltaic sediments of the river Vouga and isolated from the sea by an island 
barrier. The lithofacies are characteristic of the existing sub-environments: gravels 
and sands with interlayered fine lagoon deposits, covered by dune sand along the 
littoral strip; dark organic loam with shell layers and fine sand in the lagoon 
deposits. Organic clays dominate at the marshes' intertidal areas, and sands do at 
the tidal and delta channels. The maximun thickness seldom exceeds 40 metres. 

ii) below, the Pleistocene, lumping old beaches and river terraces at different altitudes. 
Sand and sometimes conglomerates, with clayish lenses, dominate. The layers are 
always thin, seldom exceeding 20 m. 

From the hydrogeological point of view two aquifer systems can be distinguished: 

Quaternary aquifer system, relatively shallow, with two units (upper and lower): 
i) Holocene, mainly around the Vouga delta. It consists of beaches and 

the island barrier of the ilia de Aveiro, as well as deposits associated to 
water courses. In broad lines it is a two-layer system. The upper one is 
a sandy water-table aquifer resting on one or two organic loam levels, 
which cover the lower gravel and sand semico~fined unit. Both units 
contact the salty water at the sea side and at the Ria de A veiro. 

ii) Pleistocene, formed by diverse river terraces and old beaches. It is a 
discontinuous formation, easily recharged. Where it covers permeable 
Cretaceous formations it may recharge them. 

Cretaceous multilayer system, generally a deep one except at the E sector where 
it outcrops. The aquifer consists of "Belasian" sands (fig. 2), of the more or 
less carbonated Cenomanian-Turonian formations, ·and of the Turonian and Low 
Coniacian detrital sequences, including sandstones. Three overimposed multilayer 
subsystems have been distinguished, with different water heads, yield and salinity. 
The upper set is high yielding and contains good quality water. It is considered the 
main Cretaceous aquifer set. Transmissivities are around 200m2/ day to theN, and 
300 to 400m2/day at the Centre and S, with maximun values of 700 rn2/day. The 
values decrease towards theW to around 100m2/day. Storage coeffients cluster 
around 10-4 and 10-3 in almost the whole area. The two deepest layers contain 
brackish water, are less permeable and have higher water head than the upper set. 
The whole set is confined by two Santonian semipermeable formations and very 
low permeability Campanian-Maastrichtian clays and marls. See the shematic 
cross-section of figure 3 for further explanation. 
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Fig. 2.- Generalized stratigraphic column of the Cretaceous aquifer (modified 
from Barbosa, 1983, in Marques da Silva, 1990). 
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Fig. 3.- A-B hydrogeological cross-section along the flow lines. The upper figures 
shows the flow under undisturbed conditions and the lower one under the current 

exploitation situation. See the location in figure 1. 
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Figure 3 shows a hydrogeological cross-section perpendicular to the coast and the floW pattern 
a) under natural conditions (before exploitation) and b) under exploitation (influenced 
regime). Figures 4 and 5 show the corresponding potentiometric surfaces of the area for 
the two situations of figure 3. 

Since the start of the exploitation, about 1963, groundwater levels have been decreasing and 
the potentiometric surface has developed deep inverted drawdown cones. Total drawdown 
is up to 40 m. In the whole coastal plain groundwater heads are clearly beloW sea level. 
Regional groundwater gradients have increased conspicuously, up to 10 to 20 times initial 
values, and now they are directed landward (Marques da Silva, 1989). 

HYDROGEOCHEMISTRY 

Due to the multilayer character of the Cretaceous formations, local wells have several screened 
sections. Then they yield water samples that are a mixture of the different exploited layers, 
according to the transmissivity and head of the exploited layers. Further to the well design, 
pumping discharge rate and time of operation affect the chemical composition of sampled 
water as well. 

Previous studies (Marques da Silva, 1990) led to the conclusion that there is a vertical 
hydrochemical stratification. Factor analysis of chemical data in mode R and in mode Q 
adequately discriminate the different water types and allows for a less subjective definition 
of the main geochemical processes, 

Figure 6 shows the spatial distribution of hydrogeochemical facies of the Cretaceous main 
aquifer set. In broad terms, the end-water members are: 

i) Eastern sector, close to the recharge area: dominantly Ca-Na-IIC03 waters, 
neutral or slightly acid, undersaturated with respect to calcite. 

ii) Coastal area: dominantly Na-Cl waters, with excess Na, sometimes eJCCeeding 90% 
of total cations; soft water with pH values increasing downflow and occasionally 

exceeding 8.3. 

This spatial hydrochemical facies pattern follows the normal evolution of regio:nal water flow 
discussed by different authors (Schoeller, 1962; Back, 1966; Custodio and Llamas, 1976). 
Modifying phenomena are overimposed to the main trend, mainly cation exchange reactions 
in the whole area, but especially near the coast, between arriving continental freshwater and 
the aquifer material which was equilibrated with cations from sea-derived salioe water. The 
consequence is groundwater softening. The modification is greater the longer the displacement 
along the flow paths deduced from the regional potentiometric map under natural conditions, 
from the recharge area towards the coast. 

The deepest Cretaceous aquifers contain clearly Na-Cl waters, much more sal:i :ne than those 
in the layers above. Fig. 7 shows the trend toward marine ion concentrations CL:nd ratios, and 
the softening process. 
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Fig. 4.- Tentative potentiometric surface of the main Cretaceous aquifer before 
1963, corresponding the undistrubed natural regime. Values in metres above mean 
sea level. 
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Fig. 5.- Potentiometric surface of the main Cretaceous aquifer corresponding to 
1987, under abstraction influenced regime. Values in metres above mean sea level. 
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Fig. 8.- Apparent 14c ages of groundwater from the main Cretaceous aquifer. 
14C ages have been chemically corrected by the Pearson's method (Pearson, 1965; 
Custodio and Llamas, 1976, Sect. 12; Mook, 1980). 
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SALINIZATION OF COASTAL DEEP WELLS 

Since current groundwater heads are below sea level and the flow is from the sea landwards, 
any salinity and chloride increase in wells close to the Atlantic Ocean shore is wrongly assumed 
the result of sea water intrusion. 

Since 1973 a local supply well at Torreira (well 1 in figure 1 ), less than 1 km from the coast 
line, exploits different Creataceous layers at depths between 153 and 193 m below sea level. It 
was a flowing well yielding fresh (150 mg L - 1Cl) and soft (20-40 mg L - 1 CaC03) water. After 
10 years it ceased to flow and water salinity increased to 472 mg L -lm and the hardness 
to 125 mg L-1CaC03. The well was shut down but water salinity continued to increase, 
attaining 11,000 mg L-101 and 3170 mg L - 1caC03 hardness, looking as a mixture with 
about 60% sea water. However, other nearby wells, also close to the shore, continued to 
yield freshwater of the local type (Peixinho de Cristo and Marques da Silva, 1987). Then the 
hypothesis of a sea water intrusion digitation through some preferential Cretaceous layer was 
formulated. 

In 1986 a vertical geoelectrical sounding survey was carried out in Torreira to study the 
suspected freshwater-saltwater interface (Almeida et al., 1987). The results showed a possible 
main saltwater wedge in the bottom of the Quaternary formations with contents exceeding 
5000 mg L -lm-, higher than previously known values. Later, in 1988, an exploratory 
borehole was drilled between the salinized well and the sea to confirm the prefential saltwater 
penetration into the Cretaceous layers. Water samples from this borehole showed the same 
chemical composition as before the salinization (Peixinho de Cristo et al., 1989). This lead 
to more detailed surveys in the salinized well. A breaking in the well casing was found at a 
depth corresponding to the Quaternary bottom, where water was highly saline. This saline 
water was able to penetrate deep into the well after it ceased to be a flowing one due to the 
deep aquifer regional potentiometric head decrease. 

Figure 1 shows the situation of 3 wells recently drilled (2, 5 and 6) and three others wells 
(1, 3 and 4) with recent chemical data. Well 7 was drilled in 1992 at about 10 km from 
the coastline and yielded highly saline water. Table 1 shows the chemical data and some 
ratios. Except for well 7, the values are those of typical continental waters flushing marine 
water-soacked sediments: very soft, high pH and rNa>rCl (r=meq/1) due to cation exchange. 
Well 7 shows values that can be interpreted as a mixture of fresh and seawater. The :well was 
rotary drilled and electrical well logs were improperly interpreted due to poor measurements 
of mud cake characteristic. Consequently the well was erroneously designed and the screened 
sections extended down to the lower Cretaceous saline aquifers. However, the values now 
found are quite different from those obtained until now from these lower Cretaceous units 
(fig. 7). Although this difference has not been fully explained, it is assumed the result of 
saline water penetration through the bore-casing annulus since the well is at the River Vouga 
delta, just at the Ria de A veiro bank. This bank contains saline water. 

Other wells in the area yield brackish water. It can be shown that this circumstance is the 
consequence of the well screens reaching the lower part of the Cretaceous sediments (Marques 
da Silva, 1990). 
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Table 1.- Chemical analyses of seven wells (see fig. 1). Values in mg L-1 / meq L-1 . 

-=--
Weill Well2 Well3 Well4 WellS Well6 well!.-

pH 7.65 7.5 8.45 8.7 8.2 7.94 7.27_ 

Cl- 22416.32 11915.60 8212.32 19215.40 22016.80 24116.80 1757 L4'!!'!-
HCO:J 981111.60 97111.58 1711280 26114.28 18012.94 30314.96 140e 

S04' 4811.00 7.210.15 38.410.80 83.911.75 81.511.70 110.41_2.30 28e 

Na+ 17817.72 15316.65 13415.83 23619.69 22319.69 314113.65 "'£ K+ 17.510.45 12.110.31 5.610.14 9.410.24 11.810.30 10.610.21 

Ca2+ 6.410.32 6.510.32 1.21 o.o6 s.o 10.25 1.81 o.o9 4.010.20 8o/4.oo_ 

Mg2+ 6.310.52 2.610.21 0.2410.02 1.01 o.o8 0.110.01 1.710.14 73.8;_6.~ 
Elect. Cond J.L S/cm 913 865 633 1149 1190 1150 59~ 

Hardness, mg L ' 1 CaC03 42 27 4 17 16 17 52--
icb ~ -0.3 -0.2 -1.6 -0.9 -0.6 -1.0 ~0-

rMg/rCa 1.6 0.7 0.3 0.3 0.1 0.7 1.5 

rCljrC03 4.0 3.5 0.8 1.3 2.1 1.4 21~ 
rS04/rCI 0.16 0,03 0.34 0.32 0.26 0.34 0.10_ 

* . b _ rCl-r(Na+K), 
tc - rCl ' r=meq/1 

DISCUSSION 

How the Cretaceous aquifers contact the sea bottom is an open question. These aquifers 
extend offshore and is possible that they outcrop on the sea bottom, at an unknown distance 
from the coast, but a low permeability cover or a lateral change to much less transmissive 
materials is possible as well. The upper confining low permeability layers seem rather 
continuous at the coast line, but may present discontinuities through which groundwater 

would be able to move, or may thin out seawards. 

The undisturbed potentiometric surface, assuming that it actually represents such a sit-uation, 
shows a seaward groundwater flow which would mean there is some outlet, at least i:n front 
of the Sao Jacinto area. There the aquifer is about 300 deep. The possible outflow i:nto the 
sea would be deeper except if there is an important tectonic disturbance. The potentio:rnetric 
head is +5 m, which is able to equilibrate 200 m of sea water column. Then the possible 

outflow may be through breaks or discontinuities in the confining layer not far offshore or 
near the beach. To compensate for the 300m depth, there is enough head in the in:ner part 
of the aquifer. The possibility that the map of figure 4 does not represent the undistrubed 
situation cannot be ruled out. 

The form of the disturbed potentiometric surface (fig. 5) seem reliable near the coast- Since a 
relatively high landward gradient exists, this seem to show the existence of a recharge source 
either at the coastline or offshore and not too far. The hypothesis of a tectonic distt1rbance 
or a discontinuity in the confining layer seem reasonable, but further checks on the .current 
potentiometric surface shape are to be recommended. 
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The groundwater chemistry is consistent with a general flow towards the coast line (fig. 
6), confirmed by the increase of 14C apparent age in the same direction (fig. 8). The 
excess sodium effect due to cation exchange is mainly a near-the-coast phenomenon which 
implies partially unflushed Cretaceous sediments at the coastal strip (very small flow) or 
possible upward groundwater losses below the Ria de Aveiro, with decreasing groundwater 
flow towards the coastal area. This last would indicate, in the long term, a leaking aquifer 
instead a confined one. The salinity increase near the coast can also be attributed to some 
flow from the Cretaceous saline deeper layers due to some vertical exchange as a consequence 

of hydraulic effects. Further studies are needed to find the most likely explanation. 

The present exploitation situation may create conditions for seawater intrusion through the 
above mentioned tectonic distrubances or confining layer discontinuities, if they exist at all. 
But it seems that in any case this will be a slow process. Up to now observed well salinizations 
have been explained as the result of well construction flaws or corrosion. But localised or 
displacement front saline water intrusion problems, from the sea or an upper layer, cannot 

be ruled out in the future. 

CONCLUSIONS 

The relationships between the Creatacous aquifers and the sea are still poorly known, 
although some connection near the present coast or not to far offshore cannot be ruled out. 
In any case it seem that large groundwater flows cannot be exchanged. No direct evidence of 
well salinization by salt penetration into the main Cretaceous aquifer exists and the reported 
cases of well quality degradation have been explained as construction flaws or corrosion. But 
salt penetration is a posibility. Then, not only carefull well construction, maintenance and 
operation is to be recommended, but a carefull potentiometric, chemical and environmental 
isotopic monitoring. Since the risk of salinization exists, until new studies are carried out to 
know better the coastal conditions, a reasonable recommendation is to reserve the Cretaceous 

freshwater resources for urban supply, especially for small towns. 
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