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Abstract — Changes in hydraulic conductivity and clay dispersivity of clay-sand mixtures (four reference
smectites and Fithian illite) as a function of concentration (0.01 M Cl~ and distilled water) and sodium
adsorption ratio (SAR =< 30) of the percolating solution were measured. In addition, the effect of sand
percentage, sand particle size, and addition of AlICl, and FeCl, on the hydraulic conductivity of the
mixtures were measured.

Clay dispersion and migration out of the 3% clay columns was substantial. The clay dispersed only in
the distilled water system; dispersion increased with an increase in the percentage of exchangeable Na
and was about the same for the Wyoming montmorillonite and Fithian illite. Conversely, the clay swelled
in the 0.01 M Cl1- solution. The swelling of the montmorillonites increased in the order: Upton, Wyoming =
Belle Fourche, South Dakota > Polkville, Mississippi > Otay, California, and was higher than that of
the Fithian illite. The swelling and dispersion of the clay accounted for the changes in hydraulic con-
ductivity.

Mixtures treated with FeCl; and AICI, were leached with NaCl-CaCl, solutions until the pH of the
effluent exceeded 6.5. The composition of the exchangeable phase was then determined by the SAR of
the leach solutions. At pH > 6.5, the polycations hydrolyzed and were present as the hydroxy-polymer
species. The hydraulic conductivity of the mixtures decreased as exchangeable Na increased, but the
decrease was less than in untreated mixtures. AlCl; was more effective in maintaining hydraulic conduc-
tivity than FeCl,. In montmorillonite clay with an ESP of 20, less than 5% of a complete Al-interlayer
was enough to prevent a reduction in hydraulic conductivity. Packets in the clay systems tested explain
the high efficiency of the Fe and Al polycations.

Key Words —Aluminum oxide, Exchangeable sodium percentage, Hydraulic conductivity, Illite, Iron
oxide, Montmorillonite, Salinity, Sand.

INTRODUCTION lyte concentration of the percolate. In addition, clay
content (McNeal ef al., 1968), clay mineralogy (McNeal
and Coleman, 1966; Yaron and Thomas, 1968; Frenkel
et al., 1978), sesquioxide content (McNeal et al., 1968),
and ion release rate (Shainberg et al., 1981) appear to
affect soil response to ESP. McNeal and Coleman
(1966), McNeal et al. (1968), Felhendler et al. (1974),
and Frenkel et al. (1978) showed that soils respond
differently to the same combination of salt concentra-
tion and ESP.

One of the most important properties affecting the
suitability of water for irrigation is its sodium content.
The deleterious effects of excess sodium on many crops
is well known; however, less information is available
on the effect of sodium on soil structure, permeability,
and hydraulic conductivity. Equally important and
equally less well known is the effect of aluminum and
iron hydroxides and oxyhydroxides on these same

properties. The present paper reports the results of .
quantitative studies of the effect of sodicity, iron, and McNeal et al. (1968) showed that the hydraulic con-

aluminum on soil hydraulic conductivity (HC). ductivity of soils rich in clay decreased the most when

Quirk and Schofield (1955) showed that the per- ESP was increased. Conversely, Frenkel et al. (1978),
Pupisky and Shainberg (1979), and Alperovitch et al.

(1981) showed that HC decreased most for loamy sand
soils leached with distilled water. McNeal and Cole-
man (1966) and Yaron and Thomas (1968) concluded

! Contribution No. 1274-E 1984 series from the Agricul- that the most labile soils were those rich in 2:1 layer
tural Research Organization, The Volcani Center, Bet-Dagan,  Silicates, especially montmorillonite, and the least la-
Israel. bile were those rich in kaolinite and sesquioxides. Ve-

meability of a soil decreased with increasing exchange-
able sodium percentage (ESP) and decreasing electro-
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Table 1. Sources and properties of the clays used in the study.!

Octahedral substitution

(atoms/unit cell) Tetrahedral

CEC? S substitution
Mineral? {meqg/100 g} {m?/g) Mg Fe (atoms/unit cell}

Smectite, Belle Fourche, South Dakota

(API 27) 85 776 0.57 0.36 0.20
Smectite, Upton, Wyoming

(API 25) 85 800 0.65 0.32 0.18
Smectite, Polkville, Mississippi

(API 21) 105 760 0.90 0.29
Smectite, Otay, California

(API 24) 120 552 1.20 0.11 0.05
Illite, Fithian, Ilinois

(API 35) 15 120

! Based on Low and Margheim (1979) and Low (1980).

2 Obtained from Ward’s Natural Science Establishment, Rochester, New York.

3 CEC = cation-exchange capacity; S = specific surface area.

lasco-Molina et al. (1971) concluded, however, that in
the near absence of electrolytes, the order of soil dis-
persion at a given ESP was: montmorillonite > hal-
loysite > mica. Similarly, Frenkel et al. (1978) con-
cluded that ‘“although the kaolinitic soil was less
sensitive than the montmorillonitic soil at low electro-
lyte concentrations, its HC was reduced markedly, even
at an ESP of 10, when leached with nearly pure water.”

Several percent Al and Fe hydroxides and oxyhy-
droxides added to clay have been shown to dominate
the surface properties of the clay (Keren, 1980; Oades,
1984; El Rayah and Rowell, 1973). The interactions,
however, are always complex because of the tendency
of Al and Fe species to hydrolyze, polymerize, and
eventually precipitate in the presence of the clays unless
low pH is maintained. Oades (1984) found that the
addition of 20 mg Al or 60 mg Fe per gram of clay was
needed to flocculate Na-exchanged montmorillonite.
He also found that Al-polycations were much more
efficient than Fe-polycations in blocking negative
charges, decreasing water uptake, and swelling of mont-
morillonite. Thus, Oades (1984) speculated that Al-
polycations possess a high positive charge and a planar
shape, and that Fe-polycations are spheres (10-100 A
in diameter) with a low positive charge.

Frenkel and Shainberg (1980) reported that the hy-
droxy-Al polymers formed during the neutralization
of Al- and Fe-montmorillonite suspensions by NaOH
acted as cementing agents and prevented the dispersion
of the structure. Only when the pH exceeded 9.0 and
aluminates formed, did complete dispersion of the Na-
montmorillonite take place. Conversely, neutralization
of Fe-montmorillonite suspensions with NaOH re-
sulted in a gradual breakdown of the Fe-montmoril-
lonite particles. They concluded that the hydroxy-Fe
polymers were not as effective as Al-polycations in
preventing the dispersion of the particles by adsorbed
Na.

Interactions between Fe, Al, and Na appear to affect
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aggregate stability. McNeal et al. (1968), using a group
of soils from Hawaii, found that ESP and electrolyte
concentration did not affect HC until Fe- and Al-hy-
drous oxides were chemically removed. They conclud-
ed that the cementing action of iron oxides prevented
swelling and dispersion. Conversely, Deshpande ef al.
(1968) and El Rayah and Rowell (1973) concluded that
Al-oxides were more effective than Fe-oxides in sta-
bilizing the soil structure against the dispersive effect
of Na. The effects of the two sesquioxides probably
depend on their distribution, chemical environment,
and ageing history (Carstea et al., 1970). Alperovitch
et al. (1981) and Shainberg et al. (1981) found that a
few red-brown loamy soils (Rhodoxeralfs) from Israel
and California were the soils most susceptible to dis-
persion, in spite of the fact that these soils contained
moderate amounts of sesquioxides.

Two sets of experiments are reported here: (1) the
effect of clay mineralogy on the saturated HC of clay-
sand mixtures equilibrated at different ESPs and leached
with solutions of different electrical conductivities; and
(2) the effect of AICl, and FeCl, on the saturated HC
of montmorillonite-sand mixtures equilibrated at dif-
ferent ESPs and leached with solutions of different elec-
trolyte concentration.

MATERIALS AND METHODS
Materials

Experiment 1. Effect of clay mineralogy. Four mont-
morillonites and one illite from Ward’s Natural Science
Establishment, Rochester, New York, were selected for
this study. Their source and identifying API numbers
are given in Table 1 as are the amounts of octahedral
substitution and cation-exchange capacities of these
clays, as reported by Low and Margheim (1979) and
Low (1980).

Clay-sand mixtures were prepared by mixing either
3 g of dry, powdered raw (no pretreatment) clay with
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97 g of acid-washed quartz sand (0.59-0.71 mm di-
ameter) or 5 g of clay with 95 g of acid-washed quartz
sand (0.1-0.6 mm diameter). Columns of these clay-
sand mixtures were prepared by packing 200 g of the
97% sand mixture or 100 g of the 95% sand mixture
into 5-cm diameter plastic cylinders to a bulk density
of 1.35 g/cm3. The amount of the clay-sand mixtures
in the columns was found to have no effect on the
hydraulic properties of the mixtures or on clay dis-
persion. The ratio of sand to clay and the sand size
did, however, significantly affect the results. Based on
a particle density of 2.65 g/cm?, the pore volumes of
the columns containing the 200 g and 100 g mixtures
were 72.6 and 36.3 cm?, respectively.

Experiment 2. Effect of sesquioxides. Five grams of
powdered Wyoming montmorillonite (API 25) was
mixed with 95 g of acid-washed quartz sand (0.1-0.6
mm diameter). The clay-sand mixtures were thor-
oughly mixed and wetted with 10 ml solutions of 0.1
M, 0.05 M, or 0.025 M AIClI,; or FeCl,. In the control
treatment, the clay-sand mixture was wetted with 10
ml of distilled water. The mixtures contained 20, 10,
or 5 centimole Al/kg clay, or 5.4, 2.7 or 1.35 g Al/kg
clay, respectively, and 20, 10, or 5 centimole Fe/kg
clay, or 11.2, 5.6, or 2.8 g Fe/kg clay. The highest
amount of Al and Fe used in this study was only 20-
25% of the amount of the polycation needed to floc-
culate the clay in Oades’ (1984) experiments and less
than 5% of the amount needed to cover completely the
planar surface of the montmorillonite (Barnhisel, 1977).
Following 3 hr of equilibration at room temperature,
the wetted mixtures were dried in an oven at 105°C
and cooled in a desiccator.

Methods

In both experiments, the saturated hydraulic con-
ductivity of the columns was used to measure the effect
of the treatment. Each column was initially wetted from
the bottom with 0.5 M Cl~ solution with an appropriate
sodium adsorption ratio (SAR) and kept saturated. Sat-
urated HC was determined by leaching the column
with the solutions using a constant head device and
measuring the drainage rate. Effluent was collected in-
crementally using a fraction collector, and suspended
clay contents in the various increments were deter-
mined by gravimetric and optical procedures (Shain-
berg et al., 1981).

SAR solutions of 0, 5, 10, 20, and 30 (experiment
1) and O, 5, 10, and 20 (experiment 2) were applied.
The ESP of the clay in equilibrium with a given SAR
solution was assumed to equal the SAR value, and the
two indexes of exchangeable Na are used interchange-
ably (U.S. Salinity Laboratory Staff, 1954). The HCs
of the columns obtained using 0.5 M solutions were
taken as the “base” HC. Columns were then consec-
utively leached with 0.05 and 0.01 M CI- solutions of
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Figure 1. Effect of equililbrium exchangeable sodium per-
centage (ESP) on relative hydraulic conductivity and clay con-
tent in effluent from 3% Wyoming montmorillonite—97%
(0.59-0.71 mm diameter) sand mixture leached with distilled
water. The y-axis intercept reflects hydraulic conductivity when
eluent is changed from 0.01 N CI- to distilled water.

the treatment SAR until steady state flows and effluent
compositions were achieved. About 500 ml of satu-
rating solution was used to achieve the equilibrium soil
ESP and solution electrolyte concentration. The final
eluent was distilled water. Each treatment was repli-
cated three times, and the agreement between repli-
cates was very good.

RESULTS AND DISCUSSION

The experimental results are shown as curves of “rel-
ative hydraulic conductivity” as a function of the mix-
ture ESP and effluent volume. The relative HC is the
ratio between treatment HC and the HC of a 0.5 M
salt solution. In most of the illustrations, relative HC
is presented as a function of the effluent volume for
the treatment where distilled water displaces 0.01 M
solution. The intercept of each curve is the relative
hydraulic conductivity for 0.01 M solutions of the var-
ious SAR treatments.

Effect of clay mineralogy

Leaching the 3% montmorillonite-sand mixtures with
distilled water clearly showed the effect of the ESP
(Figure 1). When distilled water displaced a 0.01 M
ClI- solution of CaCl, (ESP = 0), no change in the HC
of the mixture was noted. When the clay-sand mixture
was leached with a 0.01 M Cl- solution having an SAR
of 5, the relative HC was maintained at 1.0 (the inter-
cept in Figure 1). The concentration of electrolytes in
this solution was enough to prevent the deleterious
effect of Na* at this low ESP. Leaching the ESP-5 mix-
ture with distilled water caused a gradual HC drop,
and some clay appeared in the effluent. The maximum
clay concentration in the effluent at this ESP was 0.45%
(w/v) at 1.0 pore volume of leachate.

As the ESP of the clay increased, the relative HC of
the mixtures leached with 0.01 M CI- solutions (the
y-intercepts in Figure 1) decreased. The change in rel-
ative HC between an ESP of 0 and 10 was minimal
(15%), compared to the change between ESPs of 10
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Figure 2. Effect of equilibrium exchangeable sodium per-
centage (ESP) on relative hydraulic conductivity and clay con-
tent in effluent from 3% illite~97% (0.59-0.71 mm diameter)
sand mixture. The y-axis intercept reflects hydraulic conduc-
tivity when eluent is changed from 0.01 N CI- to distilled
water.

and 20 (a further drop of 50%). The decrease in HC in
0.01 M CI- solutions was suggested by Shainberg et a/.
(1981) and Shainberg and Letey (1984) to be due to
clay swelling, which reduces pore diameters. Mont-
morillonite dispersion was not expected at this elec-
trolyte concentration, which is well above the floccu-
lation value of the clay (Oster et al., 1980). Introducing
10% Na into the exchange complex of the clay in-
creased the swelling of the clay only slightly. Swelling
of the clay increased markedly as the ESP was increased
above 10%. Similar observations were made by McNeal
and Coleman (1966) and Shainberg and Letey (1984),
who also found that replacing about 15% of the ad-
sorbed Ca with Na had little effect on the swelling of
the clay, but that a further increase in the ESP caused
a sharp increase in swelling for montmorillonitic soils.

When the 0.01 M CI- solutions of SARs of 10, 20,
and 30 were replaced by distilled water, the relative
HC of the mixture dropped sharply to less than 25%,
followed by a sharp increase (Figure 1). Also, the con-
centration of clay in the effluent peaked at about one
pore volume before slowly dropping (Figure 1). The
maximum clay concentration and the shape of the clay
concentration-effluent curves seemed not to be greatly
affected by the soil ESP. Similar HC and clay concen-
tration curves were reported for sandy soils by Frenkel
et al. (1978) and Pupisky and Shainberg (1979). The
high clay percentage in the effluent indicated that dis-
persion and long-distance movement of the clay par-
ticles had taken place. Deposition of the clay particles
in pore spaces led to the sharp drop in the HC values.
The subsequent increase in the HC was explained by
Pupisky and Shainberg (1979) as due to a change in
the mechanism of flow. As the clay dispersed in the
distilled water, the flow changed from flow of solution
in a sandy clay matrix where the sand particles are
covered with a skin of clay, to flow of suspension in a
pure sand matrix. Removing the clay skin from the
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Figure 3. Effect of equilibrium exchangeable sodium per-
centage (ESP) on relative hydraulic conductivity and clay con-
tent in effluent from 5% montmorillonite—95% (0.1-0.6 mm
diameter) sand mixture. The y-axis intercept reflects hydraulic
conductivity when eluent is changed from 0.01 N CI- to dis-
tilled water.

sand particles increases both the pore radii and the
HC. With further leaching the increase in pore radii
resulted in relative HC greater than 1.0 (Figure 1).

The HC and clay concentration curves of the mixture
with an ESP of 10 are of special interest. Whereas in
0.01 M CI- solution, the mixture with an ESP of 10
behaved in a way similar to one with an ESP of O (pure
Ca system), when leached with distilled water it be-
haved like a clay-sand mixture with an ESP of 20 and
30. When the swelling mechanism was the predomi-
nant mechanism for the HC decrease, the mixture with
an ESP of 10 behaved like the clay having an ESP of
0. When distilled water displaced the solution, how-
ever, 10% Na was enough to disperse the clay (Oster
et al., 1980), and the clay-sand mixture behaved like
the mixtures having higher ESPs.

It is evident from Figure 1 that ESPs as low as 5 are
sufficient to disperse the clay and to cause considerable
HC changes. Demixing of the cations in a Na/Ca-mont-
morillonite (Oster et al., 1980) accounts for the high
“efficiency” of exchangeable sodium in dispersing the
clay.

In a 3% illite~sand mixture (0.59-0.71 mm sand),
as long as the electrolyte concentration in the leaching
solutions exceeded 0.01 M Cl-, no change in the HC
and no clay dispersion were observed (Figure 2), pre-
sumably because illite is a non-expandable clay. Only
slight changes in the HC were observed when the illite-
sand mixture was leached with distilled water (Figure
2). Conversely, the concentration of clay in the effluent
of a Na-illite—sand mixture was high, exceeding that
of montmorillonite with an ESP of 30 (Figure 1).

Itis evident that illite is more dispersable than mont-
morillonite. Oster et al. (1980) arrived at a similar
conclusion based on the flocculation values of illite and
montmorillonite. They found that a higher electrolyte
concentration was needed to flocculate illite saturated
with a given Na/Ca ratio than montmorillonite and
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Table 2. Relative saturated hydraulic conductivity of clay-sand mixtures mixed with various amounts of sesquioxides as a
function of the mixture’s exchangeable sodium percentage and the interclay electrolyte concentration.

ESP 10 ESP 20
Concentration
M CI) 0 5 10 20 0 5 10 20
Al (centimole/kg clay)
0.5 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
0.05 1.00 1.00 1.00 1.00 0.50 0.70 0.92 0.92
0.01 0.70 0.82 0.92 0.94 0.05 0.10 0.73 0.88
Distilled water 2 2 0.22 0.44 2 2 0? 0.11
Fe (centimole/kg clay)
0.5 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
0.05 1.00 1.00 1.00 1.00 0.50 0.50 0.70 0.92
0.01 0.70 0.70 0.75 0.80 0.05 0.05 0.10 0.46
Distilled water 4 4 03 0.10 4 03 03 03

! ESP = exchangeable sodium percentage.

2 See Figure 6.

3 Hydraulic conductivity too slow to measure accurately.
4 See Figure 7.

suggested that the high dispersivity of illite is due to a
“bad” contact between the terraced planar surfaces of
illite and its edges. This observation suggests that illitic
soils are more sensitive to dispersion and clay move-
ment than soils containing montmorillonite clays.

The effect of ESP on illite clay dispersion was more
pronounced than for montmorillonite. With an in-
crease in ESP, the peak clay concentration increased
(Figure 2). In montmorillonite-sand mixtures, the ef-
fect of higher ESP on increasing peak clay concentra-
tion was not evident. Apparently, in the montmoril-
lonite mixture the increase in swelling caused by
exchangeable Na narrowed the pores enough to inhibit
clay dispersion and movement. Thus, an increase in
clay dispersion and movement was offset by the in-
crease in swelling and the decrease in space for the clay
movement. Dispersing the clay skin from the sand par-
ticles in the illite-sand mixtures increased the pore radii
and raised the relative HC to > 1.0 (Figure 2).

Experiment 1 was repeated using a mixture of 5%
Wyoming montmorillonite and 95% 0.1-0.6-mm
quartz sand (Figure 3) because the 3% clay-sand mix-
ture appeared to accelerate clay movement. The higher
clay percentage and smaller sand size increased clay
swelling, produced a larger decrease in HC, and de-
creased the amount of clay in the effluent (Figures 1
and 3). The results from the 3% clay mixtures were
more variable and the effects of clay swelling and dis-
persion less apparent compared to the 5% clay mix-
tures. For these reasons, the remaining experiments
were made on columns packed with the 5% clay-95%
0.1-0.6-mm quartz sand mixture.

The relative saturated HC of 5% montmorillonite~
sand mixtures, mixed with various amounts of ses-
quioxides as a function of the mixture’s ESP and the
interclay electrolyte concentration is presented in Ta-

ble 2. Only the interaction between ESP and electrolyte
concentration is discussed here; the effect of sesquiox-
ides is discussed below under experiment 2.

Swelling of the clay is the dominant mechanism af-
fecting the HC of the mixtures at concentrations >0.01
M CI-. An ESP of 10 was insufficient to reduce the HC
of the mixture in equilibrium with 0.05 M Cl- solu-
tions. A combination of the same electrolyte concen-
tration and an ESP of 20 resulted in a 50% decrease
in the relative HC. For the mixture in equilibrium with
a solution concentration of 0.01 M Cl-, the relative
HC dropped to 70% and 5% for mixtures with ESPs
of 10 and 20, respectively. Most of the changes in
swelling apparently took place between ESPs of 10 and
20. At ESPs below 10, most of the exchangeable Na
concentrated on the external surfaces of the clay tac-
toids, without increasing the fraction of the surface area
that could swell (Oster ef al., 1980). As the ESP of the
clay was increased from 10 to 20, exchangeable Na
penetrated into the internal surfaces of the packets,
increasing the fraction of the surfaces which swelled
(Table 2).

Clay mineralogy affected the HC of the clay-sand
mixtures (Figure 4). Little clay was observed in the
effluent because the matrix prevented clay migration
(data not presented). The effect of clay swelling on the
relative HC of the mixture was evaluated from the
y-axis intercepts. The order of the change in relative
HC was Wyoming = Belle Fourche >> Polkville > Otay
montmorillonites > Fithian illite. The swelling of the
smectites from Polkville and Otay and the illite was
not enough to change the HC of the mixtures saturated
with an ESP of 10; however, the differences between
these minerals was evident when the mixtures were
equilibrated with SAR-20 solutions. This order of
swelling is similar to that reported by Low and Marg-
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Figure 4. Effect of equilibrium exchangeable sodium per-
centage (ESP) on relative hydraulic conductivity of smectite-
sand and illite-sand mixtures (5% clay and 95% 0.1-0.6 mm
diameter sand).
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heim (1979). The swelling of the smectites depended
mainly on the fraction of the clay that expanded, as
reflected by its specific surface area (Table 1). The spe-
cific surface area of the clay depends also on the surface
charge density and the b-dimension of the clay (Low
and Margheim, 1979). Both the b-dimension and the
charge density increased with an increase in the ionic
substitution in the octahedral layer of clay structure,
and both affected also the fraction of the clay that ex-
panded. Smectite clays with higher charge density ap-
peared to have lower specific surface areas and swelling,
and should less affect the HC of soils leached with
electrolyte solutions (Table 1 and Figure 4).

The HC of the various clay-sand mixtures varied
markedly when they were leached with distilled water.
In illite-sand mixtures, the change in HC with leaching
was small; illite dispersed when the Na was introduced,
but the lack of swelling enabled the dispersed clay par-
ticles to move through the matrix without affecting the
HC. At the other extreme was the Wyoming mont-
morillonite; its low charge density allowed it to swell
the most, which caused large changes in HC. In ad-
dition, this clay dispersed readily. Its high dispersion
and the change in the mechanism of flow from solution
flow in clay-sand mixtures to suspension flow in a sand
matrix (Pupisky and Shainberg, 1979) was a conse-
quence of the increased HC.

The montmorillonites from Belle Fourche and Wy-
oming showed similar swelling, but different dispersion
properties. The Belle Fourche montmorillonite dis-
persed less than the Wyoming montmorillonite; thus,
the change in the mechanism of flow found for the
Wyoming clay at an ESP of 10, was not observed for
the Belle Fourche clay. The swelling and limited dis-
persion of the Belle Fourche clay resulted in a very low
relative HC at an ESP of 10. At an ESP of 20, an
increase in clay dispersion produced an HC increase
as it did for the Wyoming montmorillonite at an ESP
of 10.

The Otay and Polkville montmorillonites were in-
termediate in their swelling and dispersion character-
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Figure 5. Effect of Al and Fe (in centimole/kg clay and per-
centage of complete interlayer) on relative hydraulic conduc-
tivity of montmorillonite-sand mixtures in equilibrium with
0.01 M CI- solution of exchangeable sodium percentage of
20.

istics between the illite and the Wyoming montmoril-
lonite. Otay montmorillonite, with the highest charge
density among the smectites examined, swelled the least,
and the change in the HC curve was minimal. The
limited dispersion was insufficient to change the mech-
anism of flow, and its HC dropped gradually to the
observed final values. The Polkville clay swelled slight-
ly more than the Otay montmorillonite, and its HC
curve was below that of the Otay clay at an ESP of 10.
The Polkville clay dispersed slightly more than the
Otay clay; thus, at an ESP of 20 its HC curve first
dropped and then increased in a manner similar to that
of the Wyoming and Belle Fourche montmorillonites.

Effect of sesquioxides

The effect of the sesquioxides in countering the effect
of ESP on HC response of the clay-sand mixtures equil-
ibrated with electrolyte solutions is presented in Table
2. Sesquioxides decreased the swelling of the mont-
morillonite and prevented a drop in the HC of the
mixtures. Similar effects of Al and Fe on the swelling
of Na-montmorillonite were reported by El-Rayah and
Rowell (1973) and Oades (1984). Al was also more
effective than Fe in reducing clay swelling. The relative
effect of the two polycations in preventing clay swelling
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is shown in Figure 5 along with their effect on the
relative HC of the clay-sand mixtures with an ESP of
20 equilibrated with 0.01 M Cl- solutions.

A complete interlayer of AI(OH); or Fe(OH), con-
tains 4.5 mole Al/kg montmorillonite (Barnhisel, 1977).
In a montmorillonite with an ESP of 20, less than 5%
interlayer Al was needed to prevent swelling (Figure
5). In this system {ESP of 20), the amount of Al needed
to prevent swelling and dispersion was ~20% of the
amount needed for pure Na-montmorillonite (Oades,
1984). The high efficiency of hydroxy-Al in preventing
swelling in this system is probably due to the fact that
hydroxy-Al polymers interacted only with the external
surfaces of the montmorillonite packets to form larger
aggregates (Keren, 1980). Montmorillonite platelets
with an ESP of 20 exist in packets with ~5 platelets
in each packet and thus have limited (~20%) expand-
able surfaces (Oster et al., 1980).

Fe-hydroxide was less effective in preventing the
swelling of Na/Ca-montmorillonite. The spherical shape
of the polymers and their low charge (Oades, 1984)
reduced their ability to control the swelling.

The effect of Al on the relative HC of the clay-sand
mixtures when the 0.01 M CI- solutions were displaced
with distilled water is presented in Figure 6. For the
mixture with an ESP of 20 without Al (control), HC
dropped slightly at first and increased sharply there-
after. Clay dispersion and the change in the mechanism
of flow (from flow of solution in a clay-sand matrix to
flow of suspension in a sandy matrix) are responsible
for this result. Introducing 0.05 moles of Al/kg clay
into the clay mixture had only a slight effect compared
with the control on both swelling and clay dispersion
(Figure 6) because the amount of Al was only 1.1% of
the interlayer and, thus, its effectiveness was limited.
When 0.10 moles of the polycation per kg of clay was
present, the relative HC of the mixture (ESP of 20) in
0.01 M CI- solution was 73% of the base value. Thus,
2.2% of the polycation was sufficient to prevent most
of the swelling of the clay. When the clays were leached
with distilled water, the HC dropped to nearly zero,

https://doi.org/10.1346/CCMN.1985.0330511 Published online by Cambridge University Press

Clay mineralogy, sesquioxides and permeability of clay-sand mixtures

449

Fe Monfmorillonilel

Control

1.0O [~

0.50 5¢M/kg

0.25

RELATIVE HYDRAULIC CONDUCTIVITY

«l0) 1 ] | il

300
EFFLUENT VOLUME {ml}

o] 100 200 400 O 100 200 300 400

Figure 7. Effect of Fe (centimole Fe/kg clay) on hydraulic
conductivity of sodic montmorillonite~-sand mixtures.

indicating that sufficient dispersion, movement, and
precipitation of the clay particles in the conducting
pores took place to seal the clay-sand mixture com-
pletely. Preventing intensive clay dispersion also pre-
vented an increase of the HC of the mixture, as was
observed in the control and the 0.05 mole Al/kg treat-
ments. When more Al was introduced (0.20 mole/kg
clay), the swelling and dispersion of the clay were so
slight that the column was not sealed, and the relative
HC dropped gradually to 0.11 of the base value.

The HC curves of the mixture with an ESP of 10 are
similar to those of the mixture with an ESP of 20
(Figure 6). Here, again 0.05 mole Al/kg clay was in-
sufficient to prevent clay swelling and dispersion, and
the HC curve was similar to that of the control. Con-
versely, 0.10 and 0.20 mole Al/kg clay decreased clay
swelling and prevented clay dispersion. Thus, no clay
was found in the effluent, and the relative HC curves
dropped gradually to the final values determined by
the degree of swelling of the clay. It is evident that a
concentration of 0.20 mole Al/kg was more effective
than one of 0.10 mole Al/kg in preventing clay swelling
(Figure 6), and that the clay swelling increased in all
Al treatments along with the ESP of the clay (Figure
6).

The effect of Fe on the HC curves of sodic clay-sand
mixtures leached with distilled water (Figure 7) was
quite similar to that of Al. The HC (Figure 7) and clay
concentration in the effluent (not shown) were higher
in the 0.05 mole Fe/kg clay system than for the cor-
responding Al treatments. At the two ESPs, the HC
curves for the 0.05 mole Fe/kg clay treatment were
between that of the Al and control curves. In the mix-
ture with an ESP of 10, the final relative HC values in
the 0.10 and 0.20 mole Fe/kg clay were near 0 and
0.10 compared to 0.22 and 0.44 for 0.10 and 0.20 mole
Al/kg clay treatment. Similarly, in the mixture with an
ESP of 20, concentrations of 0.10 and 0.20 mole M/
kg Fe were insufficient to prevent sealing, whereas one
of 0.20 mole Al/kg clay prevented sealing of the clay-
sand mixture.
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CONCLUSIONS

The effect of clay mineralogy on the response of clay-
sand mixtures to sodic and saline conditions suggests
that the mineralogy of the clay fraction in soils affected
by sodium should be studied quantitatively. It is evi-
dent that in soil studies not only should the percentage
of smectite be determined, but, if possible, the charge
density of the smectites as well. Smectites with low
charge density swell more than smectites with high
charge density. The response of soils to sodic and saline
conditions is affected by both the swelling and the dis-
persion of the clay particles; however, much less work
has been devoted to the dispersion of the various clays.
The importance and the contribution of each of these
mechanisms to the hydraulic properties of soils depend
on the ESP of the soil and the electrolyte concentration
of the soil solution.

The interaction of Al and Fe polycations with mont-
morillonite affected both the swelling and the disper-
sion of the clay. Whereas exchangeable Na increased
clay swelling and clay dispersion, Al and Fe polymers
prevented swelling and dispersion. The hydroxy poly-
mers with their positive charge cemented the clay plate-
lets. The amount of Al and Fe polycations needed to
prevent clay swelling depended on the ESP of the clay
and the resultant external surface. Al polycations, which
are planar and carry a higher charge per gram atom,
were more efficient in cementing clay platelets than
Fe polycations, which are spheres with low charge den-
sity.

Hydroxy-Al and hydroxy-Fe interlayers are abun-
dant in soils, and their effect on soil structure is im-
portant not only under the extreme conditions of soils
with high ESPs but also in soils with low sodium con-
tent. A systematic study of their effect on soil structure
and aggregate stability is overdue.
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