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Ladies and gentlemen, participants and guests, friends! 

After the official opening of this 9th SWIM we can now come to the 

point: 'Salt Water Intrusion'. 

The audience of this opening-session is of great diversity, such 

as customers of SWIM, as well as new-comers, accompanying persons 

and special guests. 

The subject 'Salt Water Intrusion' being fixed, the presentation of 

this opening address should be understandable and interesting for 

most if not all of the audience. 

Therefore the choice was made to deal with successively: 

a description of the phenomenon, its causes and effects; 

the practical consequences .of human activities in terms of 

salinity distribution; 

prediction of changes in the salinity distribution; 

control of fresh and saline groundwater in coastal areas. 

Prediction must of course be preceded by investigations. There exists 

a great many of investigation methods and it would be interesting 

enough to review them here. The choice was made however to omit that 

subject, in view of the time available, as well because many papers 

will deal with this subject during this meeting. So this imperfection 
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will be amply compensated. 

What is salt water intrusion? Instead of the word intrusion the word 

encroachment is sometimes also used to describe the same phenomenon. 

Both words raise the same unpleasant feelings, because they remind us 

to an intruder, to somebody who enters our home or circle uninvitedly. 

Just as an intruder can enter into our home if it is not carefully 

locked, salt water intrusion, in the subsoil, can be induced by care

less exploitation and defective control of the groundwater. 

This calls for prevention, based on understanding of the mechanism and 

on acquaintance with the actual situation concerned. The fact that 

groundwater is invisible makes it for the laymen even more mysterious 

and for the geohydrologists a challenge. 

For good understanding of the mechanism one should realize that ground

water is subject to natural recharge by precipitation minus direct 

runoff and less evapotranspiration. After recharge follows discharge 

or outflow of groundwater. In other words the fresh groundwater is in 

continuous circulation. 

Due to seasonal variations this continuous circulation is not constant. 

In seasons where the recharge exceeds the discharge the surplus leads 

to an increase of storage of fresh water and the other way round. This 

explains the seasonal fluctuations of the groundwater table. 

In coastal zones this dynamic and pulsating fresh groundwater system 

is in contact with brackish and saline groundwater, which in its turn 

is in contact with the open seawater. As saline water has a greater 

density than fresh water, the lighter fresh water floats on the heavier 

saline groundwater. 

Though Joseph du Commun, in 1827, was the very first one who gave 

evidence of understanding the equilibrium between fresh and saline 

water, reference is generally made to Badon Ghijben and Herzberg who 

described, in the years 1889 and 1901 the relationship between the 

position of the interface and the groundwatertable with respect to the 

sealevel. 

It is obvious that the interface or rather the zone of contact between 

the fresh and saline groundwater will also undergo seasonal 

fluctuations. 
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The natural situation described so far was, apart from the seasonal 

fluctuation, constant. The groundwatertable and the zone of contact 

fluctuate around a mean position. This is not always the case. The 

recharge as well as the sealevel with respect to the land elevation can 

be subject to long term changes and caused by changes of climate or by 

tectonic movements of the earth. It is obvious that in such cases also 

the mean positions of the groundwater table and the zone of contact 

can change slowly. Such changes imply the displacement of great volumes 

of water, so that effects can lag behind the cause. Given the fact that 

neither the natural recharge nor the geohydrologic profile and the 

geohydrologic constants are exactly known it is hard to assess whether 

a coastal groundwater system has reached its natural dynamic equilibrium 

or not. 

Anyhow it is obvious that the greater the recharge, the greater the 

discharge of fresh groundwater to the sea and thus the less far the 

seawater can penetrate inland against the push back of the outflowing 

fresh groundwater in the state of dynamic equilibrium. 

The present distribution of fresh and saline groundwater in coastal 

zones is the combined effect of transgressions and regressions of the 

sea, often in combination with deposition of sediments, which 

constitute either aquifers or semipervious layers. The latter tend to 

confine the water in the aquifers below them, whether fresh or saline. 

At this point mention should also be made of the processes of dispersion 

and diffusion to explain the distribution of fresh and saline water in 

the subsoil. 

Dispersion goes hand in hand with the flow of groundwater. The flowing 

water and salt molecules disperse both in longitudinal and in trans

versal direction away from the theoretical flowlines in the porous 

medium. As a consequence of this phenomenon the contact between water

bodies of different salinity will never be a sharp interface, but a 

transition zone. 

Diffusion is the process of migration of ions, even in stagnant water, 

from high concentrations to low concentrations. 

As compared with dispersion it is a very slow process. However over the 

geologic ages its accumulated effect is considerable. 
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·After all it is not surprising that the observed salinity distributions 

often show a gradual increase of salinity with depth. So called inverse 

salinity profiles can occur in case a semi-pervious layer protects the 

underlying fresh water against rapid displacement by flow due to 

differences in density. 

So far the description of the processes was done in relation to porous 

and permeable sedimentary media. In hardrock and karstic formations 

however the flow is concentrated in fractures, fissures and crevices. 

Darcy's linear resistance law is then mostly not applicable in the 

primary system. Smaller fractures and porous formations, in connection 

with this primary system, react secundary to any impact to the ground

water in the main system. Such complex systems can be very capricious 

in structure and hard to detect and describe. 

Another aspect which deserves serious attention is the hydro- and geo

chemistry. When water is flowing through formations, reactions such as 

ion-exchange, dissolution and absorbtion can occur which change the 

chemical composition of the water and which can even effect the 

permeability of the subsoil as has been discovered recently. 

In this context mention should also be made of the isotopic composition 

of the groundwater as a function of the isotopic composition of the 

recharge and the time elapsed since the recharge occurred. 

After all it may be clear that there is ample space for investigations 

by scientists of varied background. 

So far the description of the phenomenon was made in connection with 

the natural causes. Beside natural causes human activities can cause 

great effects as well. Human activities are, in this context: 

abstraction or injection of groundwater; 

measures that influence the natural recharge, and 

control of the groundwatertable. 

Before discussing the causes and their effects it may be good to 

realize that these human activities have taken place only recently in 

comparison with the natural causes which acted during geologic eras 

lasting tens of thousands to millions of years. Human activities of 

any importance first took place in the past few centuries and more in 

particular in the past few decades. However these activities are, in 
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certain densily populated areas, of such an extent that their impacts 

are considerable if not tremendous. The effects can be harmful, if not 

dramatic. 

It is treacherous that the harmful effects do not occur immediately, 

but in the long run. So it happens that the danger is not always 

recognized timely, because in many cases either the insight or the 

required data are missing. Equally worse are the cases where the danger 

is recognized indeed, but where the legal and/or financial means are 

missing to take appropriate action. 

Let us now consider the various activities listed before. 

Abstraction of fresh groundwater for various uses is practised on a 

large scale, in particular in urbanized areas. 

It is obvious that any abstraction causes a decrease of the natural 

discharge of fresh groundwater and consequently it induces salt water 

intrusion. This can still be acceptable as long as the ultimate 

position of the salt water front is at a safe distance from the 

abstraction wells. There are numerous examples where in the ultimate 

situation that is or will be reached, the abstraction of fresh ground

water is or will be impossible. This is anyhow the case when the 

piezometric level in wells near the coastline is drawn down below 

sealevel. Several cases have been reported with drawdowns of metres 

and even tens of metres below mean sealevel. One needs not to be a 

prophet to predict the fate of such situations. 

Though the subject of this meeting is salt water intrusion mention 

should also be made of the phenomenon of land subsidence, which is 

also caused by the drawdown.of the piezometric levels in sedimentary 

deposits, such as clay and peat which can easily be compacted due to 

the corresponding increase of the intergranular stress. Dramatic 

examples are reported from among others Bangkok, Jakarta, Taipei and 

some Japanese cities. In such cases special attention should be given 

to the protection against flooding, beside to measures to safeguard the 

water supply. 

Injection of water into the subsoil has the opposite effect of abstrac

tion. So the injection of fresh water -either surface water or abstrac

ted groundwater after use and proper treatment- can be an effective 

method to stop salt water intrusion or even to push back the salt 
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water. Interesting cases have been reported from various places of the 

world, among others from the Llobregat and Besos deltas near Barce

lona. 

The second category of human activities as listed before -measures that 

influence the natural recharge- can have positive as well as negative 

effects on salt water intrusion. Any increase of the recharge will 

push the saline groundwater back and the other way round. 

There are numerous cases where artificial recharge of groundwater is 

applied to safeguard existing well fields against salinization by on

going salt water intrusion. 

Certain land use practices have unintended effects on the natural re

charge. Urbanization for instance leads to a decrease of the infiltra

tion capacity an~hus to a reduction of the natural recharge which 

in turn, entails salt water intrusion. 

Control of the groundwatertable is common practice to make the land 

suited for various uses, such as for agriculture and for urbanization. 

In coastal areas the equilibrium position of the interface, or rather 

the transition zone between fresh and saline water, strongly depends 

on the position of the controlled groundwatertable with respect to 

mean sealevel. 

The Netherlands are an illustrative example. In the lower part of the 

Netherlands the land surface is below mean sealevel; it is protected 

against flooding -by the sea as well as by the rivers- by sanddunes 

and dikes. It is subdivided in compartments, the so-called polders. 

The land in these polders is intensively drained by canals, ditches and 

tile or plastic drainpipes. So the phreatic groundwatertable in the 

polders is practically equal to 'the controlled water table in the 

surface waters, the polderlevel, which is artificially maintained by 

pumping. 

Due to land-subsidence it has been necessary, over the past centuries, 

to lower the polderlevels, in small steps, in some cases to more than 

2 m below mean sealevel. These levels are still relatively high in 

comparison with the polderlevels of 4, 5 and 6 m below mean sealevel 

as maintained in reclaimed former lakes. A great many of smaller and 

greater lakes in Holland has been reclaimed mainly since the 17th 

century. In the present century large parts of the former Zuiderzee, 

gnce a tidal bay, now a fresh water lake, the IJssellake, have been 
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reclaimed by building encircling dikes and removing the water. Due to 

the successive installation of all these different groundwatertables a 

very complex system of groundwater flow has developed in the underlying 

semi-confined aquifers. The deepest polders are subject to seepage in 

the order of magnitude of one or several mm/day. This outflow of ground

water from the aquifer is compensated partly by infiltration and 

subsequent percolation of fresh water in the relatively shallow polders 

and the lakes that have been left and partly by lateral inflow of fresh 

groundwater from recharge in the sandy hills east of this area and 

inflow of saline groundwater along the coastline. The seepage water in 

the deep polders is at present partly fresh, partly brackish and saline. 

In the long run the deep polders at short distance behind the sanddunes 

will certainly have brackish and saline seepage in their central parts, 

due to a continuous supply of saline water from the seaside. 

Deep polders further inland can have or had first either fresh or 

brackish or saline seepage depending on the natural salinity distribu

tion in the aquifer before reclamation. 

In case the groundwater in these polders was originally brackish or 

saline it can gradually and for a great deal be replaced by fresh water 

originating from recharge elsewhere or from infiltration in surrounding 

polders or lakes on a relatively high level. This will certainly be the 

case in the large deep polders in the IJssellake. 

In case the groundwater below these polders, located further inland, 

was originally fresh to a certain depth it is possible that the inter

face between fresh and saline groundwater moves up but does not reach 

the surface. In such cases the seepage was and remains fresh. 

In those cases where the interface reaches the polderlevel indeed the 

seepage in the centre of such a polder will turn from fresh to brackish 

or saline. The saline water will flow out and will gradually be 

replaced by fresh water from nearby infiltration. Finally the saline 

seepage in such cases comes to an end. This does not mean that then the 

groundwater below these polders will be all fresh. Considerable volumes 

of brackish and saline water will remain, ultimately stagnant, below 

the fresh groundwater. Thus, one might say that the deep polders 

further inland behave like wounds that bleed first and heal later. 
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Bleeding is, in this context, to be understood as seepage of brackish 

or saline groundwater, while the healing is complete at the moment that 

the seepage has become completely fresh again. 

As the semi-confined pleistocene aquifers are up to about 250 m thick, 

the volumes of brackish and saline groundwater present in these aquifers 

are enormous. Therefore it will take many centuries before a dynamic 

equilibrium is reached corresponding to the present pattern of ground

water tables. Of course one may expect new human activities during the 

coming centuries as well. 

From the foregoing it will be clear that Salt Water Intrusion is not 

only an interesting and challenging subject for investigations and 

research by a great variety of scientists, but also a threat for our 

supply of fresh water and our environment in coastal areas. This aware

ness imposes upon the human society the responsibility for proper 

management of its fresh water resources in coastal areas. This is 

typically a gouvernmental task because of the great public interest and 

the large geographic extent of the areas involved. Therefore it is 

necessary first of all to predict the effects of past, ongoing and 

future human activities, on the salinity distribution in the subsoil and 

subsequently to make up and realize plans for proper groundwater manage

ment to safeguard both our water supply and our environment in the long 

run. 

Prediction is possible by using models. A great variety of, mostly 

mathematical, models is nowadays at our disposal. The greatest bottle

neck is mostly insufficient information about the geohydrologic condi

tions, the values of the geohydrologic constants and the present salinity 

distribution of the groundwater. As the ongoing processes pass by very 

slowly and the volumes of groundwater involved are often enormous it 

will often take long times -tens of years to centuries- to reach ultimate 

situations. This seems to be a safe position for the person who predicts. 

Nevertheless the changes should be carefully studied by con~inuous 

monitoring of the salinity distribution. 

The calculated ultimate situations can be unacceptable for instance due 

to salinization of well fields. Therefore it is necessary to design and 

execute counter-measures too, such as artificial recharge, and to follow 

the combined effect of all activities together. Wise management of 
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coastal fresh water resources goes even further. Attention should also 

be given to possible future activities and requirements, to building up 

volumes of fresh water as large as possible for temporary overdraft in 

emergency cases, and to the simultaneous exploitation of saline ground

water for uses where fresh water is not an absolute requirement, like 

for cooling purposes. 

These reflections call for an integrated groundwater planning and 

investments for safe exploitation of groundwater resources in coastal 

areas at long term. This is not a popular subject for politicians. Not 

only is groundwater invisible for the great public but also the returns 

are not at short notice. 

The subject of Salt Water Intrusion dealt with so far sets the scope of 

the SWIM. Most if not all of the aspects touched upon will be dealt with 

in papers by competent investigators and designers. The number and 

variety of papers promises an interesting 9th SWIM. 

Allow me, at the end of this opening address, to express three wishes. 

The first one is that geologists and engineers, who work both in this 

field, but whose approaches are rather different, but indispensable and 

above all complementary, integrate their approaches by even closer 

cooperation. 

The second wish is that we succeed in convincing the responsible 

authorities of taking the necessary measures, legally and technically, 

to safeguard the exploitation of our groundwater resources in coastal 

areas and to protect our environment. This will give us more than 

scientific satisfaction only, namely the feeling of having contributed 

to the quality of life on earth. 

Finally I do hope and wish that the atmosphere and the discussions 

during this 9th SWIM -though attended by so many participants- will be 

as relaxed and informal as they have traditionally been in all previous 

SWIMs. 

Have a good SWIM. 
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