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Abstract 

Departures from flux values in a porous medium, predicted by Darcy's 

law, may be caused by processes developing at a pore-scale level. In a 

transient situation characterizing the zone of the seawater-freshwater 

interface, where seawater is flushed by freshwater, minute amounts of 

reactive clay particles may build structures which behave as Bingham 

systems. A non-Newtonian flow may be induced. In the macro-scale, 

which is that of an aquifer, this may change flow rates and the 

behaviour of seawater-freshwater interface. 

Introduction 

The bulk mass flow rate in a seawater-freshwater interface zone of a 

sandy aquifer may vary with the time. One of the reasons for the 

unsteady flow is probably the presence of a small quantity of reactive 

clay in the aquifer. These colloidal size particles, built of crystals 

carrying a constant net negative charge (van Olphen, 1977; Farrah et al., 

1980; Prieve and Alexander, 1986), may form small structures that influ

ence - at microscopic scale - both the properties of the matrix and 

these of the fluid. Averaging of these 'point influences' over certain 

elementary volumes of the porous medium (Bear, 1970) leads to a macro

scopic, chemical-dependent change of hydraulic conductivity. In certain 

conditions, a non-Newtonian flow appears, and movement of the fluid 

phase will occur in some parts of the porous medium, or in the whole -
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only above a certain finite stress. Laboratory and field studies 

indicate the potential magnitude and the characteristics of the alte

rations in continuity of flow processes (Hewitt, 1963; Land and 

Baptist, 1965; McNeal et al., 1966; Pupinsky and Shainberg, 1979; 

Park and O'Connor, 1980). Some of the studies are of special interest: 

Younger and Lim (1972) mentioned discrepancies between measured flow 

rates in various sediments and those predicted from Darcy's law. A 

curvi-linear gradient-velocity relation was observed and referred to 

rock properties like compaction conditions, properties of the passing 

fluid, arrangement of clay particles structure, particle migration, 

plugging and unplugging of voids, quasi-crystalline water structure, 

etc. Laboratory simulation of seawater regression in sandy sediments 

(Goldenberg et al., 1984) showed a relation between hydraulic conduc

tivity (K) decrease and clay content (C) 1 expressed by: log K 

= 0.295 - 1.32 x C. Mehnert and Jennings (1985) reported that displa

cement of seawater by freshwater from a mixture of fine Ottawa sand 

(75-150 ~m in diameter) and l% of montmorillonite caused a reduction 

of the hydraulic conductivity by two orders of magnitude (from 2 m/day 

to 0.02 m/day). Magaritz and Luzier (1985) found a disconnection 

between the sea and the Coos Bay (Oregon) aquifer, formed by uniform 

fine to medium quartz-feldspar sand. They attributed this blocking 

to the existence of minute amounts of smectite in the sediment. 

Mandel and Goldenberg (1986) calculated the water balance in a portion 

of the Israeli coastal sandy aquifer and reported a large anomaly. 

Their computations showed than when a trial was made to repulse the 

interface by injecting imported freshwater, raising of water-level 

occurred, but the interface seemed not to move seawards as rapidly as 

expected. The researchers related the anomaly to the behaviour of 

minute amounts of clay incorporated in the aquifer system. 

The above mentioned phenomena of increasing the resistance to flow may 

be depicted by a pressure drop model. Such a model, and relevant 

experiments, are presented in the following. 
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Materials and Methods 

Structures formed by clay particles and their behaviour under various 

types of water were examined under a light microscope, equipped with a 

camera (Picture 1) . On carrier glasses mixtures of clay with sand 

sediments, were spread and flushed by various types of water. The 

electrical conductivity of the medium was metered and recorded, and the 

formations were photographed. 

Results 

Microscopic examinations show that agglomerations of clay platelets 

existed in liquid neJia examined (Picture 1) . These features seemed to 

expand in freshwater, if previously they stayed in seawater for a long 

time. The degree of expansion could not be measured quantitatively. 

(A) A mixture of 
sand + 45% montmo
rillonite in sea 
water (x200) 

(C) Three minutes 
after the seawater 
was displaced by 
distilled water 
(x200) 

(E) Five minutes 
after the seawater 
was displaced by 
distilled water 
(x200) 

(B) A mixture of 
sand + 45% of mont
morillonite in sea 
water (x200) 

(D) Three minutes 
after the seawater 
was displaced by 
distilled water 
(x200) 

(F) Nine minutes 
after the seawater 
by distilled water 
(x200) 

Picture 1. A mixture of sand + 4% montmorillonite in chemically

varied types of water 
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When the type of water was changed from a saline to a non-saline one, 

a certain decomposition of the agglomerations seemed to take place. 

When inclining the glass by 2°- 5°, some of the gel packets flowed for 

a certain distance, while the other remained stable, forming an 

'envelope' around the sand grains. 

Discussion 

The depiction of flow through a continuous medium built of intercon

nected openings of various geometry is a rather difficult taks 

(Scheidegger, 1972). The description of the flow through a porous 

medium forming an aquifer becomes even more complex in dynamic seawater

freshwater interface conditions where minute amounts of reactive part

icles are involved. 

This paper refers to the transient situation occurring when seawater is 

repulsed by freshwater. ·The state is, ~rom the chemical point of view, 

a major mechanisms controlling ion distribution in the water, on the 

exchange sites on the clay particles, and in their electric atmosphere. 

If chemical reactions attain equilibrium within the range of stability, 

no effect on the physical properties of the medium develops. The said 

range is situated above a critical threshold value, mentioned as over 

20% Na+ in the exchange complex (Shainberg and Kaiserman, 1969). 

Factors like T.D.S. (total dissolved salts), S.A.R. and Mg:Ca ratio, 

are also connected with this value (Arora and Colemen, 1979; Yadav and 

Girdhar, 1980). However, if the threshold value is exceeded, 

'activation' of the system (its 'sensitization' - Gray and Rex, 1966) 

is expected, and the entire complex may undergo an 'interface effect' 

(Goldenberg, 1985). Parameters like connectivity, pore size, tortuo

sity; etc., are affected. 

Schematically, the behaviour of a coastal aquifer may be referred to as 

a feedback system (Fig. 1), in which the action of the controlled 

variable (the flow passing the interface -2 in Fig. 1) is "as if 

measured", this measured value is compared with some "as if desired" 

value (the quantity of passing freshwater which causes·a reduction of 

concentration of mobile ions and an alteration of ion ratios in the 

fJuid and on the platelets ion complex -3 in Fig. 1). The difference 
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influences the forces tending to change the controlled variable 

(4 in Fig. 1). 

(I) ( 2) 

Fresh wafer flow Fresh wafer flow -- toward the through the ~ 

i nlerface zone interface zone 

+ 
(4) ( 3) 

11 Volve
11

: pressure Calion exchange on the 

d rap due to new foo-- surface of platelets; 

physical properties decrease of water E. C_; 

of fluid and matrix gel droplets of large 

size appear 

Figure 1. A model of the behaviour of flow in an interface zone 

In this model (Fig. 1), two situations- at a microscale- may exist: 

(a) there may be no effective electrostatic interaction of charged 

platelets across separating water, (b) platelets may interact. In all 

stages, a quasi-steady laminar flow is assumed. (Effects due to hydro-

dynamic entry length are ignored, since in the typically trumpet-shaped 

entrances (Picture 1) the drop of pressure is probably very small -

Boucher, 1973). 

(a) If no interaction exists between the naturally existing, floating 

clay platelets, some disturbance of the flow may occur due to an in

crease of the relative viscosity (Shainberg and Otoh, 1968; Schram and 

Kwak, 1982) . 

(b) When attractive forces prevail be_tween the particles (LaMer and 

Smellie, 1960; Arora and Coleman, 1978), packets of gel - arrangements 

of clay particles containing a certain quantity of entrapped water -

appear. This situation is characteristic to the seawater-freshwater 

interface zone. In any case, these packets have a certain yield stress 

(van Olphen, 1977), the value of which depends on the forces between the 

individual links and on the number of links. Such droplets (packets) of 

gel may appear when the already existing, flocculated arrangements of 

clay begin to swell, or if the singular platelets link to build new 
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structures. Enlargement or destruction of clay arrangements may occur, 

leading to accumulation or depletion of material along streamlines. The 

overall result is that for a steady head, the mean velocity of the fluid 

in a porous medium may change. 

The process suggested in box 4 of Fig. 1 is a key-factor in this presen

tation. The resistance to flow is composed of a static resistance, 

dictated by the properties of the porous medium; and of two dynamic, 

head- and chemical-controlled, resistances: (a) one imposed by the 

packets of gel attached to the walls of the pores, and (b) one imposed 

by the flowing agglomerations (Fig. 2). 

Static resistance 

Partial plugging of pores 

and/or connections between 

pores 

Complete plugging of pores 

and/or of connections between 

pores 

Bingham 
behaviour 

Dynamic resistances 

Reorganization of the 

internal structure of 

cloy pockets 

Changes of 
flow properties 

Figure 2. Processes occurring in the zone of seawater-freshwater 

interface 

(1) The static resistance is induced by parameters such as tortuosity; 

pore size, shapes, and distribution; angularity; packing and orienta-

tion of the constituent grains. This type of resistance may be 

regarded, in a large measure, as a mirror image of permeability, and is 

thoroughly treated in literature (Bear, 1970; Scheidegger, 1972; Wood, 

1981; Fix, 1982; Shanmugan, 1984). 

2) The explanation of the head- and chemical-controlled resistance is 

based on the existence of packets of gel, which may be attached to the 

grains of the medium, or may float along flow-paths. 
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2a-l) If chemical equilibrium exists between the interstitial solution 

present in the gel packets attached to the surfaces of the grains, and 

the surrounding water which allows integrity of the internal structure, 

each particle is surrounded by a constant-in-thickness double-layer 

(Farrah et al., 1980). A certain pressure drop may exist, in accord to 

the chemical properties of the environment, type of the mineral, the 

number of platelets forming a packet, and to the type of ion which 

imputes the size of the packet, the location of the packets of the walls 

of the pores, etc. However, if their expansion completely fill the 

pores, or the connection between the pores, the flow stops, and in addi

tional tangential shear stress is required to induce flow. 

If chemical changes occur in the water, the fluid becomes an 'ion

exchanging' solute, ion exchange in the electrical atmosphere takes 

place, and the character of the gel packets attached to the grains may 

change due to reorganization of their internal structure even in 

invariable shear. In a situation where exchange of seawater by fresh

water takes place, an overall increase of the consistence of the system 

is expected. Migration of sole particles, observed in rocks containing 

only 3% of clay (Younger and Lim, 1972), may also be involved, resulting 

in a gradual blocking of outflow channels of big pores (Kutiler, 1972). 

2a-2) A transient resistance may emerge because of appearance of sea

water 'packets' (inclusions" surrounded by semipermeable membranes 

formed by gel packets (Goldenberg et al., 1986). These pockets are 

structures, the decomposition of which - under constant shear stress -

is a function of time. A short description of this mechanism appears 

below. 

A common, real sediment is heterogeneous at a small scale, i.e., perme

abilities vary from one small volume to the neighboring one. In this 

situation, the flushing fresh water has to flow through larger 

'channel' pores, where the resistance to flow is lower, or through 

smaller ones. Some filaments of freshwater advance quickly along more 

permeable flowpaths, bypassing and surrounding pockets of seawater 

existing in straightaway but narrow pore sections with high resistance 

to flow. The next stages are: 1) gel formation at the borders of the 

pockets; at this stage, the pocket possess a chemical-dependent resist

ance to flow. The overall pressure drop is relatively large. 2) deve-
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lopment of osmotic pressure inside the pocket, toward the borders, con

trolled by molecular diffusion. The ion transfer results, however, from 

a difference in the chemical activity between the arriving water, and 

the solution within the two narrow porous media: the thin pores inside 

the pocket, and its clay wrapping, and 3) collapse of platelets in 

arrangements and disappearance of the inclusions. At this point this 

type of 'dynamic resistance' comes to a halt. It is of interest to men

tion that in this case, increase of the fluid pressure in the whole 

system postpones the beginning of pocket disintegration. This mechanism 

is connected to the phenomenon of 'finger formation' mentioned in oil 

fields studies (Scheidegger, 1960). 

2b-l) Transient changes in consistency of the fluid phase in an aquifer 

may appear due to the behaviour of floating gel packets. A possible 

route to be taken by such a packet (8 to 250 microns, average = 50 

microns - Gibs, 1982, (a) and (b), along a path-flow consisting of inter

connected pores is suggested below. 

A characteristic packet is, in many cases, smaller than the opening 

between pores. It 'sees' a channel, surrounded by tilted, undulating 

surfaces having a certain surface activity. If a hydraulic potential is 

applied, the packet will respond to this force and, evidently, to the 

downward pull of gravity. If no chemical changes occur in the water, 

the packet will continue to move undisturbed. If its buoyancy proper

ties change due to the chemistry of the internal or the surrounding 

water (Goldenberg et al., 1985) it will come to rest in one of the 

'holes' on the walls of the pore. Once the packet stays in one of the 

'cavities', its kinetic energy will be zero although its potential 

energy may minimal, as may be contrained by local situation. The flow 

is impaired in a certain measure, as a function of the size of the gel 

droplet, the 'depth' of the hollow, the velocity of the fluid, the 

hydraulic diameter of the flow section, etc. By exerting a new force 

on the packet, or by changing the chemistry of the fluid,the.'packet, or 

part of it, can overcome the obstable and continue to move until it 

comes to rest in another trap. However, the 'capture' in a 'hole' may 

be regarded as a beginning of a filtration process, since new arriving 

gel droplets may adhere to the 'trapped one. Van Olphen (1977) mentions 

that when a stable suspension is filtered, a thin, compact, rather 
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impermeable filter cake appears, and the system begins to act as a 

Bingham system. 

Conclusions 

The resistance to flow in a porous medium where freshwater displaces 

seawater is governed by matrix and by fluid characteristics, as well as 

by the possible presence of charged, colloidal clay particles. The 

latter may appear as gel droplets. Under constant head they can cause 

a chemically-controlled reduction of cross section of the pores and of 

connection between pores, thus increasing the drop of pressure. A non

Newtonian, Bingham system may appear. In a real aquifer, this non

Newtonian feature may influence flow patterns, flow rates and the 

position of the seawater-freshwater interface. 
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