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Abstract 

If a confined body of salt groundwater is locally in contact with an 

upward flow of fresh groundwater towards a discharge area, a conti

nuous circulation of water is generated, partly within the salt

groundwater body and partly in the zone of transition between the 

salt water and the fresh water. The cause of this circulating flow 

is the loss of salts from the salt-water body through the zone of 

transition. The phenomenon may occur in confined coastal aquifers 

which are practically closed off from the sea, but also in many 

other cases, e.g. in inland areas where a fresh groundwater flow is 

in contact with a confined body of fossil salt groundwater, as are 

found in many parts of the world. 

The circulating flow generally is an extremely slow one and, because 

of this, difficult to be ascertain~. Nevertheless, the flow may be 

of some practical importance, as it is the cause of the continuous 

influx of salts into the fresh water through the transition zone, 

often resulting in seepage of brackish water in the fields. 

As the confined salt groundwater is often contained in aquifers 

enclosed by clay and loam layers with saline pore water, the loss of 

salts from the circulating salt water may easily be made up by the 

influx of salts by diffusion from those clay and loam layers. 
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Background 

In the delta of the Nile river in Egypt fresh groundwater is flowing 

northward through partly phreatic, partly semi- confined aquifers 

towards the Mediterranean Sea (Figure 1). 
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Figure 1 • Schematic hydrogeological profile North-South 

over the eastern Nile Delta, Egypt 

(after RIGW I IWACO 1983) 
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Before reaching the coast the fresh groundwater meets a body of salt 

groundwater in the confined part of the aquifer, extending inland 

over a distance of some 50 km from the coast. Now the fresh water, 

finding its way to the sea closed, flows upwards and drains into the 

network of canals which forms part of the Nile delta irrigation and 

drainage system. Between the fresh groundwater and the salt water a 

wide transition zone exists, through which brackish water also flows 

upwards and discharges into the drainage canals. This brackish water 

contaminates the fresh water in the canals and makes it unfit for 

further use for agricultural purposes. For this reason the Egyptian 

authorities are interested in the origin of the brackish seepage and 

in ways to reduce it. 

In the course of a series of studies on the hydrogeology of the 

eastern Nile Delta, carried out by the Egyptian Research Institute 

of Groundwater RIGW, Cairo, with the assistence of IWACO B.V., Rot

terdam (RIGW/IWACO 1983), the author of the present paper also paid 

attention to the above problem of the brackish seepage. In this 

connection he studied the hypothetical case that the aquifer along 

the coast would be fully closed off from the sea, due the presence 

of very thick alluvial clay deposits on top of the aquifer. Conse

quently there would be no direct outflow from the confined salt

groundwater body into the sea, nor is there the possibility of di

rect intrusion of sea water into the aquifer. (It should be remarked 

that this condition has not been ascertained in the Nile Delta; 

investigations are going on). The author arrived at the conclusion 

that in that case the outflow of brackish water through the transi

tion zone must give rise to a permanent circulation within the con

fined coastal part of the aquifer. 

In the following sections of this paper the hypothesis of such a 

circulating flow will be worked out. First the well- known aspects 

of the flow of fresh groundwater discharging into the sea will be 

recalled in order to provide a starting point for the development of 

the hypothesis. After that the phenomenon itself of the circulating 

flow of salt water will be discussed and some approximative quanti

tative calculations will be given. 
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2 Fresh groundwater flowing out into the sea 

When a fresh-groundwater body, either in a phreatic or a confined 

aquifer, flows out into the sea, a transition zone of mixed fresh 

groundwater and salt groundwater is formed between the two types of 

water (Figure 2). 
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Figure 2. Fresh groundwater flowing out into the sea 

The water in the transition zone also discharges into the sea. It is 

a well-known fact, already described by many authors, that in stea

dy-state conditions the discharge of brackish water from the transi

tion zone into the sea generates a landward flow of sea water 

through the aquifer towards and into the transition zone (Cooper et 

aL, 1964). The salts in this inflowing sea water replace the salts 

lost by the outflow through the transition zone into the sea. 

Because of this continuous replenishment of salts in the transition 

zone, the latter can be a stable and permanent phenomenon. 
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3 Circulating flow in a semi-confined salt-water aquifer 

In order to describe the phenomenon in question in an as simple way 

as possible, a fully hypothetical hydrogeological situation will be 

used (Figure 3). 
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zone of seepage 

impermeable formation 

Figure 3. Schematic cross-section of the aquifer 

It is assumed that the aquifer in which the salt water is present, 

is semi-confined and is closed off from the sea. The sea even has 

not any function in this hypothetical case and can be left out of 

consideration. In principle the salt water should be stagnant. Fur

ther inland fresh groundwater is flowing down from the areas of 

recharge and flows out in the zone of seepage AB. It is assumed that 

steady- state conditions prevail in the water and that the flow is 

two-dimensional. Also in this case there will be a transition zone 

between the fresh and the salt groundwater (ADE). And also here this 

zone will be a stable and permanent feature. 
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The position of the transition zone is determined by the conditions 

of dynamic equilibrium of the fresh water; the fresh water will have 

pushed the transition zone so far in the downstream direction, until 

dynamic equilibrium conditions have been reached in the fresh water. 

During the downstream displacement of the transition zone salt water 

fran the downstream part of the aquifer will have been forced to 

percolate UJ=Mard through the semi -confining layer, but when the 

dynamic equilibrium conditions have been reached, this percolation 

stops. No more salt water flows out and the volume of salt water in 

the aquifer can then be considered as constant. 

In the transition zone water is flowing UJ=Mard. Now, as the salt 

water downstream of line AD is supposed to be stagnant, line AD must 

be the bound~ry between stagnant water and flowing water; no water 

will cross that boundary. The source of the flowing water in the 

transition zone, therefore, must be inflowing fresh water; some of 

the flow lines of the fresh water cross the line DE and enter the 

transition zone (Figure 3). Evidently the water in the transition 

zone is continuously being replenished by inflowing fresh water. 

This condition, however, would result in a gradual flushing and 

freshening of the transition zone; the latter would completely dis

appear. 

It is clear that something in the assumptions introduced above must 
be wrong. The wrong assumption is that line AD has arrived at its 

final position. That is not the case. Also along AD there will be 

diffusion and dispersion. Consequently line AD will move slowly 

further downstream and the transition zone will grow wider. The pro

cess of a gradually widening transition zone in the course of time 

has been analyzed and described by De Josselin de Jong and Van Duijn 

( 1986). 

The consequence of the gradual advancement of line AD is that the 

zone of outflow AB becomes larger and, by that, the resistance 

against outflow becomes smaller. Due to this decrease of resistance, 

the head of the fresh water and of the brackish water in the transi

tion zone will decrease too. Also the flow velocity of the fresh 

water and brackish water will becane smaller, and as a consequence 
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the slope of the line AD has to decrease. 

This process, however, will stop at a certain moment, because an 

other phenanonon will appear and canbine with the flow system des

cribed above. 

When we have two types of water of different densities and non-flo

wing, with a sloping interface between them, the two waters are not 

in a condition of equilibrium; a rotation will be generated. If this 

system is left to itself, the interface will eventually arrive at a 

horizontal position, the lighter water being above, the heavier water 

below. 

The canbination of this phenomenon with the flow system as described 

before will result in a flow system as shown schematically in Figure 

4. Within the transition zone there is, of course, upward flow. Part 

of the water from that zone discharges in the zone of seepage AE. The 

other part flows out into the salt-water area of the aquifer. This 

outflow is part of a kind of circulation: upward flow in the transi

tion zone, outflow of brackish water from that zone into the salt 

water, a downward counterflow of salt water, and an inflow of salt 

water into the lower part of the transition zone. Line AD is the 

boundary between the water flowing out at the seepage zone AB and the 

circulating water downstream of AD. 

IE zone of seepage "'1 

L 

Figure 4. Schematical representation of the phenomenon 
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The term "circulation" should be used with care; it has a well-defi

ned meaning in hydrodynamics. The flow lines of circulating water 

form closed lines. In our example (Figure 4) the flow lines of the 

circulation pass through the transition zone and return via the

salt-water area of the aquifer. 

The generation of a circulating flow in the aquifer requires a cer

tain amount of energy, which of course is derived from the energy in 

the body of fresh groundwater, i.e. the only available source of 

hydraulic energy in this case. 

4 Other examples 

The length of the paper does not permit to give a detailed exposi

tion of the many other cases which are possible. Only one example 

will be given. It is a rather common example of an inland system of 

outflowing fresh groundwater and confined fossil saline water as 

found in the Gelderse Vallei in The Netherlands. Fresh groundwater 

is flowing down from recharge areas into a buried glacial valley, 

covered by marine clayey deposits (Figure 5). 
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Figure 5. Schematical cross-section W-E of the Gelderse Vallei, The 

Netherlands. 
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According to the hypothesis described in the present paper, there 

should be two circulating flows in the saline groundwater, of oppo

site directions. Up to now no investigation into the presence of 

this flow has been carried out. It should be remarked in this con

nection that a verification of the existence of the circulations 

would be quite complicated, as the flow velocity and the hydraulic 

gradients doubtlessly will be very small (Section 5). An indication 

of the existence of circulations might be obtained from a study of 

the pattern of the lines of equal density in the salt water. 

5 Some quantitative calculations 

As far as is known to the author of the present paper no research 

into the phenomenon of the circulation in a closed saline-groundwa

ter body has been carried out up to now; no pertinent field data 

have been collected and analyzed. It is therefore difficult to get 

an idea about the practical importance of the phenomenon, e.g. with 

respect to upward seepage of brackish water in agricultural areas. 

For this reason some plausible examples will be discussed and quan

titative calculations carried out. The data used approach to some 

extent those of the Pleistocene aquifer in the Nile Delta. A schema

tic cross-section of the aquifer is given in Figure 4. 

If the width of the transition zone upstream of the boundary line AD 

near the zone of seepage is put at b, the average TDS of the water 

in this part of the transition zone is put at 1/c times the TDS, d, 

of the saline water, and the specific discharge over the width b is 

put at q, the discharge of salts over this width will be b q d/c per 

unit of time and per unit of length parallel to the coast. This is 

the amount of salts lost by the saline-groundwater body. 

Due to the discharge of salts bqd/c, the salt-water body downstream 

of the boundary line DA continuously loses salts. The situation that 

will eventually be arrived at, is a groundwater body that has lost 

all its salts and has become fresh. In that case the boundary line 

AD will have disappeared and flow lines of the outflowing fresh 
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water will traverse the whole downstream part of the aquifer. The 

time needed to arrive at this condition generally is very long; it 

has to be counted in millennia, as is evident from the following 

calculation. 
The amount of salts contained in the saline part of the aquifer 

(Figure 4) can be estimated, if the average height H of the aquifer, 

its length L and its porosity p are known: HLp d, 

per unit of length parallel to the coast. Hence the minimum time t 

required by the saline aquifer to get rid of all its salts is equal 

to 

If we introduce 

H = 300 m 

L = 25 km 

p = 0.3 

c = 0.1 

b = 500 m 

HLp c/bq 

q = 1 mm/day = 0.001 m3/day per m1, 

which are reasonably realistic figures, we get t = 1233 years. The 

actual time of complete depletion will be much longer (theoretically 

infinitely long) since the velocity of the circulation in the saline 

groundwater will go slower and slower as the density gradients in 

the water become smaller and smaller, due to the loss of salts. 

If the saline groundwater gets an influx of salts by diffusion from 

saline pore water in the confining and intercalated clay and loam 

layers, the time of depletion will be even longer, depending on the 

rate of diffusion. We therefore may consider the transfer of salts 

from the saline- water body and the outflow of brackish water in the 

zone of seepage as a practically ever-lasting phenomenon. 

The question arises whether the existence of a circulating flow 

within the saline groundwater can be ascertained by means of measu

rements. The most obvious kind of measurement would be the measure

ment of groundwater heads or pressures and, from these, to calculate 

the gradients and velocities in the saline water. 
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The success of this method will depend on the magnitude of the gra

dients; are they large enough to be measurable ? 

Something can be said about this. As has been stated already, the 

energy needed for the circulating movement of the salt water is 

derived from the energy present in the fresh-water flow; this por

tion of energy is transferred from the fresh water to the salt water 

along the boundary line AD (Figure 4) . Now the energy available 

along this line for the flow of fresh water from point D to point A, 

i.e. the difference in fresh-water head between D and A, can be 

calculated. To that end the following data will be used. 

H = 300 m 

Ps = 1.015 (salt-water density) 

Pf = (fresh-water density) 

(N.B. It is assumed that the water in the saline part of the aquifer 

is not sea water with a density of 1.025, but is water of a lower 

salinity; therefore psis put at 1.015). 

With these data and in accordance with the law of Ghyben- Herzberg 

the theoretical difference in fresh-water head between the points D 

and A can be calculated: 

Now the energy needed for the salt-water circulation being derived 

from the energy in the fresh water, it must be much smaller than the 

4.5 m difference in head. Yet it could still be of measurable magni

tude. 

The hydraulic gradients in the salt-water flow obviously are very 

small. As the circulating flow extends over large distances (many 

kilometres), gradients in the order of magnitude of e.g. 1 : 100,000 

may be expected. Consequently the flow velocities too are very 

small. In case the clay and loam layers in and at the base of the 
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aquifer contain saline pore water, there is ample time for the pro

cess of diffusion and the influx of salts from these layers into the 

circulating salt water, as already mentioned before. 

6 Conclusion and acknowledgement 

Although in the present paper only a general description of the 

phenomenon is given and no analysis of field data has been made in 

order to support the hypothesis of the circulating flow, the discus

sion and considerations given in the paper sufficiently demonstrate 

that a confined or semi-confined body of salt groundwater will not 

remain stagnant if adjacent to that body there is an outflow of 

fresh groundwater. 

The presence of a salt-water body with internal circulation, in 

contact with a flow of fresh groundwater, will mean a long-lasting 

influx of salts into the fresh water. This influx may result in a 

discharge of brackish water, presenting a serious disadventage in 

agricultural areas. 

The author wants to express his gratitude to Dr. K. Hefny, Director 

of the Research Institute for Groundwater, Cairo, for the permission 

to use same data and conclusions resulting from the study of the 

hydrogeology of the eastern Nile delta and for his willingness to 

read the manuscript through and give some valuable comments. 
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