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ABSTRACT 

Gases may influence processes in zones of fresh-water/sea-water interface of coastal aquifers. One of 
the sources of gas bubbles is recharge wells. The bubbles of gas, alone or in combination with clay 
particles, impair flow. The flow impairment may not allow the use of the recharged water for controlling 
sea-water intrusion. 

Results of laboratory experiments that simulated circumstances of an operating recharge well indicate the 
following trends : 

1) quasi-stable bubble-mineral particle units form due to adhesion of hydrophobic colloids (clay mine
rals) on the surface of air bubbles. The units may become mobile when the pressure gradient in 
the porous medium is larger than a threshold value. Sometimes, several units may arrive in a large 
void and accrue; 

2) introduction of a small volume of air in pure sand induces a steady state of slightly reduced perme
ability, if either a concentrated solution ('sea-water') or a dilute solution ('fresh water') fills the 
pores. Some bubbles stabilize in the conducting pores, and reduce permeability. A slug flow may 
occur through the rest of the pores. A lower permeability is attained in a sediment where equili
brium exists l;>etween the electrical atmosphere of the clay platelets attached on the bubbles and the 
surrounding solution, and/or if the electrical atmosphere is suppressed by a concentrated solution. 
The lower permeability is due to : 

a) stabilization of bubbles in a non-spherical shape by adhered platelets; elongated parts of the 
bubbles penetrate into the near pores, increase flow paths tortuosity and decrease the cross-secti
onal area available to flow; and, 

b) several bubbles may become connected by a 'cement' made of flocculated particles; the agglome
rates of bubbles occupy several interconnected pores and impair flow. The lower permeability, 
obtained in these ways is, however, a transient, partially reversible situation. The 'cement' may 
be 'dissolved' by a solution with a low ionic concentration, and then the free bubbles may flow; 

3) an irreversible decrease of permeability may be induced by the combined effect of bubbles and 
voluminous three-dimensional structures of smectite. Such a situation may arise when fresh water 
replaces sea-water in the pores of mixtures of sand and traces of smectite. The clay structures 
may reduce the cross-sectional area of the pores so that flow of bubbles is no longer possible. The 
bubbles, stabilized in conducting pores, stop the flow through the entire sediment. 

* 

A state where the sediment in the vicinity of a borehole is clogged by bubbles and clay particles 
reduces the efficiency of a well for serving as a recharge well. ~ 

Injection of air into the sea-water/fresh-water interface may be used as a method for reducing sea
water encroachment. 
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Alberta, Canada T2N 1N4. 
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Processes influenced by gases 

1. INTRODUCTION 

Gases and colloidal clay particles can affect 
hydraulic conductivity (;;; K, or permeability) of 
aquifers when artificial recharge (;;; replenish
ment) is practised. This paper aims to present 
the trend of some processes occurring during 
recharge, especially when the recharge is design
ed to control sea-water intrusion. 

Replenishment of fresh water, treated sewage and 
waste water is used to reduce overdraft, to 
increase available groundwater supplies, and to 
control pollution. Recharge through wells is 
sometimes preferred over recharge by water 
spreading or through pits, since it greatly de
creases the danger of groundwater pollution, 
reduces the time of arrival of the recharged water 
in the aquifer, allows introduction of water in a 
confined aquifer, has a specific benefit in case 
that economy of space is important, is practicable 
when the properties of the soil do not permit 
infiltration, etc. (TODD, 1959; NAKANO, 1980; 
RON EN, 1986; DOKKOZLIAN et al., 1987). In 
coastal aquifers, recharge through wells has a 
particular importance if it is designed to eliminate 
an existing overdraft and to change undesired 
groundwater gradients, thus restraining sea-water 
encroachment. The main aim of the recharge is 
to form and maintain a fresh-water pressure ridge 
adjacent to, and parallel to the coast. The target 
is attained by introducing fresh water in a por
tion of the aquifer already intruded by sea-water, 
as in the case of Manhattan Beach, California 
(TODD, 1959), or, preferably, by injecting fresh 
water into a zone of the aquifer still free of 
salinity. 

However, the recharge through wells may encoun
ter difficulties, one of the most serious being 
clogging in the vicinity of the borehole. Clog
ging is mentioned as the reason for differences 
between pumping and recharge rates in wells 
having the same conditions (TODD ,1959; VEN TE 
CHOW, 1964). Among others, fine particles and 
captive bubbles of air are each mentioned as 
factors that can adversely affect the permeability. 

The role of clay particles as a factor that res
tricts permeability was researched intensively 
(e.g., VAN OLPHEN, 1977; GOLDENBERG et al., 
1984; LEE • TANK, 1985). These particles may 
be either incorporated in the matrix, or may 
arrive with the flowing water. On the other 
hand, bubbles may appear in the matrix of an 
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aquifer as a result of organic diagenetic proces
ses, biogenous activity, desupersaturation of a 
solution of the gas or the decomposition of a 
component in the liquid (BLANCHARD a. SYZDEK, 
1977; CHAPELLE et al., 1987; RAYBOULD l 

ANDERSON, 1987), or may originate from a 
'bubbler', as a recharge well. One may assume 
that bubbles may participate in processes invol
ving dissolved salts, suspended matter and gases 
in aquifers by a mechanism similar to the one 
active in oceans, where bubbles are mentioned as 
a carrier of organic matter to the sea surface 
(SUTCLIFFE et al., 1963), and in flotation tech
niques (WARD, 1984), used in ore separation. 

Some regard to flotation techniques is pf rele
vance. Essentially, flotation consists of a se
quence of two processes : the attachment of fine 
particles to surfaces of gas bubbles, and the 
consequent transport of the created particle-laden 
bubble units (LEKKI l LASKOWSKY, 1976). 
Under certain circumstances, the liquid film of a 
bubble may drain and rupture. According to 
their drainage behaviour, liquid films are classi
fied as 'rigid' and 'mobile'. A mobile film thins in 
a matter of minutes, while the rigid type does so 
in hours or days. The differences in drainage 
behaviour are associated with the type of surface
active factors, fine particles being such factors. 

Immobile bubbles decrease the ability of porous 
media to transfer liquids. One may suppose that 
the more rigid the bubble, the smaller the bub
ble's tendency to flow through the tortuous paths 
of a sediment. The elucidation of the common 
role of the bubbles and the particles in hydrolo
gical processes in aquifers, especially in sensitive 
areas like the sea-water/ fresh-water interface 
zones, is of scientific and engineering importance. 

This paper shows that in the vicinity of recharge 
wells the following developments may occur : 

1) clay particles may adsorb to the surface of 
bubbles. The units may be transported 
through the channels of porous media; 

2) bubbles reduce permeability of sediments. 
The combination of small quantities of air 
and traces of clay may cause a stable, 
irreversible state of zero capability to trans
fer fluids, thus making a well unsuitable for 
artificial recharge. 
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2. METHODOLOGY 2) Macroscopic flow properties were studied in 
pure sand, in mixtures of sand and 3 % 
kaolinite, and in mixtures of sand and 2 % 
smectite. Before mixing with the sand, the 
clay was saturated with Na • The sediments 
were packed in measurement columns (fig. 
2). The E. C. (electrical conductivity) _in 
the packed sediment was measured by 5 
pairs of electrodes. These data provided 
indications about the quantities of gas and 
the chemistry of the liquid in the columns 
during the experiment. 

Experimental systems were designed to character
ize processes in environments consisting of clay 
particles, bubbles of air and solutions. The 
devices used are described in GOLDENBERG et 
al. (1988a , b). In these experiments, a concen
trated solution ( 0, 5 M N aCl) simulated sea-water, 
and distilled water simulated fresh water. 

1) Microscopic studies were conducted in artifi
cial porous media, which could be glass 
micro-models, or packed beads. The glass 
micro-models have channels interconnecting 
at 90°, at distances of • 3 mm, and, in some 
cases, voids were encrusted (fig. 1). The 
ducts have a diameter of about one millime
tre, and contain randomly distributed voids 
of up to one em in diameter. The other 
type of porous medium was built of beads 
with a diameter of 0, 5 mm. This type was 
found to be most suitable to characterize 
particular details of the system, like obser
ved deformations of bubbles. 

1-

Bubbles of air were introduced in the models 
while saturated with various electrolytes. 
Then, different solutions or suspensions of 
clay were introduced (one liquid at a time). 
When the experiment required, the pressure 
in the system was increased. 
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Fig. 1. The glass micro-model that may contain 
larger voids. The bead-made porous medium 

model had the same basic structure. 

Air was forced into the packed sediments 
using a syringe (e in fig. 2), in accordance 
with the requirements of the experiments. 

c 

SCHEMATIC REPRESENTATION OF 
THE EXPERIMENTAL SET UP 

b 

2 3 4 !5 

1 

2 3 4 !5 

g 

Fig. 2. The measurement columns. The mean 
bulk density of the packed sediment was • 1, 60 
gm/cc. The porosity was about 25 %. 1. the 

measurement column; b. the effluent pipe; c. the 
introducing vessel; d. valve; e. syringe, used to 

inject gas; f. the collecting vessel; g. E.C. 
meter, for measuring the effluent; h. E.C. meter, 

used to measure the E.C. in the measurement 
column. 
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11DECEMENTATION II 

SOLID GRAINS 

Fig. 3. Schematic representation of accumulation of fine particles on the bubbles' surface. 
a) Deformation of the bubbles shape; b) Connected bubbles; c) 'De-cemented' bubbles 

(kaolinite); d) 'De-cemented' bubbles (smectite). 

3. RESULTS 

Observations revealed that 

1) clay particles accumulated on the surface of 
bubbles. The accumulations could cause 
stable deformations of the bubbles' shape 
(fig. 3a), or could bond bubbles (fig. 3b), 
both phenomena observed to be stable over 
time; 

2) bubble-particle units could move through the 
channels of the porous medium and could 
accumulate in larger voids; 

3) the combination of gas bubbles and clay 
could affect significantly the permeability of 
porous media (figs. 4b and 4c). 

4. MICROSCOPIC OBSERVATIONS 

Bubble-particle units and their movement through 
conducting pores. Accumulation of fine particles 
began on the upstream part of a bubble, and 
continued until almost all the periphery was 
covered by adhered clay. A certain deformation 
of the shape of the bubble appeared in some 
cases (fig. 3a). The deformed parts could pro
trude into adjacent pores. This trend characte
rizes kaolinite and smectite in 'sea-water'. The 
situation presented in fig. 3a was observed both 
druing flow and when no flow occurred in porous 
media built of beads. 

In 'sea-water', the bubbles were forced to flow 
by creating a large pressure gradient. Bubbles 
and adhered particles moved as a unit through 
the medium, as the pressure gradient attained a 
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Fig. 4. Trend of behaviour of sandy sediments with injected volumes of air. a) Pure sand. 
Note the stable value of K that followed the appearance of the first volume of air in the 

sediment, and the cyclic behaviour when additional air was injected. b) Sand and 3 % 
kaolinite system. c) The sand and 2 % smectite system. The solid line represents the 

permeability, that attains a value of zero. 



Processes influenced by gases 

SCHEMATIC REPRESENTATION OF 
PARTICLE ACCUMULATION IN 

A LARGE PORE 

I" LOW 
OIRECTION 

ACCUMULATED 
CLAY PARTICLES 
TRANSPORTED 
BY BUBBLES 

Fig. 5. Schematic representation of the trend of 
accumulation of clay in large voids. 

threshold value, and could arrive at large voids 
where they accumulated. Fig. 5 shows the trend 
of accumulation of particles in a large void caused 
by this mechanism. 

Fig. 3b shows the trend of a system where seve
ral bubbles form a unit while being connected by 
clay particles (either smectite or kaolinite). The 
surrounding liquid had a high ionic concentration. 
The particles were flocculated. The particles 
between the bubbles behaved as cement (fig. 3b). 
In the smectite system, a shift to 'fresh water' 
induced the creation of voluminous structures 
(fig. 3d). The structures adhered to a restric
ted part of the bubble, or to the walls of the 
pores. In the kaolinite system, the shift to fresh 
water induced disintegration of the bond between 
the bubbles. Most of the kaolinite platelets were 
transferred to the surrounding solution (fig. 3c), 
and the ability of the 'clean' bubbles to flo\" 
increased. 
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5. MACROSCOPIC OBSERVATIONS 

Fig. 4a shows the trend of behaviour of the sand 
free of clay particles. The first appearances of 
bubbles reduced the permeability permanently by 
about 10 %. The results of the measurements 
through the column electrodes show that the 
reason for the impaired flow is the displacement 
of the liquid from certain pores by air. Additio
nal bubbles pass through the conducting pores, 
influencing the permeability only temporarily. A 
larger fraction of the pores near the entrance to 
the column becomes filled with air, relative to the 
rest of the column where the air dispersed equal
ly along the whole porous medium. The air 
distribution was established by the column elec
trodes. 

The. E. C. values measured by the electrodes and 
the rate of discharge showed a cyclic behaviour, 
as the air was introduced and passed through the 
sediment. Injection of air caused such a cyclic 
behaviour also during the shift to fresh water 
where air bubbles already existed. 

The parts of 'sea-water' flow in the experiments 
conducted on sand containing 3 % of kaolinite and 
2 % smectite (figs 4b and 4c) showed a trend 
similar to that of the system of pure sand. Since 
at this stage the electrical envelopes of the clay 
particles were in equilibrium with the surrounding 
liquid, the permeability was reduced only by the 
injected air. However, the injection of an equi
valent of 4 % pore volume of air, during the 
exchange of 'sea-water' by 'fresh water' (at the 
point where the E.C. of the effluent was 750 
micromho/cm, which is in the range of natural 
fresh water), reduced permeability of the sand 
and kaolinite mixture temporally by additional - 40 
%; then K came back to a high level. 

In the sand and smectite mixture, the shift to 
fresh water (when air already was present) 
caused a permeability drop by approximately 3 
orders of magnitude. The decrease in these 
circumstances is higher by two orders of magni
tude, relative to the reduction found in similar 
mixtures without air (GOLDENBERG et al., 1984). 
However, injection of 4 % pore volume of air when 
the E. C. of the effluent was approximately 1000 
micromho/cm (the upper limit of natural fresh 
waters) reduced the permeability permanently to 
zero. The irreversibility is stressed by the fact 
that after two months, a very large pressure 
{about one and half atmosphere) was applied at 



the entrance of the system, but no flow occurred. 
A possible reason for the inability to induce flow, 
even under high pressure, may be due to preci
pitation of minerals in the zones of air liquid 
interface. At these zones, a local supersaturation 
can exist. 

6. DISCUSSION 

Experimental results reveal that : 

1) bubbles of air may transfer and redistribute 
particles in a porous medium (fig. 5); 

2) bubbles, sometimes stabilized in a non-sphe
rical shape (fig. 3a), and agglomerates of 
air bubbles (fig. 3b) may appear in conduc
ting pores and impair flow. The clay parti
cles behave as 'cement' between the bubbles; 

3) the combined effect caused by air bubbles 
and clay particles reduces the permeability 
(K) significantly more than the participation 
of each component alone (figs 4a, 4b, and 
4c). 

Recharge through wells is usually accompanied by 
appearance of ·a certain volume of air in the 
surrounding sediment. A three-phase system of 
gas-liquid-solid and of interfaces between the 
phases, appears. The liquids involved are, 
indeed , solutions, since waters contain a certain 
amount of dissolved salts. Usually, ground waters 
are suspensions, i.e. , they contain some sus
pended colloidal clay-mineral particles. A relative 
motion of a mineral particle and a bubble of air 
may lead to attachment of the particle to the 
surface of the bubbles due to adhesion and 
sorption. 

The fine particles influence the ease with which 
fluids pass through a porous medium by : 

1) 

2) 

3) 

increasing tortuosity of flow paths by stabi
lizing the bubbles in a rigid, possible non
spherical shape; 

creating agglomerations of connected bub
bles; and, 

reduction of the cross-sectional area of the 
pores if deflocculation occurs and voluminous 
three-dimensional structures appear. 
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Specific properties of the particles, like 
their surface area and their surface charge, 
are responsible for those influences. In the 
experiments presented in this paper, kaoli
nite represents clays with low surface area 
and low surface charge, and smectite clay 
with high surface area and surface charge. 

The structure of clay minerals, their chemical and 
physical properties, and the behaviour of these 
particles in various environments, are the subject 
of a vast literature (e.g., VAN OLPHEN, 1977: 
HUNTER • LISS, 1979; YARIV & CROSS, 1979; 
APPELO, 1978; GOLDENBERG, 1986). Chemical 
reactions occurring at the surface of the particles 
explain the formation, the development and the 
behaviour of a colloidal system which forms when 
proper fluids are involved. The most influential 
factor is the electrically unbalanced clay-mineral 
structure, mainly as a result of imperfections 
within the interior of the crystals. There is 
isomorphous substitution of ions by ions of lower 
valence. As a result, there is a permanent 
negative electrical charge on clay-mineral surfaces 
at the pH values of natural waters. In any case, 
where the aluminosilicate hydrophobic clay-mineral 
particles form the dispersed phase, water and 
particles may create a suspension. 

Formation of bubble-particles units and their 
movement through conducting channels. The clay 
minerals adsorb to the bubbles of air and the 
resulting units influence flow (figs 4b and 4c). 
In general, bubbles are characterized by interfa
cial tension and/or viscous forces that, in the 
system under consideration, are much more im
portant than inertia forces. The interfaces 
between air bubbles and liquid are characterized 
by an increase in the degree of structuring 
water, with a preferred orientation of water 
molecules that gives rise to a surface excess 
entropy (PHYLLIPS, 1975). Adhesion of particles 
occurs at this interface, if Van der Waals and/or 
electrostatic forces cause withdrawal of the liquid 
disjoining film between the particles and the 
bubbles (FOISTER, 1987). The diffuse electrical 
double layer at the silica/water interface is com
pressed, and bubble-particle units appear. 

Differential adhesion on the surface of bubbles 
influences the surface tension to a different 
degree, causes deformation of the bubble shape 
and the stabilization of the bubble in a non-sphe
rical shape. The deformed parts of the bubbles 
affect tortuosity and porosity, thus impairing 
flow. This phenomenon, observed in the artificial 
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porous media, is assumed to be responsible for a 
part of the K-reduction that occurred in the 
kaolinite and smectite systems (figs 4b and 4c). 
This reduction was significantly larger than the 
one recorded in the pure-sand system. 

The movement of the bubble-particle units 
through conducting channels of a porous medium 
is a function of the pore-size and pore-connection 
characteristics, the pressure gradient, and the 
bubbles resistance to flow. Single bubbles can 
move through the pores if their diameter is less 
than about 1/3 of the diameter of the conducting 
channel. This trend of behaviour was observed 
in the experiments conducted in artificial porous 
media (fig. 2). If a bubble is free of particles 
and its diameter is larger than about 1/3 of the 
conducting-duct diameter, the shape of a bubble 
is affected by the walls of the bonded medium. 
The bubble (the slug, or Taylor bubble) is 
composed of two parts : two rounded nose regions 
whose shape and dimensions are independent of 
the overall slug length, and a cylindrical section. 
Under these circumstances, a slug-flow regime 
may exist. 

A bubble contaminated by particles has a more 
rigid surface. In the experiments conducted on 
artificial models it was observed that the units 
have a certain flexibility. They deformed when 
the pressure in the system was increased, then 
they moved through the conducting channels 
('jumped' from one intersection to another). The 
distortion of the original spherical nose region of 
the bubbles and of the cylindrical portion occur
red over different periods of time, as a function 
of the magnitude of the pressure applied, the 
quantity of accumulated particles, and the shape 
of the bubble. The larger the pressure, the 
smaller the accumulation on the bubble surface 
and the simpler the original geometry of the 
bubble, the shorter the time required by the 
normal and shear stresses to balance at the 
gas/fluid interface of the new form. The more 
streamlined shape of the bubble-particle units 
allowed it to migrate along the channel. 

The bubble aggregate and its disintegration. 
Agglomerates of two or more bubbles may extend 
over several adjacent pores and obstruct flow. 
This situation was observed especially when the 
ionic strength . of · the · surrounding solution· was 
higher than the threshold value. The particles 
serve as a 'cement". Van der Waals and electro
static forces cause the particles to build a com
bined unit. The observed prolonged existence of 
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bubbles in mutual contact is due to the viscosity 
of the liquid in the common film which opposes its 
drainage. The higher the viscosity, the slower 
the film-thinning process. The viscosity of films 
is increased by dissolved ions and by fine solids 
present at the interface. The increased stability 
with ionic additives is probably due to electrosta
tic repulsion between charged, nearly parallel 
surfaces of the liquid film which acts to retard 
draining and hence rupture. The ability of finely 
divided, insoluble solids to stabilize gas/liquid 
interfaces, like in foam, has also long been 
known. The presence of fine galena was found to 
extend greatly the life of air foams, and the finer 
the solids the greater the stability. 

When fresh water exchanges 
entrainment of connecting clay 
surrounding fluid increases the 
of the bubbles, since : 

sea-water, the 
particles in th~ 

mobility potential 

1) the bubbles skin becomes less rigid; 

2) the bubbles may disperse, become mobile and 
withdraw by a slug-flow mechanism (GAR
DESCU, 1930; PERRY & CHILTON, 1973). 
The withdrawal increases saturation and, 
therefore, increases permeability. However, 
if smectite is involved, voluminous three
dimensional structures may appear. The 
clay structures reduce the diameter of the 
conducting pores so that the passage of 
bubbles is restricted. 

In the kaolinite and smectite systems (figs 4b and 
4c) , part of the permeability reduction observed 
when the E.C. of the effluent was higher than 
700-1100 micromho/cm is attributed to the presen
ce of bubble aggregates. The increase of perme
ability observed in the kaolinite system is due to 
the deflocculation and the removal of the fine 
particles that connected the bubbles, followed by 
a stage of withdrawal of bubbles. In the smectite 
system, the deflocculation had an inverse effect 
on the permeability, reducing K to virtually zero. 

Collapse of individual bubbles in large voids and 
concentration of particles in large voids. Some of 
the bubbles that moved through the channels 
arrived at large voids where they and the ad
sorbed particles accumulated (fig. 5). When 
meeting, the individual bubbles, which have large 
gas/liquid interfaces with high surface free 
excess energy and form a thermodynamically 
unstable system, could collapse as regions of 
minium surface tension were created at the 



common laminae of two bubbles. The coalescence 
of the laminae results in a more stable configura
tion since the interfacial area decreases spontane
ously. The movement of the units and their 
accumulation in larger pores redistl'ibute fine 
particles in the sediment, as well as creating 
particle concentrations in certain parts of the 
sediment. This trend of behaviour, observed in 
experiments conducted in artificial porous media, 
had, probably, a minute influence on the results 
presented in figs 4b and 4c. However, this 
mechanism may be significant in natural sedi
ments, where the void-size distribution is larger 
than in the packed ones used in the experiments. 
A region of large voids of an aquifer may thus 
become the 'bottle-neck' of the conducting layer. 
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Q = pi X K X ((h 2 
0 

h 2 )/ln (r /r )) (1) 
w 0 w 

where : 

Q = 
r = 

0 

the well discharge or the recharge; 
the distance from the well to the point 
where no more drawdown or mounting 
exists (r may be taken as 150-250 m 
(TODD, f959)); 
the location of the well; 
the head at r (above the impervious 
base); 0 

h = the head at r ; 
if = the permeabilil'y. 

Consider a well where 
Characteristics of permeability in the examined 
experiments. The rate of the fluid movement in 1) 
the sediments, where bubbles are present, may 
change over time (figs 4a and 4b). High, stable 
over time K-values exist when all voids are 
completely saturated by a solution in chemical 
equilibrium with the electrical atmosphere of the 

clogging caused by air introduced during 
recharge and the behaviour of the fine 
particles are the only reasons for differences 
between the pumping and the recharge 
rates; 

clay particles, or when a concentrated solution 2) 
decreases the thickness of the electrical double 
layer around the clay particles and induce a 
stable, flocculated state. Lower K-values show 

the replenished water has the same chemical 
composition as the native water (case 1, see 
below), or has a different composition (case 
2); 

the relative permeabilities, when the voids were 
only partially fluid-filled and/ or only part of the 
total interconnected void space was connected by 
continuous fluid channels (VOSS, 1984). Stable 
values of relative permeability, like those pre
sented in figs 4b and 4c, appear when equilibrium 
is obtained between the clay electrical envelopes 
and the solution, and/or the trapped bubbles 
become immobile. The values of relative permea
bility were 90 % for pure sand, 80 % for the 
mixtures of sand and kaolinite, and 50 % and zero 
for sand and smectite. 

7. INJECTION OF FRESH WATER 
NEAR THE SHORE LINE 

When injection occurs a recharge cone appears. 
Theoretically, the shape of the cone should be 
the inverse image of the cone of depression 
surrounding a pumping well. The rate of artifi
cial recharge of, for example, a fully penetrating 
well in an unconfined sandy aquifer, can be 
determined in a way similar to that which is used 
to determine discharge by using the Dupuit 
assumption (VEN TE CHOW, 1964) : 

3) in this hypothetical situation, t he water is 
introduced in the saturated zone of the 
aquifer. 

Case 1. Recharge occurs in a part of the aquifer 
illled with fresh water. Q (eq. 1) decreases 
(proportionally to K) to - 90 % if no fine particles 
exist, to - 80 % if kaolinite particles are present, 
and to - 50 % if smectite particles are involved. 
In pure sand, the bubbles are trapped in the 
lateral pores of the sediment, or in small pores 
situated in the direction of the main flow gra
dient, impairing flow to a certain degree. As the 
well introduces additional volumes of air, a tran
sient stage of lower relative permeability appears 
in different regions in the vicinity of the injection 
well, during which the air moves through conduc
ting pores (fig. 4a). If clay is present, the 
electrical envelopes around the particles are in 
equilibrium with the cations in both recharged 
and native water. This is similar to the situation 
in figs 4b and 4c, when 'sea-water' only was 
present in the pores. In any case, no damage to 
permeability is caused by a change in the clay 
arrangement. However, the flow is impaired if : 
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1) the particles adhere to the surface of the 
bubbles. deform their shape and increase 
tortuosity. or bond several bubbles; 

2) the pressure gradient is not large enough to 
induce a slug flow; 

3) the redistributed particles (by the flowing 
fluid and by the bubbles) concentrate in a 
certain portion of the aquifer. This portion 
may behave as a 'bottle neck' which impairs 
flow through the aquifer. 

An appreciation of the practical· significance of 
the findings presented above may be· achieved if 
one considers the building of a fresh-water 
pressure ridge with a height of, for example, 
20 m in a hypothetical aquifer built of pure sand, 
with a volume of 1000 x 1000 x 20 m and a poro
sity of 25 %. The construction of this ridge 
requires, for example a 24 hours/day continuous 
activity of 10 recharge wells with a performance 
of 50 m3fhour each for about 13 months. The 
same pressure ridge will be built by wells with 
the same performance during a period of time 
longer by about 20 %, if the matrix holds some 
traces of smectite (fig. 6). 
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Case 2. Recharge occurs in a part of the aquifer 
that contains sea-water and no clay is present. 
Q = > 90 %, like in case 1. If kaolinite or smec
tite is involved, the value of Q in the vicinity of 
the borehole will appraoch 50 % or zero, respecti
vely, as the threshold value of the deflocculation 
will be attained. As recharge, and thus intro
duction of air bubbles, begins, the bubbles may 
become connected and may obstruct flow. As the 
percentage of the fresh water increases, the 
thickness of the electrical double layer, and, 
consequently, the repulsion between clay parti
cles, and between the particles and the bubble, 
increases. The particles can be entrained in a 
suspension, and 'decementation' may occur. 
However, if kaolinite particles are involved, no 
voluminous stable clay structures appear. The 
connected bubbles part, and the surface of the 
bubbles becomes free of particles and less rigid. 
The bubbles may become more streamlined and 
able to flow through the system. 

If smectite is present, K = > 0 and h (eq.1) 
increases rapidly, since the flowing 0 solution 
induces both decementation and formation of 
voluminous clay structures. The clay structures 

Influence of bubbles and clay particles on the cone of recharge of 
a well penetrating an unconfined aquifer (radial flow) 

(schematic representation l 
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Fig. 6, Influence of bubbles and clay particles 
on the recharge cone of a well penetrating an 

unconfined aquifer (radial flow). 
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reduce the cross-sectional area of the pores and 
of the throats between the pores (fig. 3d) so that 
bubbles cannot pass through. The bubbles and 
the clay structures stop the flow. 

The time required for the building of the pres
sure ridge under these circumstances in a pure 
sand aquifer will be the same as in case 1. In an 
aquifer where traces of smectite exist, the same 
building will be almost impossible to create (fig. 
6). 

However, one has to remember that these calcula
tions are based on results of laboratory experi
ments, where only Na + exist in the electrical 
double layers around the particles. In natural 
waters, other cations exist as well, a fact that 
may lead to higher values of relative permeabili
ties. The results presented in this paper should, 
therefore, be referred to as the upper boundary 
condition of a system consisting of sea-water, 
fresh water, fine particles and gases. 

8. CONCLUSIONS 

A trend of reduction of permeability due to 
appearance of gases and gas-particle units may 
become evident in a sea-water/fresh-water inter
face zone of an aquifer. Small volumes of air 
reduce slightly the permeability if a slug flow is 
possible. Transport of particles adsorbed on the 
bubbles may also contribute to a lower relative 
permeability by concentration of particles in 
certain parts of the medium, which behave as 
'bottle-necks'. 

Slug flow, as well as passage of liquids, are 
retarded if clay particles stabilize bubbles in 
non-spherical shapes or in agglomerates. Defloc
culation may reduce the pore cross-sectional area 
to such an extent that bubbles can no longer 
pass through, then the flow stops and recharge 
is no longer possible. 

One may suggest injection of air in the sea-wa
ter/fresh-water interface as a method for the 
reduction of sea-water encroachment. The reduc
tion of permeability obta.i:ne·rl by the presence of 
bubbles in the matrix of the aquifer (alone, or in 
combination with clay particles) may delay sea
water encroachment. 

L.C. GOLDENBERG & S. MANDEL 
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