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Abstract

A review of the literature concerning water repellence and hydrophobic organic
compounds in soils is presented. The need for research into the generation of water
repellence, and its amelioration by clay amendment, was highlighted.

The generation of water repellence was shown to be dependent on moderate
temperatures (70°C) and microbial activity at low water contents. Repellence could not
be induced in sterile soil. Microbial activity probably resulted in degradation of the
more hydrophilic organic matter, which freed the hydrophobic compounds to coat the
sand surfaces. Direct production of the causal compounds by microorganisms was
unlikely because hydrophilic (water soluble) organic matter alone could not generate
repellence with the aid of natural microbes.

Clays are known to reduce repellence, and the interaction of model hydrophobic
compounds with clay minerals was studied. For both montmorillonite and kaolinite,
adsorption of cetyl alcohol and palmitic acid reached a plateau at about 3 pmol m2,
based on external surface area. This corresponds with calculations for a bilayer
adsorbed parallel to the clay surface. There was little difference between Ca2+-and
Na+-saturated clays. About half the cetyl alcohol and 20% of the palmitic acid was
readily desorbed in hexane.

Water repellence induced by cetyl alcohol on acid-washed sand was reduced by
all clays after wetting and drying. The clays with the highest external surface area were
most effective, reducing the M.E.D. value to 0.0. This suggests that clays adsorbed the
cetyl alcohol, and their large surface area compared with the sand diluted the
hydrophobic compounds, leaving the sand surfaces wettable. Exchangeable cation had
little effect.

However, in natural sand, after wetting and drying, kaolinite was far more
effective than montmorillonite, regardless of surface area. Kaolinite did not adsorb
more natural organics, but was effective because the particles remained spread over the
sand grains and masked the hydrophobic surface, whereas montmorillonite tended to be

deposited in micro-aggregates between sand grains. Wetting and drying also virtually



eliminated clay leaching through the sand, and so clay application appears promising
for amelioration of water repellence in the field.
A simple test, using readily available materials, was developed to ascertain the

effectiveness of a given field clay in reducing water repellence.
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CHAPTER 1. LITERATURE REVIEW

1.1 Introduction

Water repellent soils are soils which do not readily absorb water when dry,
despite having favourable pore size distributions. A drop of water placed on a
horizontal surface of a water repellent soil will 'ball up', and in extreme cases may
evaporate before it can soak in. This occurs because the soil particles have developed an
apparent soil/water contact angle greater than 90°. In the field, the phenomenon is
characterised by uneven soil wetting. Dry soil patches can often be found even after
substantial rainfall. Water repellent soils are usually sandy in texture, although the
condition occasionally develops in finer textured soils.

Other terms used to describe water repellence in soils include hydrophobic, non-
wetting, and oily soils.

Probably the first scientific description of a water repellent soil was made by
Schreiner and Shorey (1910). Since then, water repellence has been investigated in
many different countries and climatic zones, e.g. Russia (Vityn', 1961; cited by
Rybina, 1973), India (Adhikari and Chakrabarti, 1976), Japan (Nakaya et al., 1977),
Italy (Giovannini and L{Jcchesi, 1984), Scotland (Mallik and Rahman, 1985), New
Zealand (Tillman et al., 1989), Canada (Barrett and Slaymaker, 1989), Spain (Sevink
et al., 1989), South Africa (Scott and Van Wyk, 1990) and The Netherlands (Van Dam
et al., 1990). However, the most extensive areas of water repellent soils have been
reported in Australia and the U.S.A., and these countries have contributed most to the
research into this phenomenon.

In the USA, water repellence has been reported in California, Washington,
Oregon, Idaho, Montana, Colorado, Utah, Nevada, and Arizona in the west (Schreiner
and Shorey, 1910; DeBano, 1969a), and Florida in the east (Jamison, 1946). Water
repellence in western USA is often associated with burnt areas (Savage er al., 1972).

Water repellent soils are widespread across the southern Australian cereal belt,

and were first described by Prescott and Piper (1932). Specific areas include the



southern and western coasts of Western Australia (McGhie and Tipping, 1983), Eyre
Peninsula (Wetherby, 1984), and the south-east of South Australia extending into
Western Victoria (Bond, 1969a). The total area affected in Australia has been estimated
at over two million hectares, and the loss in production due to water repellence is in

excess of 10 million dollars annually.

1.2 Measurement
1.2.1 Contact angle

A droplet of water carefully placed on a water repellent sand tends to 'ball up',
forming a contact angle with the sand surface of greater than 90° (figure 1.1). The more
- repellent the surface is, the greater the contact angle. The actual contact angle is
therefore a good measure of the severity of water repellence, and can be measured
directly from photographs (Bond, 1968; Letey, 1969; Wessell, 1988). Alternatively,
the contact angle can be calculated from the maximum height of a large flat droplet on a
smooth soil surface (Fink and Myers, 1969; Fink, 1970).

However, as pointed out by Bond and Hammond (1970) and Philip (1971), the
apparent contact angle measured on a porous surface is usually different to the actual
contact angle due to the effects of the pores. For this reason, several methods of
calculating the contact angle from infiltration and capillary rise measurements have been
devised. Letey et al. (1962a) measured the height of capillary rise in a sand column
after an abritrary period of 24 hours, and calculated the contact angle using the equation

below.

- 2ycos@
pgr

h

where  h =height of capillary rise
y = surface tension of liquid
6 = contact angle
p = density of liquid
¢ = acceleration due to gravity
r = average pore radius



Figure 1.1. A water droplet on a water repellent sand.



This equation is usually used to determine r, the average pore radius, for a soil
type by assuming the contact angle is 0°, and therefore cos6=1. In this situation, where
the contact angle is obviously not 0°, the average pore radius was measured on the same
sample using ethanol, which does have a 0° contact angle. Emerson and Bond (1963)
used a similar method, but estimated r by measuring capillary rise in the same sand
column after ignition. However, Bahrani et al. (1973) concluded that the ignition
process may alter the pore size distribution, and Tschapek et al. (1973) found that
ignition did not always reduce the contact angle to zero, and so this technique is not
often used. Both these studies suggested the use of n-heptane to calculate r. Emerson
and Bond (1963) and Hammond and Yuan (1969) described a dynamic capillary rise
technique, where the initial rate of capillary rise (or horizontal flow) was used to
estimate the actual final capillary rise. This method had the advantage of speed, which
is particularly impo_rtant because the contact angle in a water repellent sand is not
constant, but changes with time.

DeBano (1969b) suggested that the change in contact angle was due to
adsorption of water vapour molecules on the hydrophobic surface ahead of the wetting
front. However, Barrett and Slaymaker (1989) concluded that it was due to soil organic
matter gradually dissolving in the water, reducing the surface tension and therefore

reducing the contact angle.

1.2.2 Rate of infiltration
The obvious effects of water repellence on infiltration led to the first attempts to

quantify its severity. Jamison (1942) developed the 'relative rate of wetting', which
was defined as the average rate of infiltration (ml min-1) over the first 5 minutes. He
later refined this (Jamison, 1945) to the 'relative time of wetting’, which is the time
taken for 100 g soil to absorb 20 ml water. Wander (1949) developed an even easier
method, known as the 'Water Drop Penetration Time' (WDPT), which is simply the
time taken for a drop of water to be absorbed by the soil. This measure has been used

extensively in water répellence research (e.g. Letey, 1969; McGhie, 1979; King, 1981,



Wessel, 1988). McGhie (1979) classified soils according to their WDPT values, such
that wettable soils had WDPT of zero seconds, slightly water repellent soils had WDPT
values greater than 0 seconds but less that one minute, and severely repellent soils had
WDPT values greater than one minute. Although Scholl (1975) and King (1981)
showed that WDPT was closely correlated with contact angle, the actual mathematical
relationships were different, probably because of the different techniques used to
measure the contact angle. Watson and Letey (1970) concluded that the WDPT was a
useful measure of the persistence of water repellence, rather than a measure of the initial
repellence of a soil.

Fink and Myers (1969) and Fink (1970) used resistance to infiltration to
measure water repellence. They defined the 'breakthrough pressure' as the threshold
pressure (i.e. depth of water) required to force water into water repellent soil pores, and
concluded that this was useful for extremely repellent soils. However, because it is
relatively difficult to measure, and the contact angle (and hence breakthrough pressure)
tends to change with time, this measure is not commonly used.

The ratio of intrinsic sorptivity of ethanol to that of water has been proposed as
a Repellency Index (Tillman et al., 1989). This index (RI) appears to be particularly
useful for measurement of repellency where the contact angle is less than 90°. Wallis et
al. (1991) used the R.I. to show that even when WDPT was zero seconds, repellence
could slow the infiltration rate to less than the rainfall rate, and therefore create erosion
problems. However, because R.1. measurement is a two step process, relying on
infiltration of ethanol and water, it is unlikely to be used extensively in situations where
the contact angle is greater than 90°, and simpler measures are available.

In a water repellent sand, infiltration tends to occur in 'fingers', rather than
uniformly through the soil. The distribution of water in a cross section of a large soil
column can be measured by Computer Aided Tomography, and provides an index of
water repellence (Sawada et al., 1989), which has proved useful for studying the
effects of wetting agents on water repellence. However, the equipment required is

expensive, and measurements can be time consuming.



1.2.3 Critical surface tension

The phenomenon of water repellence is due primarily to the high surface tension
of liquid water. Letey ez al. (1962a) suggested that the surface tension of a liquid which
just wetted the soil with zero contact angle would provide a simple index of the severity
-of water repellence. Progressively stronger solutions of ethanol in water provide a good
range of surface tensions (Janczuk ez al., 1989), and Watson and Letey (1970)
proposed that the surface tension of the droplet of ethanol solution which was absorbed
by the soil in five seconds would be a useful index of repellency.

King (1981) further refined this technique, and developed the Molarity of
Ethanol Droplet (M.E.D.) test. In this test, aqueous ethanol solutions prepared at 0.2 M
intervals are applied to the soil surface, and the Molarity of Ethanol Droplet which is
absorbed in ten seconds is called the M.E.D. value of the soil. M.E.D. values of field
soils range from 0.0 (wettable) to about 4.0 (severely water repellent), although
artificial soils can be prepared with M.E.D. values up to 7.0 (Ma'shum, 1988). Soils
with an M.E.D. value of 0.0 may still have contact angles high enough to significantly
alter infiltration rates (Wallis ez al., 1991), and therefore the M.E.D. technique is only
appropriate for high contact angles. Because surface tension of a liquid varies with
temperature, this method is not ideal for use in the field. The advantages of this
technique are that it is very quick, and can be performed on a very small sample. King
(1981) showed that the M.E.D. value is highly correlated with contact angle and
WDPT, and is very useful for contact angles greater than 90°. The M.E.D. test has

become a standard measure of repellence in Australia under laboratory conditions.

1.3 Effects of water repellence on soils and plants
1.3.1 Infiltration and soil water content
Reduced infiltration is one of the most obvious effects of water repellence.
Barratt and Slaymaker (1989) measured long term infiltration rates of less than 2 mm

day-1 into a water repellent soil, most of which occurred as vapour. More commonly,



however, infiltration is initially very slow, but increases wit‘h time up to a maximum
(DeBano, 1969b, 1971). This is because water repellence affects the wetting process,
but once the soil particles are wet, water can flow through the pores virtually unaffected
(Rybina, 1973). This leads to the formation of preferential flow paths through the soil,
as wet channels conduct water away before it has time to penetrate into dry soil patches
(van't Woudt, 1954; Bond, 1964, 1965; Tillman et al., 1989; Van Dam et al., 1990).
Preferential flow paths through the soil result in uneven wetting of the soil.
Jamison (1946) found water content varied from field capacity to air dry over distances
of 5cm in a water repellent sand. Similarly, van't Woudt (1954), Bond (1964), and
others, have described large water content variation over short distances in water

repellent soils.

1.3.2 Plant growth

Plants require water to live and grow. Therefore, the effect of water repellence
on water flow through soils has a profound effect on plant growth. In particular,
germination and establishment is affected. In the ‘wet’ soil patches, plants can
germinate and survive even in relatively dry conditions, because the soil effectively
'harvests' rainfall and co‘ncentrates it in these patches. However, in ‘dry’ soil areas,
germination can be delayed, and even if germination occurs, plants often die from
moisture stress. The resulting patchy plant growth is characteristic of water repellent
soils in the field (Hedrick and Mowry, 1952; Bond, 1964, 1965, 1968).

Dinel et al. (1992) investigated the effects of long chain aliphatic compounds
isolated from beeswax and added to a sand (up to 2%) on germination and growth of
corn, radish and spinach. Germination of the small-seeded radish and spinach was
reduced by the addition of long chain aliphatics, but com germination was not affected.
Growth of all species was substantially reduced by the hydrophobic effects of the long
chain aliphatics on water relations in the sand, but the compounds had no direct
phytotoxic effect. Osborn e al. (1964) reported difficulty in establishing ryegrass on a

water repellent soil in California. Similarly, in a field trial on Eyre Peninsula in South



Australia, Bond (1972) recovered viable ungerminated barley seed three months after
sowing, and this was also due to the effects of water repellence. In southern Australia,
the effective delay in germination reduces the eventual yield of the crop by shortening
the available growing season (French and Schultz, 1977). Water repellence also causes
staggered germination of weed seeds, and this creates problems for weed and pest
control. In a non-agricultural situation, water repellence has caused patches of dead or
wilted turf in sandy golf greens (Wilkinson and Miller, 1978; Tucker et al., 1990).
Low soil water content also influences nutrient availability and microbial activity, which
can affect plant growth (Braids and Miller, 1975).

Water repellence has also been linked with problems in established perennial
crops. J amison (1942) described a condition called 'tree decline' in a mature orange
orchard in Florida, which eventually caused the death of the tree. He concluded that tree
decline was closely correlated with water repellence in the soils, although there was no
definite 'cause and effect' relationship. However, effects of this nature on established
plants appear to be rare.

The compounds that cause water repellence may also have a direct toxic effect
on plants. Braids and Miller (1975) suggested that these compounds may lower the
surface tension of water, and Fraps (1915) found that dihydroxystearic acid (similar to
the compounds that have been linked with repellence) reduced plant growth in solution

culture. However, no studies have detected a toxic effect on plants grown in soil.

1.3.3 Runoff and erosion
Because infiltration is severely restricted by water repellence, runoff can occur
during intense rainfall. This results in erosion, which has been particularly harsh on
forested hill slopes in California (e.g. Osborn et al., 1964; DeBano and Rice, 1973),
and also in Spain (Sevink et al., 1989). In these situations, water repellence often
occuts as a layer approximately 5-10cm below the soil surface. Biswell (1974)
concluded that the soil above the water repellent layer becomes saturated, and the

resulting low resistance to shear stress allows the soil to virtually flow down the slope.



In a study using paired catchments, one of which was water repellent after a bushfire
(see section 1.4.3), Scott and van Wyk (1990) found that burning and water repellence
increased total stream flow over 1 year, and increased soil loss by about 400%. In
Australia, McGhie (1980) and Burch et al. (1989) have reported increased runoff
caused by water repellence, and McGhie (1980) also measured higher rates of soil loss.

Wind erosion has also been a problem on water repellent sands, especially in
southern Australia. Dry, bare patches of sandy soil (characteristic of water repellence)
are susceptible to erosion by moderate winds, which are common early in the growing
season when the soil is least protected. When wind erosion commences, sand blasting
of young plants around the edges of the bare patches quickly extends the boundaries of
the patches, exposing more of the soil to the risk of wind erosion. Wetherby er al.
(1983) concluded that water repellence was the major cause of erosion on Eyre

Peninsula in southern Australia in 1975-77.

1.3.4 Beneficial effects

Although water repellence is recognised as a major problem in many areas, it
can have some beneficial effects. Some researchers have even tried to generate artificial
repellence to make use of its advantages. One of these advantages is in the area of water
harvesting. In areas with a dry climates, water harvesting can increase the amount of
water available for irrigation or town water supply. Water repellence can increase the
amount of water collected from a given area (Fink and Myers, 1969; Fink, 1970).
However, for this to be effective, the soil must be stabilised to prevent erosion, as
increased runoff can lead to rill and gully erosion (section 1.3.3).

Many workers have reported decreased evaporation from a soil surface due to
water repellence (e.g. Bowers and Hanks, 1961; Olsen et al., 1964; Barrett and
Slaymaker, 1989; Sharma, 1990). As the topsoil dries, its water repellence prevents
capillary flow from the subsoil to the topsoil. Therefore, the only way for water to
move from the subsoil to the topsoil is in the vapour phase, and this is a very slow

process. In some areas, the reduction of evaporation allows greater water use,
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particularly for deep-rooted perennial plants. However, Bond (1968) measured greater
evaporation from a water repellent soil, because a lot of water was retained at the
surface of the soil, and very little penetrated into the subsoil.

Hydrophobic compounds also increase aggregate stability of soils, by reducing
the rate of wetting (Hedrick and Mowry, 1952; Giovannini et al., 1983; Sharma,
1990). Stable hydrophobic aggregates may even increase seedling emergence by
preventing the formation of a hard crust (Rawitz’and Hazan 1978). However, water
repellence usually occurs naturally in a sandy soil, and in these soils aggregate stability

is of little importance.

1.4 Causes of water repellence
There is no doubt that water repellence is caused by naturally occurring
hydrophobic organic molecules. However, the origin and nature of the molecules, and

the environmental conditions leading to water repellence, are not well understood.

1.4.1 Origin of hydrophobic compounds

In one of the first investigations into water repellence, Greig-Smith (1910,
1911) isolated the cause as ether-soluble plant remains, which he called ‘agricere'.
Many other authors have also implicated plants as the major source of hydrophobic
compounds causing water repellence. In Florida, Jamison (1946) found that water
repellence occurred in the leaf drip zone of citrus trees, but not between rows of trees.
Giovannini and Lucchesi (1984) concluded that repellence was due to plant remains not
yet humified. Similarly, Holzhey (1969) and Biswell (1974) found that plant litter was
responsible for water repellence. McGhie (1979) suggested that perennial plants may
actively induce repellence around themselves to reduce competition from annual plants,
and to direct rainfall to their own roots. In this way, repellence may give a competitive
advantage to some plants.

Water repellence can also be induced in wettable soils by the addition of ground

plant fragments. McGhie and Posner (1980, 1981) found that residues from several



different plant species, including Eucalyptus astringens (brown mallett) and Trifolium
subterraneum (subterranean clover), but not Triticum aestivum (wheat) or Avena sativa
(oats) induced water repellence in a sandy soil. Similarly, Roberts and Carbon (1972)
induced repellence in sands with ground fragments of E. marginata (Jarrah), Medicago
sativa (lucerne), and T. subterraneum.. However, as pointed out by Wallis and Horne
(1992), these studies did not include any root material, and may not be a true
representation of the development of water repellence.

It is also possible that plant fragments do not directly cause repellence, but
rather stimulate the microbial community. Fungi, in particular, have been implicated in

the development of water repellence. Bond (1964) concluded that different microbial

populations associated with different vegetation types may cause variation in repellence.

Bond and Harris (1964), Bond (1965, 1969b) and DeBano and Rice (1973) found that
water repellence was usually associated with conspicuous growth of fungi, often
basidiomycetes. However, several attempts to isolate a fungus and generate water
repellence in a wettable sand have failed (e.g. Wilkinson and Miller, 1978). Savage et
al. (1969a) grew a wide range of fungi in wettable sands, and found that only one (S.
arra) induced measurable repellence. After heating (approximately 250°C) the sandy
fungal cultures, however, most species did generate repellence (Savage et al., 1969b).
Therefore, they concluded that fungi could be involved in repellence caused by fires
(see section 1.4.3).

Overall, there is as yet no conclusive proof that the compounds that cause water
repellence are dominantly of either plant or microbial origin. Several studies have
shown that soil lipids or aliphatics are mostly of plant origin (e.g.Stevenson, 1966;
Tschapek et al., 1973; Braids and Miller, 1975; Tegelaar et al., 1989; Dinel et al.,
1990). By the same token, Schnitzer and Neyroud (1975) and Capriel et al. (1990)
concluded that soil fatty acids and aliphatics were predominantly of microbial origin.
Ultimately, organic additions to soil are almost exclusively from plants, and this in turn
influences the microbial population. Therefore, the vegetative community probably

determines to a large degree the development of water repellence.
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1.4.2 Characterisation of hydrophobic compounds

In 1926, Albert and Kohn stated that 'humus molecules...range themselves in
regular formation on the surface of the sand grains in such a way that "lyophobe”
groups of molecules are directed outwards'. Later, Bozer et al. (1969) and Savage et al.
(1969b) concluded that compounds which cause-water repellence in soils must-contain
a polar site, for attachment to the soil particle, and a relatively large non-polar-seetion
which produces the repellence. Fatty acids and waxes satisfy these criteria, and because
they are common in plants, they were prime suspects. Indeed, Greig-Smith (1910,
1911) found that waxy, fatty ether-soluble compounds caused repellence. However,
Jamison (1945, 1946) could not reduce water repellence by extracting the soil with a
range of fat solvents. Similarly, Van't Woudt (1959) found that water repellence was
not affected by 20 hours of Soxhlet extraction with ether. These authors concluded that
the compounds responsible for water repellence could not be waxes or lipids. A link
between Ca and Mg fertiliser application and repellence led Wander (1949) to propose
the formation of insoluble Ca- and Mg-soaps, and this was supported as a possibility
by Wilkinson and Mille'r (1978). However, Bond (1969b) and Tucker et al. (1990)
have ruled out this possibility, and Prusinkiewicz and Kosakowski (1986) found that
Ca and Mg fertilisers were associated with increased soil wettability. Because most of
the studies discussed above could not extract and characterise the compounds
responsible, their conclusions were essentially negative. They tried to exclude classes
of compounds, but could not conclusively say what did cause repellence.

Several attempts have been made to isolate water repellence-causing compounds
in the traditional but poorly defined humic and fulvic acid fractions. Savage et al.
(1969a) found that microbial humic acids did not generate repellence, but Roberts and
Carbon (1972) concluded that a stable humic acid complex did cause repellence. Ivanek
and Schmidt (1991) used IR to determine that humic acid 'molecules’ caused
hydrophobicity on quartz by occupying the silanol surface groups, which in the

absence of organic matter act as sites of attraction for water molecules. Fulvic acid has



also been implicated (Miller and Wilkinson, 1977). However, the chemical nature of
these organic classes has made characterisation of the compounds difficult.

Giovannini et al. (1983) successfully reduced repellence by extracting with
benzene, and showed that the extract produced repellence in wettable sand. Using this
extract and differential thermal analysis, Giovannini and Lucchese (1984) concluded
that a phenol/polysaccharide ester was the principal cause of water repellence.
However, complete extraction of hydrophobic materials by a selective solvent was not
achieved until Ma'shum et al. (1988) tried a mixture of iso-propanol and ammonia
solution. This extract was then examined by chromatographic and spectroscopic
methods including Infra-Red and Nuclear Magnetic Resonance. They concluded that
repellence was caused by free and esterified straight chain fatty acids, with carbon chain
lengths ranging from 16-32 atoms. These are the types of compounds excluded by
earlier studies on the basis of their non-extractability in traditional fat solvents. These
compounds must be held tightly by the soil particles, and only the amphiphilic iso-
propanol/ammonia solvent could break the bonds between the functional group and the
sand grains. Interestingly, Stevenson (1966) also found that in a 'normal’ soil, the lipid
fraction was composed of waxy esters of long straight carbon chains, dominated by

even numbers of carbon atoms.

1.4.3 Conditions for development of water repellence

Fire has often been recognised as a factor in the generation of water repellence,
particularly in the USA. Fire has been shown to decrease the total lipid content of the
soil, but still increases repellence, possibly by redistribution and selective oxidation of
hydrophilic molecules (Chen and Schnitzer, 1978; Almendros et al., 1990). DeBano et
al. (1970) and Savage (1974) suggested that heat volatilised the hydrophobic
molecules, which then moved into the soil and condensed to form a water repellent
layer in the soil. Scholl (1975) and Scott and Van Wyk (1990) showed that the hotter

the fire, the deeper and more intense was the subsequent layer of repellence. DeBano
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and Rice (1973) and Giovannini and Lucchese (1983) found that very intense fires may
reduce repellence, by oxidising the organic matter responsible.

Although water repellence has occasionally been reported in loams or clays
(Lunt et al., 1963; McGhie and Posner, 1980; Giovannini and Lucchese, 1983; Barrett
and Slaymaker, 1989), it is most common in sandy soils. The main reason for this is
the low specific surface area associated with large sand grains. Ma'shum et al. (1989)
showed that the amount of hydrophobic organic matter required to induce repellence
was positively correlated with the specific surface area of the soil. Therefore, because a
sandy soil has a much lower specific surface area than a loam or clay soil, a much
smaller amount of hydrophobic organic matter is sufficient to coat the sand grains and
allow repellence to become a problem.

Microbial activity in sandy soils is also often lower than in soils of heavier
texture. Kaiser et al. (1992), in a survey over 27 soils, found that microbial biomass
was related to organic matter and clay content, and inversely related to sand content. In
soils with higher biological activity (i.e. loams and clays), hydrophobic organics are
more likely to be degraded before they accumulate to levels that cause water repellence.
Valat et al. (1991) found that microbial degradation of peat and compost caused them to
become more wettable as decomposition proceeded.

Because water repellence is induced by organic matter, there may be a
relationship between organic matter content and severity of water repellence. This was
observed by Scholl (1971), and DeBano er al. (1976). However, Bond and Harris
(1964) could not find a correlation, and Van Dam et al. (1990) described a wettable
sand with 2.0% OM and 5% clay, and a repellent sand with 1.5% OM and 3% clay.
Obviously, it is not necessarily the total organic content that is important, but rather the
balance of hydrophobic to hydrophilic organic compounds, and the specific surface
area of the soil.

Water repellence is not confined to a specific climatic region. It has been
reported in subalpine/alpine areas (Barrett and Slaymaker, 1989), through

Mediterranean zones (Bond, 1969a), to arid areas (DeBano, 1969a). However, it
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appears to be more common in the Mediterranean zones, with cool, wet winters and
hot, dry summers.

Clearly, the development of water repellence is affected by many factors. In
general, sandy soils with some organic matter are prone to water repellence, particularly
if they are exposed to a moderate fire. However, the actual process of the generation of
water repellence, and why repellence does not occur in all sandy soils, is not well

understood.

1.5 Amelioration of water repellence
Despite the beneficial effects mentioned earlier, water repellence is usually seen
as a problem in agricultural and forest soils. Several techniques have been devised to

reduce the effects and increase production on water repellent soils.

1.5.1 Cultivation

Cultivation is the traditional method for managing water repellent soils, and
works in a number of ways. Tilling during and immediately after rain mixes the patches
of dry soil with the wet patches, creating a uniformly moist soil (King, 1974), which is
easily wet by subsequent rain (Van't Woudt, 1954). However, if the soil dries after the
cultivation, water repellence returns (McGhie, 1979).

Jamison (1942, 1945, 1946) suggested that cultivation mixed the water repellent
topsoil with wettable subsoil, creating a more wettable soil. He also recognised that the
rough soil surface after cultivation allowed water to collect in the small depressions.
When this water soaked in, the soil became more evenly wet than if the surface was
smooth. Bond (1972) used the rough surface principle to demonstrate the advantages of
sowing seed in the bottom of furrows. On a water repellent soil, rain collects in the
furrows, and soaks in straight to the seed. Bond (1972) showed that in a field trial,
furrow-sown barley yielded over 1200 kg ha-1, whereas ridge-sown barley yielded
only 500 kg ha-1. This difference was due to increased and earlier germination of the

furrow sown seed.
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Abrasion (i.e. shaking) has been shown to decrease repellence of sandy soils in
the laboratory (Bond, 1968; King, 1981), presumably by the removal of the organic
coatings. The abrasive effects of cultivation probably also act to reduce repellence in the
field, although this has not been measured.

Although the effects of a single cultivation are short term (Roberts and Carbon,
1972), long term agricultural use has been shown to decrease repellence. McFarlane er
al. (1992) measured repellence in paddocks which had been cultivated for crop
production for 30 years, and in adjacent uncleared areas. In the agriculturally developed

soils, repellence was generally much lower and less variable than in the uncleared soils.

1.5.2 Wetting agents

Wetting agents (surfactants) can be applied to the soil, and act by reducing the
surface tension of water as it comes into contact with the soil, thereby reducing the
soil/water contact angle. Jamison (1946) found that wetting agents were effective in a
water repellent orchard soil, and since then many workers have proposed wetting
agents as a means of overcoming water repellence (e.g. Letey er al., 1962b; Mustafa
and Letey, 1969, 1971; Wilkinson and Miller, 1978; Miyamoto, 1985; Sawada et al.,
1989). Miyamoto (1985) showed that wetting agents increased the rate of infiltration
into soils with contact angles of 56, 63 and 81°. Osborn ez al. (1964) found that wetting
agents reduced runoff and debris removal from a steeply sloping water repellen't soil.
When applied to a wettable soil, however, wetting agents can decrease the rate of
infiltration (Letey et al., 1961; Pelishek et al., 1962).

Wetting agents may also be phytotoxic to some plants. Valoras ez al. (1974)
showed that the surfactant 'Soil Penetrant' was taken up by barley, and accumulated in
the old leaves. As the concentration of surfactant increased, dry matter production
decreased. Parr and Norman (1964), Roberts and Lage (1965), Osborn et al. (1967),
Endo et al. (1969), and DeBano and Conrad (1974) also found evidence of

phytotoxicity of wetting agents, although most of these were on plants grown in
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solution culture. Phytotoxicity of wetting agents applied to soils has not been
demonstrated.

McGhie and Tipping (1983) stated that wetting agents must effectively reduce
water repellence for a period of at least one year to be economic. Some of the
surfactants they tested were able to achieve this, and they concluded that wetting agents
may be economically viable in high value crops. Recent research has investigated
application of wetting agents in the bottom of furrows in combination with press
wheels and furrow sowing, and the reduced rates of wetting agent required (about
1 1 ha-1, compared with 50 1 ha-1 for broadacre application) make this method even

more economically attractive (W.L. Crabtree, personal communication).

1.5.3 Stimulating microbial degradation

Many micro-organisms in soils are capable of degrading long chain aliphatic
compounds (Fehl and Lange, 1965; Braids and Miller, 1975; Vecchioli ef al., 1990)
similar to those that cause water repellence. In water repellent soils, however, microbial
degradation does not proceed fast enough, and the hydrophobic compounds accumulate
to cause water repellence. Therefore, if the microbial community in a water repellent
soil could be stimulated, repellence may be overcome. This may be difficult, however,
because Chae and Lowe (1980) and Dinel et al. (1991) showed that relatively high lipid
concentrations may be directly phytotoxic to micro-organisms, as well as the effects on
water availability. In other words, water repellent soils are naturally low in terms of
microbial activity, and low microbial activity leads to water repellence.

Sandy soils are traditionally low in most nutrients, and this could be one factor
limiting microbial activity. Moucawi et al. (1981) demonstrated that in iron deficient
soils, the addition of iron fertiliser increased microbial degradation of lipids. Similarly,
Jambu et al. (1991) showed that N or NPK fertiliser resulted in a decrease in linear
long chain (>27 carbon atoms) hydrocarbons in the soil. However, Tucker ez al. (1990)
compared water repellent patches in a golf green with adjacent wettable soil patches and

could not find any link between soil nutrients and water repellence.
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In general, the microbial community of water repellent soils has been largely
and seriously ignored. This area requires further investigation, particularly as there is
the possibility of reducing the incidence of water repellence by manipulating the natural

micro-organisms.

1.5.4 Fine particle amendment

As discussed earlier, water repellence is most common in sandy soils because of
their large particles and small specific surface area. For example, spherical particles
with an average diameter of 0.2 mm (i.e. sand particles) have a surface area of
0.011 m2 g-1, whereas clays (<2 pim) commonly have measured surface areas of over
100 m2 g-1. Therefore, addition of fine particles (e.g. clays) to a sandy soil can
dramatically increase the surface area available for adsorption, with the result that much
more hydrophobic organic material is required to coat the surfaces and induce
significant repellence. Jamison (1945, 1946) was probably the first to add clay to a
water repellent sand. He concluded that although clays reduced repellence, cultivation
was cheaper and just as effective.

Several other studies have shown that the addition of fine particles reduces
water repellence in sands (Roberts, 1966; Roberts and Carbon, 1972; King, 1974;
Bond, 1978; McGhie, 1979; Ward, 1984). However, only Ma'shum (1988) and
Ma'shum ez al. (1989) have investigated the interactions of fine particles with water
repellent sands in any detail. They found that in general, the efficacy of a finely
particulate material was related to its surface area. However, within the clay minerals,
kaolinite and illite were more effective than montmorillonite, and sodium saturated clays
were more effective than calcium saturated clays. They concluded that clay
dispersibility was the major factor influencing the efficiency of clays in reducing water
repellence. Clays which easily dispersed would expose a greater ‘available’ surface area
to interact with the hydrophobic organics. Oades (1986) suggested that kaolinite and
illite particles, because of their blocky geometry, would be more easily dispersed than

platy montmorillonite particles, and Ma'shum ez al. (1989) used this to explain the
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greater efficacy of kaolinite and illite over montmorillonite 1n reducing water repellence.
However, Velasco-Molina et al. (1971) found that in the absence of electrolyte,
montmorillonite was more dispersive than kaolinite and halloysite for any given ESP,
and Ali et al. (1987) concluded that kaolinite, clay mica, montmorillonite, and
vermiculite clay minerals dispersed equally from arid soil aggregates. Clearly, the role
of dispersibility in the clay induced reduction of water repellence in sandy soils requires
further attention.

Brindley et al. (1963) and Hedges (1977) investigated the adsorption of
uncharged aliphatic compounds onto clay minerals. They found that on a surface area
basis, kaolinite adsorbed more than montmorillonite, and this may help to explain why
kaolinite clays appear to be more effective than montmorillonite clays in reducing
repellence. These effects also require investigation. The occurrence and interactions of
aliphatic compounds with soils will be discussed in greater detail in section 1.6.

Microbial activity can be increased by clay addition to sandy soils (Martin and
Haider, 1986). Marshall and Roberts (1963), Heijnen and Van Veen (1991) and
Heijnen et al. (1992, 1993) also showed that clay addition increased Rhizobium spp. or
Pseudomonas fluorescens survival, by providing protective habitats for the bacteria. In
a bentonite-amended sar;dy soil, Ambles et al. (1989) found that the increased microbial
activity resulted in the stimulation of oxidation processes and production of short-chain
hydrocarbons. However, Kunc and Stotsky (1974) found that clay addition had no
consistent effect on CO, evolution, and that kaolinite and montmorillonite appeared to
behave differently. Therefore, clay addition to a water repellent soil may reduce
repellence by stimulating microbial degradation of the hydrophobic organic
compounds, but this requires further investigation.

Clay minerals are also known to catalyse the decarboxylation of fatty acids to
form alkanes in one of the processes of oil formation (Almon and Johns, 1975). In a
water repellent soil, decarboxylation would remove the part of the molecule that
attaches to the soil particle, allowing it to be removed from the system. However,

catalytic activity of clays is usually referred to in terms of geologic time, temperature
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and pressure, and so is unlikely to have any noticeable effect on water repellence in a
topsoil in the short to medium term.

The addition of clays to a sandy soil can have a direct influence on wind
erosion, independent of any effects on water repellence. Diouf et al. (1990) showed
that addition of a montmorillonite clay to a sand reduced erosion in a wind tunnel. The
clay effectively bound the sand into aggregates too large to be moved by wind.
Howeyver, this effect is likely to be reduced by cultivation, and clay applied at the rate
required to reduce erosion may also cause the formation of a hard crust on the soil

surface.

1.6 Aliphatic compounds in soils
1.6.1 Occurrence of aliphatic materials in soils

Historically, soil organic matter has been extracted as humic and fulvic acids,
and humin, based on its solubility in alkali and acid. Subsequent chemical
characterisation showed that these fractions were dominated by aromatic compounds,
with only minor amounts of aliphatic materials. However, recent advances in
spectroscopic techniques (particularly NMR and IR) have revealed the importance of
uncharged aliphatic and polymethylenic compounds in whole soils (Hatcher ez al.,
1981; Farmer and Pisaniello, 1985; Oades et al., 1987; Krosshaven et al., 1990;
Schulten and Schnitzer, 1992). For example, Oades et al. (1987) found that nearly two-
thirds of the organic matter in the clay fraction of an alfisol was aliphatic. Schulten and
Schnitzer (1992) suggested that aliphatics may be covalently bound to phenolic
compounds to form the backbone of soil humic substances.

Many workers have tried to extract soil lipids and determine the chemical nature
of the compounds. For example, Ashworth (1942), Fridland (1976) and Solinas et al.
(1988) used a mixture of benzene and ethanol to extract soil lipids. Solinas et al. (1988)
found that benzene/ethanol soluble lipids constituted up to one third of soil organic
matter, and were composed mainly of saturated long carbon chains. However, few

other investigators have been able to extract this quantity of lipids from a soil.



Stevenson (1966) found that most soil waxes were esters of long chain saturated n-
alcohols and n-acids. Similarly, Schnitzer and Neyroud (1975) found that up to 10% of
soil organic matter was fatty acids, mostly C;¢ and C;g, linked by an ester bond to
phenolic compounds. Grimalt and Saiz-Jimenez (1989) and Grimalt et al. (1989)
separated soil lipids into ethanol-soluble and ethanol-insoluble fractions, and found, by
gas chromatography, appreciable quantities of Cj¢ fatty acids in both fractions.

However, as Dinel et al. (1990) stated, soil lipids are generally very difficult to
extract. Few lipid extracts contain more than 10% of the total soil carbon, even though
evidence from NMR, IR, and MS shows that polymethylene compounds (including n-
acids and n-alcohols, and their esters) are common in soils (Ma'shum et al., 1988;
Krosshaven er al., 1990, Hempfling and Schulten, 1991). Therefore, characterisation
of soil extracts often ignores substantial quantities of aliphatic organic matter.

The origin of the aliphatic material in soil is a subject of some debate. Dinel et
al. (1990) stated that algae and fungi tend to synthesise odd-numbered carbon chains
(e.g. C1s, Cy7, etc.), whereas plants tend to synthesise even-numbered carbon chains.
They concluded that the majority of soil lipids were partially decomposed plant and
animal products. Many other studies have found a predominance of even-numbered
carb_on chains (e.g. Ma'shum et al., 1988; Grimalt and Saiz-Jimenez, 1989), which
suggests plant origin. However, Schnitzer and Neyroud (1975) and Capriel et al.
(1990) concluded that soil aliphatics were mostly of microbial origin. Recently,
Tegelaar et al. (1989) proposed that soil aliphatics may be derived from 'insoluble non-
hydrolysable aliphatic biopolymers' (polysaccharide bonded to polymethylene
materials), found in most algae and higher plants.

The soil environment can play a significant role in the type and amount of
aliphatic material in soils. For example, Arshad et al. (1990) found after ten years
continuous barley, no-till soils contained relatively more aliphatic and less aromatic
organic matter than conventionally cultivated soil. Conversely, Schulten ez al. (1990)
suggested that the quantity of aromatic organic matter declined under intense

management. However, Capriel et al. (1990, 1992) used several spectroscopic
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techniques to show that intensity of agricultural management (e.g. cultivation) had no
qualitative effect on the soil organic matter. In a study looking exclusively at soil lipids,
Fridland (1982) demonstrated a link between vegetation and lipid type and quantity.
However, Krosshaven et al. (1990) examined soils under 11 different vegetation types,
and using NMR, found no differences in the types of aliphatic compounds present.
Clearly, the origin and reactions of polymethylene material in soils require
further research. New spectroscopic techniques should be useful in elucidating these

questions.

1.6.2 Interactions of aliphatic compounds with soil minerals

Because extraction of aliphatic compounds from soils has proved difficult, it is
reasonable to assume that they strongly interact with the inorganic soil matrix (Dinel et
al., 1990). However, few studies have investigated these interactions. Brindley and
Ray (1964) and Brindley and Moll (1965) investigated the adsorption of aliphatic
alcohols and carboxylic acids respectively with carbon chain lengths up to 18 atoms
onto Ca?*-montmorillonite. For both types of compound, interlayer complexes were
only formed under very specialised conditions. The longer chain alcohols formed
complexes consistent with the carbon chain extended at an angle of about 70° to the clay
surface. Similar complexes were formed with long chain acids, but only at temperatures
above the melting point of the free acid. Interlayer adsorption in montmorillonite was
also observed by Yariv and Shoval (1982) and Sidheswaran et al. (1990) for fatty
acids, and Theng et al. (1986) for polymethylene compounds, but in most cases, the
formation of the interlayer complex was only achieved under carefully controlled
conditions..

Brindley et al. (1963) measured the adsorption of water soluble uncharged
aliphatics onto clay minerals, and showed that on a surface arca basis, gibbsite
adsorbed most, followed by kaolinite and finally montmorillonite. They concluded that
the OH- surface of gibbsite and one face of kaolinite was a stronger adsorbent than the

O- surface of montmorillonite and the other kaolinite face. Hedges (1977) measured
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adsorption of stearic acid onto kaolinite and montmorillonite from water, up to a
concentration of 1 mg 1-1. Kaolinite again adsorbed more than montmorillonite on a
surface area basis, and both followed linear isotherms, probably as a result of the low
solubility of stearic acid in water. Meyers and Quinn (1971, 1973) also observed linear
adsorption isotherms for a fatty acid onto clay from sea water. These results suggest
that kaolinite clay applied to a water repellent sand may be effective because it adsorbs
the hydrophobic compounds more strongly than montmorillonite.

Hoffmann and Brindley (1960) observed that for neutral molecules, such as
long chain acids, alcohols and esters, a chain length of at least 5 carbon atoms was
required before adsorption occurred. However, German and Harding (1969) measured
appreciable adsorption of all alcohols from ethanol to n-decanol onto montmorillonite.
Sansone et al. (1987) showed that 99% of added stearate was adsorbed by clay
minerals from water, but this was only measured at concentrations well below that
required to form a monolayer. Rao et al. (1991) found maximum adsorption of oleate (a
C;3 chain) on fluorite at about 10 pmol m-2, and concluded that adsorption occurred in
a bilayer. Using data from Brindley and Moll (1965), Ma'shum et al. (1988) calculated
that a close packed monolayer of straight carbon chains extended at 70° to the clay
surface should contain 7.74 pmol m-2. The orientation and mechanism of clay
interaction with aliphatic chains requires more investigation, particularly in ‘real’ soil

situations.

1.7 Introduction to experimental work

In this literature review, several aspects of water repellence have been
highlighted as requiring further research. The most basic of these is in the induction of
water repellence. Until we know how water repellence is generated in the field, we
cannot hope to prevent its occurrence. This is addressed in chapter 2.

Of more immediate concem to the southern Australian farmer is the treatment of
existing water repellence. Although some (but not all) clays have been shown to

effectively reduce repellence, the mechanism by which they achieve this is not known.
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The interactions of clays with model hydrophobic compounds known to occur in water
repellent soils is investigated in chapters 3 and 4. The laboratory application of clays
directly to a natural water repellent sand, and a comparison with the model system, 1s
described in chapter 5. A simple test designed for farmers to determine the

effectiveness of a given field clay sample is developed in chapter 6.



CHAPTER 2, INDUCTION OF WATER REPELLENCE

2.1 Introduction

Water repellence in soils is caused by hydrophobic organic matter, probably
derived from plant waxes. The organic matter forms a coating on the soil particles
(Bond, 1969a; Ma’shum, 1988), which renders the sand particles hydrophobic. High
temperatures (e.g fires) can cause repellence by ‘distilling’ hydrophobic compounds
into the soil, forming a water repellent layer where they condense (Scholl, 1975). In the
absence of high temperatutes, water repellence has been experimentally induced in
sandy soils by adding ground plant remains. Bournemisza (1964; cited by Wallis and
Horne, 1992) generated repellence by adding ground citrus leaves to a wettable sand.
Similarly, Roberts and Carbon (1972) and McGhie and Posner (1981) induced
repellence with leaves from several plant genera including Eucalyptus. However, the
mechanism by which organic materials are transferred from plant fragments to the
surfaces of sand grains in the absence of high temperatures (>100°C) is not known. An
understanding of this process is vital in our efforts to reduce the effects and incidence
of water repellence.

Field soils are exposed to a number of factors that may be involved in inducing
water repellence. One of these is water, and the process of wetting and drying. The
organic materials responsible are, by definition, insoluble in water. The action of water
alone is therefore not sufficient to bring hydrophobic organic molecules and soil
particles into close enough contact to allow the organics to coat the sand particles.
However, Kemper et al. (1974) demonstrated that surface tension forces as water
evaporates brings clay particles into close contact with the sand grains. A similar
mechanism may bring plant fragments and sand grains into close enough contact to
allow hydrophobic molecules to coat the sand grains. Water may also affect
hydrophobicity by leaching the water soluble organic materials through the sand,
leaving an excess of hydrophobic organic compounds behind (Chen and Schnitzer,

1978).
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Another factor acting on soils is heat. On a hot sunny day in southern Australia,
temperatures at the soil surface can reach more than 70°C. Ma’shum et al. (1988)
found that compounds like palmitic acid, cetyl alcohol, and cetyl palmitate were major
constituents of the material which caused water repellence, and these compounds all
have melting points between 50 and 60°C. Therefore, these compounds may become
much more mobile within the soil on hot days, and become evenly distributed in the
soil. Many studies in the U.S.A. (e.g. Savage, 1974) have shown that fire (i.e.
temperatures > 150°C) can induce repellence, but moderate temperatures (70°C) have
not been investigated.

Microbial activity may also play a role in generating water repellence. Scott and
Van Wyk (1990) found that in the absence of fire, water repellence was only
measurable where fungi were visually present. Jex et al. (1985) demonstrated that
repellence became more severe when slightly water repellent soils were incubated at
100% relative humidity. However, repellence was not induced in wettable soils. This
suggests that the micro-organisms do not directly produce the hydrophobic compounds
which cause repellence, but indirectly bring plant fragments and soil particles into
contact.

In this chapter, the roles of temperature, water and micro-organisms in the
generation of water repellence were investigated, using both single compounds and

natural soil organic matter.

2.2 Materials and Methods
2.2.1 Measurement of repellence
Throughout this thesis, water repellence was measured using the M.E.D.
(Molarity of Ethanol Droplet) test developed by King (1981). Solutions of ethanol in
water were prepared at 0.2 M intervals from 0.0 to 7.0, and stored in glass dropper
bottles at 20°C. In all cases, sand samples were brought to 20°C in a desiccator before
measurement. Two droplets (100 pl) of various ethanol solutions were placed on the

sand surface until an ethanol concentration was found which just soaked into the



surface in 10+1 sec. This concentration was then recorded as the M.E.D. value of the
soil. In situations when no solutions soaked in within 10%1 sec, the M.E.D. value was
recorded as the value between the two closest concentrations. For example, if the 2.4 M
solution droplets penetrated in 12 seconds, and the 2.6 M solution droplets penetrated
in 7 seconds, the M.E.D. value would be 2.5 M. The M.E.D. method was chosen
because it is quick, easy, and highly correlated with other more difficult methods of
measuring water repellence (King, 1981). Values for field soils range from 0.0 (readily
wettable) to about 4 (severely water repellent). With cetyl alcohol and acid-washed

sand, M.E.D. values up to 7.0 can be obtained (Ma’shum et al., 1989).

2.2.2 Sands

A model water repellent sand was prepared with cetyl alcohol (hexadecan-1-ol -
C16H330H (supplied by British Drug Houses Ltd.)) and acid-washed sand (also BDH)
using a procedure similar to that described by Ma’shum et al. (1989). Briefly, cetyl
alcohol (400 mg per kg acid-washed sand) was dissolved in enough chloroform
(trichloromethane) to saturate the sand. The cetyl alcohol solution was poured onto the
sand, and allowed to evaporate in a fume hood.

Natural water repellent sand was collected from Western Flat in the south east
of South Australia. This soil is a deep siliceous sand, and is part of an old coastal dune
formation. The soil sample was air-dried, sieved < 2 mm and stored at room
temperature. It contained approximately 97% sand, 2% clay and 1% organic matter. Its

M.E.D. value after oven drying at 105°C, was 3.1 0.1.

2.2.3 Role of water
The ability of wetting and drying to induce repellence by bringing natural
organic matter and sand into close contact was determined with an organic rich fraction
separated from the Western Flat sand by repeated washing with reverse osmosis (RO -
<5 uS cm-1) water. The sand was shaken in RO water, allowed to settle (approx. 30

seconds), and the free organic matter (and any clay and silt) was decanted. The solution
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was concentrated by rotary evaporation in a water bath at 50°C, and finally freeze
dried. This was then added to acid-washed sand to give the same amount as present in
the natural sand (i.e. about 5%). Duplicate samples of the acid-washed sand/organic
mix (20 g) were wetted with 8 ml RO water, and dried at 70°C.

The ability of water to induce repellence by leaching water soluble organics was
tested by placing 40 g of the acid-washed sand/organic mix into two glass columns (19
mm inside diameter) with fine cotton mesh stretched over the bottom. A 200 ml
volumetric flask filled with RO water was inverted over the sand, and allowed to flow
through the sand column. The leached sand was dried at 70°C, and measured for

repellence. Other experiments showed that 70°C alone did not induce repellence in this

sand (table 2.1).

2.2.4 Role of temperature

A sample of the cetyl alcohol-amended acid-washed sand was placed in a glass
vial and heated at 35,40,45,...,70°C *1°C for 1,2,4,8, or 24 hours in three replicates.
This examined the role of heat in driving off adsorbed water and allowing the
molecules to orient on the sand grains so that their hydrophobic chains became the
exposed surface. A similar experiment was performed using cetyl alcohol added
directly to the sand as chunks of about 0.5 mg, without first dissolving in chloroform.
This was to test whether heat could also be involved in evenly distributing the
hydrophobic materials throughout the sand sample.

The role of temperature in generation of water repellence by natural organic
compounds was also investigated. Duplicate samples of the Western Flat sand were
treated at either 20, 50, 70 or 105°C for 24h, cooled to 20°C in a desiccator, and
M.E.D. values were measured. Similarly, the acid-washed sand/organic mix described
previously was heated at either 70°C or 105°C for 48 hours, and measured for

repellence.



2.2.5 Role of micro-organisms

Natural organic particles were extracted from a water repellent sand and mixed
with an acid-washed sand as described above. Some of the sand/organic mix was
sterilized by either autoclaving or chloroform fumigation. Another sand/organic mix
was prepared with water-soluble (i.e. hydrophilic) natural organic matter, to determine
whether micro-organisms were directly responsible for the production of hydrophobic
compounds. Samples were incubated either air dry, or at 100% relative humidity (0.6%
w/w), or near saturation (20% w/w) for 3 weeks. Samples were subsequently dried at

70°C, and M.E.D. values were measured.

2.3 Results
2.3.1 Effect of water
Wetting and slow drying (70°C), and leaching, did not induce measurable

repellence (M.E.D. 0.0) in acid-washed sand amended with natural organic matter.

2.3.2 Effect of temperature

No repellence'could be measured after treatment of acid-washed sand with cetyl
alcohol dissolved in chloroform when the sample was not heated above 20+2°C (room
temperature). However, a temperature of 35°C was sufficient to induce measurable
repellence (Fig. 2.1a). A temperature of 50°C for 24 hours generated maximum
repellence, and higher temperatures induced maximum repellence more quickly.

Where chloroform was not used to distribute the cetyl alcohol throughout the
sand, a heat treatment of 50°C for 24 hours was required before any repellence could
be measured (Fig. 2.1b). Temperatures over 60°C generated intense repellence after 4
hours. Variation in the results was greater than when chloroform was used, probably as
a result of the variable initial distribution of the cetyl alcohol.

In the natural water repellent sand from Western Flat, temperatures of 20, 50
and 70°C had little effect on the level of water repellence. However, at 105°C, the

M.E.D. value rose from 1.5 to 3.1 (Figure 2.2). Similarly, when the natural organics

29



O —B— 35°C
60 |- —e— 4°C
§ - —— 50°C
5 4.0 |- —— 70°C
- !
=

Time (hours)

Figure 2.1a. Effect of drying temperature on water repellence induced by
evenly distributed cetyl alcohol.
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Figure 2.1b. Effect of drying temperature on water repellence induced by
unevenly distributed cetyl alcohol.
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Figure 2.2. Effect of drying temperature on water repellence in Western Flat sand. The

Tukey-Kramer Least Significant Diference (LSD) value was 0.21.
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were added to an acid-washed sand (initial M.E.D. 0.0), a temperature of 70°C was not
sufficient to induce repellence, but 105°C generated an M.E.D. value of 1.3 (Table

2.1).

2.3.3 Effect of microbial activity
When the acid-washed sand/natural organic mix was incubated at 100% R.H.
(water content 0.6% w/w) for three weeks, microbial activity increased the M.E.D.
value from 0.0 to 3.2, which was similar to the original water repellent sand (Table
2.1). However, at a water content of 20%, the M.E.D. value only increased to 0.2.
There was no change in repellence in either of the sterilised sands, or the sand kept air-
dry. Similarly, repellence did not increase in the sand amended with water soluble

organic matter.

Treatment description M.E.D. Value
No treatment 0.0
Heated 70°C 0.0
Heated 105°C 1.3
21 days air dry 0.0
21 days at 100% RH (w=0.6%) 3.2
21 days 100%RH, fumigated 0.0
21 days at w=20% 0.2
21 days at w=20%, autoclaved 0.0
21 days at w=20%, fumigated 0.0
21 days 100%RH; sand + water soluble OM 0.0

Table 2.1 Effect of various treatments on water repellence in acid-washed sand

mixed with organic matter washed from a natural water repellent sand..
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2.4 Discussion
Water alone, through wetting and drying and leaching processes, was not
sufficient to generate repellence. Therefore, other factors must operate in the induction

of repellence in the field.

2.4.1 Role of temperature

For repellence induced by cetyl alcohol, the chloroform treatment distributed
cetyl alcohol evenly throughout the sand sample. Relatively low temperatures of 35-
40°C (below the melting point of cetyl alcohol) removed some of the water adsorbed
on the sand grains and allowed orientation of the cetyl alcohol molecules so that their
hydrophobic chains were exposed. Higher temperatures allowed this to proceed at a
faster rate. In the absence of a chloroform treatment, temperatures of greater than the
melting point of cetyl alcohol were reduired to induce repellence. Above this
temperature, the cetyl alcohol was mobile in the sand matrix, and coated the sand
surfaces. After this had occurred, the high temperatures also allowed exposure of
hydrophobic portions of the molecules.

Therefore, moderately high temperatures affected water repellence in two ways.
Firstly, heat drove off adsorbed water molecules and allowed orientation of the
hydrophobic molecules on the sand grains so that their aliphatic chains were exposed.
Heat also was involved in the distribution of hydrophobic molecules, and at 70°C, the
hydrophobic molecules were able to move relatively large distances to cover the sand
grains evenly.

However, the situation was more complex with natural soil organics. The
organic matter extracted from a natural water repellent sand consisted of virtually
undecomposed plant litter as well as humified material. Although Ci6 compounds such
as cetyl alcohol are a significant component (Ma’shum et al., 1988), the organic
material is a mixture of hundreds of different compounds. When this mixture was
added to an acid-washed sand, a temperature of 70°C did not induce repellence. The

natural hydrophobic compounds were possibly trapped within particulate organic



'aggregates', and more severe treatments were required. A temperature of 105°C did
induce an M.E.D. value of 1.3. This treatment presumably freed the hydrophobic
compounds from the plant litter, and allowed them to spread throughout the sand. In
situations where water repellence has been observed after a fire, this mechanism is
probably responsible. However, this temperature is too high to explain the generation

of water repellence in the absence of fire, as occurs throughout southern Australia.

2.4.2 Role of micro-organisms

Severe repellence was generated within three weeks by microbial activity at
100% RH and subsequent drying at 70°C. This level of repellence was similar to that of
the initial natural water repellent sand. Therefore, micro-organisms appear to play a
vital role in the induction of repellence. At 100% RH, the water content was
approximately 0.6%. At this water content, fungi and actinomycetes were probably the
most active microbes (Dommergues et al., 1978; Kieft, 1991), and are therefore the
most likely causes. Bond (1969b) concluded that basidiomycete fungi were responsible
for the induction of water repellence in the south east of South Australia. Similarly,
Scott and Van Wyk (1990) noted that in the absence of fire, water repellence only
occurred where fungi were present. Chan (1992) described the development of water
repellence under direct drilling, and concluded that repellence was associated with
conspicuous fungal growth in the organic-rich surface soil.

Water repellence did not increase markedly when the sand was incubated at
higher water contents. It appears that microbial communities active at the different
water contents have vastly different effects on the generation of water repellence. This
may help to explain why water repellence is more common in sandy soils. Because
sandy soils have large pores, they drain very quickly after being wetted, and
consequently dry out. However, the RH in a sandy soil only falls below 99% near
wilting point (Hillel, 1980), and so sandy soils are frequently exposed to low water

contents and high humidities, which generated water repellence in this experiment.
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Although fungi and actinomycetes can synthesise hydrophobic compounds
directly (Dinel et al. 1990), they may not be the direct cause of water repellence. It is
possible that microbial activity reduces the quantity of water soluble organic
compounds (as these are the most readily used as a food source), and leaves an excess
of hydrophobic compounds. Normally, these polymethylene compounds may be
‘tangled up’ with the more polar compounds, and as discussed earlier, need high
temperatures before they can coat the sand surfaces. However, after microbial activity
and degradation of water soluble compounds, they may become free to coat the sand
surfaces upon exposure to moderate temperatures. In this case, the development of
natural water repellence would rely on microbial activity at high relative humidity and
low water content, and moderately high temperatures. This agrees with the general
observations of water repellence in the field. For example, King (1974) and Chan
(1992) stated that water repellence was most severe after the first summer or autumn
rains. At this time, the soil would have a low water content, high humidity, and
temperatures at the soil surface would be sufficient to induce repellence.

This theory is supported in that microbial activity using water-soluble organic
compounds alone did not generate significant water repellence (table 2.1). In other
words, hydrophobic compounds must be present initially for water repellence to be
induced by subsequent microbial action. However, different organic substrates would
almost certainly favour different microbial communities. Further research is required to
determine the role of fungi and actinomycetes in the development of natural water

repellence.

2.5 Conclusions

In systems where a single compound is responsible for water repellence,
moderate heat alone is sufficient to induce water repellence. However, in natural
systems, microbial activity or high temperatures (> 100°C) are required for the
generation of water repellence. Micro-organisms may directly synthesise the causal

hydrophobic compounds, or alternatively they may degrade water soluble organic
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materials, and render the native hydrophobic compounds more readily distributed by
subsequent moderate temperatures. Temperatures >100°C may act in a similar way, by
liberating the hydrophobic organic compounds from a multi-compound organic
‘aggregate’.

Sandy soils may be prone to the development of repellence at moderate
temperatures because their water relations favour a specific microbial community,
probably largely consisting of fungi or actinomycetes, or both.

The induction of water repellence appears to be a function of organic matter
derived from plants, and microbial activity. In a sandy soil, organic matter acts as the
major source of nutrient retention by cation exchange, and microbial activity is
generally regarded as beneficial to plant growth. Therefore, arresting the development
of water repellency in sandy soils by decreasing the organic inputs and the microbial
activity of the soil is likely to render the soil less productive, and expose it to greater
risk of erosion. Because of this, a cure for water repellence which does not rely on

reducing organic carbon and microbial activity is essential.
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3.1 Introduction

Ma'shum et al. (1988) extracted and characterised the compounds responsible
for water repellence. They found that cetyl alcohol, palmitic acid (hexadecanoic acid —
C15H31COOH) and long chain esters of palmitic acid were major components.
Although these types of compounds have often been observed in soils (e.g. Dinel et al.,
1990), their interactions with soil components have not been extensively studied. These
interactions are of particular interest because clay particles have been proposed as a
potential ameliorant for water repellence in sandy soils (Ma'shum et al., 1989).

Most studies of mineral/organic interactions have focussed on either aromatics,
water soluble compounds, or compounds of biological interest (e.g. pesticides).
However, recent advances in spectroscopic techniques (especially NMR and MS) have
highlighted the importance of uncharged aliphatic and polymethylenic compounds
(Hatcher et al., 1981; Farmer and Pisaniello, 1985; Oades et al., 1987; Krosshaven er
al., 1990). For example, Oades et al. (1987) found that nearly two thirds of the organic
matter in the clay fraction of an alfisol was aliphatic. Although the interactions of
aliphatic cations (e.g. alkylammonium) with clays have been investigated (Weiss,
1963), non-ionic aliphatic compounds have not been extensively studied, because the
traditional extracts of humic acid, fulvic acid and humin indicated that soil organic
matter was dominated by aromatic rather than aliphatic compounds.

Brindley and Ray (1964) and Brindley and Moll (1965) investigated the
adsorption of aliphatic alcohols and carboxylic acids with carbon chain lengths up to 18
carbon atoms in the interlayer spaces of CaZ*-montmorillonite. For both types of
compound, interlayer complexes were only formed under very specialised conditions.
The longer chain alcohols formed complexes consistent with the carbon chain extended

at an angle of about 70° to the clay surface. Similar complexes were formed with long



chain acids, but only at temperatures above the melting point of the free acid.
According to their calculations, and Weiss (1963), a monolayer of long chain aliphatics
should contain 7.74 umol m-2,

However, several studies have found that interlayer complexes are not common
in soils. For example, Theng et al. (1986) concluded that most soil organic matter was
confined to the external surfaces of clay micro-aggregates. Similarly, Greenland
(1963), Parfitt and Greenland (1970), and Ben-Hur et al. (1992) showed that the
aliphatic polymers PVA and PAM were adsorbed primarily on external surfaces of clay
tactoids.

Hedges (1977) measured adsorption of stearic acid (CH3(CH2)16COOH) onto
kaolinite and montmorillonite from water, up to a maximum concentration of 1 mg 11,
Kaolinite adsorbed much more than montmorillonite on a surface area basis, and both
followed linear isotherms. He concluded that stearic acid was not actually adsorbed by
the clays, but precipitated on the clays because of the low solubility of stearic acid in
water. Sansone et al. (1987) described similar results for the adsorption of stearic acid
onto marine sediments, using similar concentrations to those used by Hedges (1977).
However, the maximum adsorption measured in the above studies was about 0.02 pmol
m-2, which is much less than the coverage required to form a monolayer.

In this study, the adsorption and desorption of cetyl alcohol and palmitic acid
(both straight chain saturated C16 compounds) on sodium and calcium saturated
montmorillonite and kaolinite was investigated. A non-polar organic solvent (hexane)
was used, to determine adsorption at relatively high concentrations. Adsorption

isotherms were measured using 14C labelled compounds.

3.2 Materials and Methods
3.2.1 Clays
The <2 um fraction was separated from the Kent Sand kaolinite (from the pallid
zone of a laterite at Rocky Gully, in the south west of Western Australia; Muljadi et al.

1966), the Redhill montmorillonite (Fullers Earth Union Ltd., Surrey; Ma’shum ez al.
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1989) and Mundulla clays (B horizon of a water repellent soil; Ma'shum et al. 1989) by
sedimentation from reverse osmosis (RO) water. X-Ray Diffraction showed that the
montmorillonite was free from impurities, and the kaolinite contained a small amount
of gibbsite. The Mundulla clay was mainly kaolinite with some illite. Na*- and Ca2*-
saturated forms were prepared by washing the clay three times with the appropriate M
chloride solutions. Ca2* clays were washed with RO water (<5 uS cm-1) and
centrifuged five times, and then freeze dried. Na™ clays were washed once with RO
water, dialysed against RO water until free from salt, and then freeze dried. The surface
areas of these clays (and other clays used in this thesis) were measured by nitrogen

adsorption and application of the BET equation (Brunauer et al., 1938), and are given

in table 3.1.
Clay Na+*-saturated Ca2+-saturated
(m? g1y (m? g1y
Redhill montmorillonite? 107 98
Blackpool kaoliniteb 12 12
Kent kaoliniteb 42 42
Mundulla kaolinite2 159 150

Table 3.1 Surface areas of clays as measured by nitrogen adsorption
a - Ma'shum et al., 1989

b A.G. Waters, personal communication

3.2.2 Organic compounds
Cetyl alcohol (LR grade) was obtained from B.D.H., and palmitic acid (LR
grade) from Ajax. 1-14c cetyl alcohol and U- l4c palmitic acid were obtained from

Amersham. All chemicals were used as supplied.

3.2.3 Adsorption
Solutions of the unlabelled compounds were prepared in iso-propanol with

concentrations ranging from 0.7 to 30 mM. l4c compounds were added to iso-propanol
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to generate an activity of 9.25 kBq mll. Clay suspensions were prepared in iso-
propanol to contain 25 g 1! Mundulla kaolinite, 50 g I'! montmorillonite or 75 g 1l
Kent kaolinite, so that each suspension contained approximately equal clay surface
areas. Glass scintillation vials were used for adsorption. Each 20 ml vial received 15 ml
unlabelled cetyl alcohol or palmitic acid solution, 1 ml labelled solution and 4 ml clay
suspension. Vials were shaken for 24 hours, evaporated to dryness in a fume hood,
heated to 70°C for 24 hours, and left to equilibrate at 20°C for 24 hours. These
treatments were necessary to generate measurable adsorption. Hexane (20 ml) was
added to each vial and shaken for two hours to dissolve the free organic compounds.
The hexane extract (1 ml) was added to 10 ml Amersham Phase Combining Solution in
a plastic scintillation vial, and the concentration of free (unadsorbed) cetyl alcohol or
palmitic acid was measured by scintillation in a Beckman scintillation counter LS 3801.
Results were compared with measurements from glass vials treated without clay (no
adsorption) to determine the quantity of cetyl alcohol or palmitic acid adsorbed. There
were three replicates for the adsorption of cetyl alcohol, and two replicates for palmitic
acid.

Another two vials of montmorillonite clay were prepared at the highest
concentrations of cetyl alcohol and palmitic acid as described above, except that the
14C label was not applied. These samples were examined by XRD to determine the

extent of interlayer adsorption.

3.2.4 Desorption
Supernatant was decanted from samples of Kent kaolinite and Redhill
montmorillonite exposed to the highest concentration of aliphatics, and the amount of
liquid remaining in the vial was determined by weighing before and after drying. AR
grade hexane (20 ml) was added and the vials were shaken end over end for ten
minutes, as preliminary experiments indicated that further shaking did not increase the
amount of desorption. After the clay had settled (about ten minutes), a 1 ml aliquot was

removed to determine the concentration of cetyl alcohol or palmitic acid as described



above. The amount of aliphatic compound desorbed was calculated allowing for the
quantity retained after decanting the supernatant. This process was repeated four times

with each sample.

3.3 Results
3.3.1 Adsorption

Both cety! alcohol and palmitic acid adsorbed onto all clays with L-type
isotherms (Giles et al., 1960). The isotherms are shown in figures 3.1 and 3.2.
Adsorption per square metre of clay surface (measured by nitrogen adsorption to
exclude interlayer surfaces) was very similar for the different clay minerals and
saturating cations, and reached a maximum of approximately 3 pmol m2, This suggests
that interlayer adsorption of aliphatics by montmorillonite did not occur to a significant
degree and was supported by XRD measurements, which showed no evidence of
expanded interlayers.

Ca2+-saturated kaolinite and montmorillonite both adsorbed more cetyl alcohol
and palmitic acid than the Na*- saturated forms. However, this effect was only extreme
in the montmorillonife/pa.lmitic acid case, where Ca2*-saturated montmorillonite was

very efficient in adsorbing palmitic acid at low concentrations.

3.3.2 Desorption

Palmitic acid was adsorbed more strongly than cetyl alcohol by all the clays
(table 3.2). After four washes with hexane, over two thirds of the initially adsorbed
palmitic acid remained on all clay types, whereas only half of the adsorbed cetyl
alcohol was retained by Na*-montmorillonite, and less for the other clays. There was
little difference between the clays, except that Na+-saturated montmorillonite tended to
retain more aliphatic material than other clays, suggesting that a little interlayer
adsorption may have occurred. Close to three quarters of the total desorbed cetyl
alcohol and palmitic acid was removed in the first two washes with hexane, indicating

that there were at least two different adsorption sites on the clays.
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Figure 3.1. Adsorption isotherm of cetyl alcohol on clays.
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Figure 3.2. Adsorption isotherm of palmitic acid on clays.



Clay Washings CA desorbed PA desorbed

(%) (%)
Ca-Kaolin 1 472 12.2
Ca-Kaolin 2 15.0 5.7
Ca-Kaolin 3 7.0 27l
Ca-Kaolin 4 4.1 3.0
Ca-Mont 1 39.2 10.4
Ca-Mont 2 16.9 7.0
Ca-Mont 3 9.8 4.0
Ca-Mont 4 6.0 2.5
Na-Kaolin 1 46.1 16.7
Na-Kaolin 2 139 10.1
Na-Kaolin 3 6.2 5.1
Na-Kaolin 4 34 3.1
Na-Mont 1 25.6 5.6
Na-Mont 2 11.8 3.8
Na-Mont 3 5.7 3.7
Na-Mont 4 4.0 1.8

Table 3.2. Percentage of originally adsorbed cetyl alcohol (CA) and palmitic

acid (PA) desorbed from clays by washing with hexane.

3.4 Discussion

Total adsorption of aliphatics by both montmorillonite and kaolinite was similar
when expressed in terms of external clay surface area. This, and the XRD results,
suggest that interlayer adsorption in the montmorillonite did not occur to a large extent,
which is not surprising given the non-polar nature of the solvents used. Theng ez al.
(1986) also observed that polymethylene materials in soils were mostly confined to
external surfaces. Brindley and Ray (1964) and Brindley and Moll (1965) were able to
demonstrate interlayer adsorption of palmitic acid and cetyl alcohol respectively on
Ca?+-saturated montmorillonite, but only after treatment with other compounds to 'prop

open' the interlayers, and with careful temperature control.
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There is a distinct plateau on the adsorption isotherms at about 3 pmol m=2.
Previously calculated values for monolayers of aliphatics adsorbed onto clays (Weiss,
1963; Brindley and Moll, 1965) give values of about 7.7 umol m-2. However, these
values were calculated assuming close packing of carbon chains extended at about 70°
to the clay surface, based on XRD measurements of interlayer expansion. Theng et al.
(1986) concluded that polymethylene compounds in soils were adsorbed parallel to the
clay surface, and Derjaguin et al. (1992) showed cetyl alcohol adsorbed parallel to a
silica surface. The close-packed longitudinal cross-sectional area of palmitic acid and
cetyl alcohol molecules is approximately 110 A2, which equates to a monolayer of
about 1.5 umol m-2. Therefore, the observed adsorption plateau at 3 pmol m-2 agrees
closely with a bilayer of adsorbed molecules oriented with the carbor chain parallel to
the clay surface. However, this could also be due to adsorption of a single layer of
molecules with their carbon chains extended at a low angle to the clay surface (Weiss,
1963).

Brindley et al. (1963) and Hedges (1977) measured greater adsorption by
kaolinite than montmorillonite on a surface area basis for water soluble uncharged
aliphatics and stearic acid respectively. Brindley et al. (1963) concluded that the OH-
surface of one face of kaolinite was a better adsorbent than the O-surface of
montmorillonite particles. However, in this study, there was no difference between
kaolinite and montmorillonite in their adsorption of cetyl alcohol and palmitic acid.
This may be due to the drying phase incorporated in the adsorption procedure. Drying
allowed the aliphatic molecules to interact with the clay particles in the absence of a
competing solvent, and this must affect the adsorption process (Nayak et al., 1990;
Varadachari et al., 1991). Because drying occurs under natural conditions, these
interactions may also be important in real soils.

In soils, aliphatics tend to be closely associated with clay minerals, but how they
are brought into contact is still unknown. Although appreciable quantities of aliphatic
compounds were adsorbed by the clays in this experiment, relatively complex pre-

treatments with organic solvents and heat were required. The use of iso-propanol and
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hexane, in particular, is not likely to have a natural parallel! However, heating to 70°C
is possible in nature, especially close to the soil surface, and therefore relatively high
temperatures may be involved in the interaction of aliphatic compounds and clay
minerals.

In chapter 2, the relationship between temperature and the mobility of pure cetyl
alcohol was investigated, and temperatures greater that 5S0°C (the melting point of cetyl
alcohol) were shown to allow the compound to spread throughout the sand matrix.
However, in natural organic matter, compounds such as cetyl alcohol and palmitic acid
appeared to be trapped by less volatile organic matter, and temperatures greater than
70°C were required to initiate movement. Therefore, in soils, pure aliphatics would
rarel& be able to interact directly with the inorganic soil fraction. For this reason, the
study of the interaction of pure aliphatic compounds with clays may be of limited use in
terms of understanding the processes involved in natural systems. However, there is no
doubt that polymethylene compounds do interact with clay particles in natural soils
(Theng et al., 1986), and these interactions need to be investigated. A study of pure
compounds appears to be a reasonable starting point.

The desorption experiment showed that about half the cetyl alcohol, and 10-
20% of the palmitic acid was readily desorbed, but the remaining aliphatic material was
more strongly held. If adsorption occurred as a bilayer with the carbon chain oriented
parallel to the clay surface, the desorbed cetyl alcohol was probably the second
adsorbed layer, which would be weakly held by hydrophobic interactive forces. The
palmitic acid was less susceptible to desorption in hexane because it is slightly more
polar, and therefore less soluble in hexane. In soils, desorption in hexane is not a
common occurrence. Therefore, a bilayer of aliphatic compounds on the external
surfaces of soil clay domains can be expected in dry soils.

Ma'shum et al. (1988) showed that water repellence in sandy soils was caused
by compounds similar to cetyl alcohol and palmitic acid. These results suggest that the
amelioration of water repellence by clay application should be related to the available

(external) surface area of the clay applied. All clays adsorbed similar quantities of



aliphatic material per unit surface area, and so clays with high available surface areas

regardless of mineralogy should be effective in reducing repellence.

3.5 Conclusions

Adsorption of cetyl alcohol and palmitic acid was dependent on the external
surface area of the clays. There was no evidence of interlayer adsorption by
montmorillonite or kaolinite. Ca2+-saturated clays appeared to ad« b slightly more
than Nat*-saturated clays. The quantity adsorbed for all clays agreed closely with
calculations for a close packed bilayer adsorbed with the carbon chains parallel to the
clay surface. Desorption studies showed that at least the first layer of cetyl alcohol or
palmitic acid was strongly held by the clay.

The implication for water repellence is that clays with the highest specific
surface area should be the most effective in reducing repellence, if clays act by

adsorbing the hydrophobic materials.
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4.1 Introduction

Addition of fine particles (e.g. clays) has been shown to reduce repellence in
water repellent sands (Roberts, 1966; Bond, 1978; Ma'shum et al., 1989), but the
mechanism responsible for this reduction is not known. One explanation is a 'dilution’
of the hydrophobic compounds over the high surface area provided by the fine
particles. Addition of small amounts of clay to a sandy soil can dramatically increase
the surface area available for adsorption, with the result that when clays and sands
interact, the hydrophobic organic materials become spread so thinly that repellence is
reduced. This theory, however, appears not to apply universally because the efficacy of
clays applied to a wélter repellent sand is not always related to their external surface
areas. Ma'shum et al. (1989), using a 'model’ water repellent sand prepared from acid-
washed sand and cetyl alcohol, showed that a low surface area kaolinite was
significantly more effective than a higher surface area montmorillonite.

Ma'shum er al. (1989) concluded that clay dispersibility was the major factor
influencing the efficiency of clays in reducing water repellence, because clays which
easily disperse expose a greater available surface area. Kaolinite and illite were more
effective because they may be more easily dispersed, due to their blocky geometry
(Oades, 1986). However, Velasco-Molina et al. (1971) found that in the absence of
electrolyte, montmorillonite was more dispersive than kaolinite and halloysite for any
given exchangeable sodium percentage, and Ali et al. (1987) concluded that kaolinite,
clay mica, montmorillonite, and vermiculite clay minerals dispersed equally from arid
soil aggregates. The apparent discrepancies in clay dispersibility and the role of
available surface area therefore require further attention.

Wetting and drying occurs naturally in the field, and is likely to affect the

interactions of clay particles with sand grains. Wetting will allow clay particles to



disperse throughout the sand matrix, and drying forces clays into intimate contact with
sand grains (Kemper et al., 1974). However, these processes have not been studied for
clay additions to water repellent sands. Similarly, clay application in a farm situation
will be expensive, and will only be economical if the effects are long term. The
leaching of clays through sandy soils therefore should also be investigated. If clays are
rapidly washed through water repellent sands, their effects will only be temporary.
Anecdotal evidence (C. Obst, personal communication) suggests that clays remain in

the top 10 cm for over 20 years, but this has not been studied scientifically.

4.2 Materials and Methods
4.2.1 Sands
A water repellent sand (called model sand) was prepared from acid-washed sand
(May and Baker) and cetyl alcohol (C;¢H330H; BDH) using the procedure described in
section 2.2.2, and also by Ma'shum ez al. (1989). The sand was oven dried (105°C)

before use. This produced a sand with an M.E.D. value of 4.5.

4.2.2 Clays
Clays used were Na+- and Ca2+-saturated forms of the Blackpool kaolinite
(English Clays, Lovering; Oades, 1984), Redhill montmorillonite, and Mundulla clay,

all prepared as described previously (section 3.2.1).

4.2.3 Clay application
Duplicate samples of air-dry model water repellent sand (20.0 g) was placed in a
glass vial, and the relevant clay (0.100 g) was added. This corrresponded to an
application rate of 0.5%, as used by Ma'shum et al. (1989). The vials were gently
shaken end-over-end (13 rpm) for 2 minutes to mix the clay with the sand. The
mixtures were oven dried at 105°C and then cooled in a desiccator over silica gel
before M.E.D. values were measured at 20°C. Oven drying at 105°C allowed maximum

expression of water repellence (see chapter 2).
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4.2.4 Wetting/drying cycle
Clays were added and mixed as described above. RO water (9 ml) was added to
each vial. The sand was wetted by placing the vials in a vacuum desiccator, evacuating
and allowing air to rapidly re-enter the desiccator. This technique wetted the sand with
minimal disturbance (Ma'shum and Farmer, 1985). The vials were then oven dried at

105°C, cooled, and M.E.D. values were measured at 20°C.

4.2.5 Clay transport through sand columns

Clays (Nat- or Ca2*-saturated Redhill montmorillonite or Blackpool kaolinite)
were applied to either clean acid-washed sand or model water repellent sand either
mixed with the sand, added to the surface of the sand, or poured on as a suspension.
Dry mix samples were prepared by adding 0.5 g clay to 100 g acid-washed or model
sand, and shaking end over end for two minutes. Glass columns (19 mm internal
diameter) were treated with a silicone solution to render them hydrophobic, and sealed
at one end with a piece of cotton gauze. Acid-washed sand or model water repellent
sand (100 g + dry mix clay where appropriate) was poured in. Surface clays were then
applied to the appropriate columns, and clays to be applied as suspension were placed
in a 250 ml volumetric flask. For each column, water was added to a 250 ml volumetric
flask, shaken to suspend clay where necessary, and the flask was inverted over the
column to maintain a constant head of about 10 mm. Infiltration was allowed to
proceed until the volumetric flask was empty (about 7 pore volumes), and the time
taken was recorded. The leachate was collected in a conical flask, and transferred to a
measuring cylinder to measure the volume collected. The clay content of the leachate

was measured by evaporating a 20 m] aliquot in a pre-weighed vial.



4.3 Results
4.3.1 Wetting and drying
Clay applied as a dry mix to model water repellent sand had no significant effect
on water repellence as measured by the M.E.D. value. After a wetting and drying cycle,
however, all clays significantly reduced repellence (Fig. 4.1). The montmorillonite and
Mundulla clays proved to be particularly effective, but the low surface area Blackpool

kaolinite clays were not as efficient. Exchangeable cation had little effect.

4.3.2 Clay transport
In general, Nat*-saturated clays were much more mobile than Ca2+-saturated
clays (Table 4.1). Clays applied as a suspension were the most easily leached from the
sand, and surface applied clays were also readily transported. However, clays applied
as a dry mix appeared to be held more tightly by the sand matrix. Trends in clay
transport were the same for both wettable and repellent sands, although there was a
slight but significant decrease in transport associated with the addition of cetyl alcohol

to the acid-washed sand.

Wettable sand , Model sand

Clay Surface Susp.€ Dry Mix Surface Susp. Dry Mix
Na-Ra 599 79.3 10.9 514 73.4 49
Ca-R 0.2 0.3 0.0 0.0 0.0 0.0
Na-Bb 534 72.6 2.7 442 67.5 0.0
Ca-B 1.0 11.5 1.7 0.0 10.4 0.1

Table 4.1. Effect of method of application on percentage of added clay
recovered in the leachate from a column of wettable or model water repellent
sand.

a . Redhill montmorillonite. b _ Blackpool kaolinite

¢ - Clay added as suspension
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Figure 4.1. Effect of various clays and a wetting and drying cycle on water

repellence in cetyl alcohol-treated acid-washed sand. The Tukey-Kramer least

significant difference (LSD) values were 0.87 and 0.80 for dry mix and wetted/dried

treatments respectively.
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There was only a small effect of water repellence on flow rate through the sand
column, and clays did not increase the flow rate (results not shown). Clays were
ineffective because the sand/clay system had not been exposed to wetting and drying
before infiltration. However, repellence itself did not markedly affect infiltration rate.
After a short initial delay (approximately 2 minutes), infiltration proceeded at the same

rate as in the wettable sand.

4.4 Discussion

For model water repellent sands, clay application had virtually no effect on
water repellence until the sand was exposed to a wetting and drying cycle, after which
significant reductions in repellence were observed. These results contradict the work of
Ma'shum et al. (1989), who found that mixing clay with dry sand was effective in
reducing repellence in model water repellent sands. In their work, the rate of 0.5% clay
addition, as used here, rendered illite- and kaolinite-model sand mixtures completely
wettable (M.E.D. value 0.0) without any wetting and drying. Despite several
experimental attempts and correspondence with the author, the reasons for this
discrepancy could not be determined. .

. The amelioration of cetyl alcohol-induced repellence by clays was related to the
external surface area of the applied clay. Montmorillonite and Mundulla clays, with
surface areas of approximately 100 and 150 m? g-1 respectively, left the model sand
completely wettable. Blackpool kaolinite clay, with a surface area of only 12 m? g-1,
left the sand with an M.E.D. value of about one. The higher the surface area of the clay,
the more scope there is for dilution of the hydrophobic molecules in the soil. Under the
conditions of this experiment, the total surface area of sand (20.0 g) was approximately
0.23 m? (assuming spheres of average diameter 0.2 mm), and the surface area of clay
added (0.100 g) was approximately 1.2, 10.0 and 15.0 m? for kaolinite, montmorillonite
and Mundulla clay respectively. Therefore, the surface area of clay added far exceeded
the original surface area of the sand for montmorillonite and Mundulla clays, but was

similar for the Blackpool kaolinite. Before clay addition, there was the equivalent of
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about 40 monolayers of cetyl alcohol on the sand surfaces, but less than one monolayer
after the addition of the Mundulla clay. Clay dispersibility, as influenced by saturating
cation, did not appear to affect the reduction in water repellence.

Clay transport through the sand was reduced by mixing the clay with the sand.
In situations where the infiltrating water dispersed and suspended the clay before
entering the sand matrix (i.e. surface and suspension applied clay), it carried the clay
particles through the sand. However, if the clay particles were previously mixed with
the dry sand, water flowing through the pores was not able to dislodge them, and they
remained in the sand. Also, cetyl alcohol appeared to trap a small amount of clay, and
therefore hydrophobic compounds may act as a bridge between sand and clay.
Ma’shum (1988) also noted this effect. However, the ‘hydrophobic bridge’ appears to
have at best a small effect on clay movement. Mixing clay with the sand will
significantly reduce clay leaching in field soils, and so clay application to a water
repellent soil should act to reduce repellence for a period of several years. It should be
pointed out that the sand columns were exposed to the leaching power of approximately
two years’ rainfall in about 30 minutes. In the field, clay applied to the surface of a
water repellent soil may be washed into the soil by rainfall, but when the soil dries out,
a ‘dry mix’ situation is created, which will prevent further leaching losses.

The maintenance of a 10 mm water head reduced the effects of repellence on
water infiltration. This has implications in the field, in that rainfall can be collected in
furrows created by press wheels. A small ridge across the furrow can be easily created
by putting a small dent in the rim of the press wheel, and this 'dams' the water in the
furrow, allowing infiltration to proceed. However, the problem of uneven soil wetting

will persist, and application of clay has the potential to overcome this.

4.5 Conclusions
A wetting and drying cycle was required before the application of clay had any
effect on model water repellence. Wetting helped to distribute clays evenly, and surface

tension forces during drying brought the clay particles and sand grains into intimate
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contact. After a wetting and drying cycle, high external surface area clays were more
effective than low surface area clays. The greater surface allowed more of a ‘dilution’
of the hydrophobic compounds. Clay transport through a sand was reduced by first
mixing the clay evenly with the sand. If this can be easily accomplished in the field,

clay application should remain active in reducing water repellence for several years.
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5.1 Introduction

In the previous chapter, high surface area clays were shown to be more effective
in reducing model water repellence than low surface area clays. A wetting and drying
treatment was required before any effects could be observed. Wetting and drying also
increased the retention of clay in the sand. However, although cetyl alcohol is a
constituent of waxes isolated from water repellent sands, several differences between
cetyl alcohol and natural organic materials in terms of their behaviour in sands have
already been discussed (Chapter 2). It is important therefore to determine the effects of
various clays in reducing water repellence of sands from the field.

The mechanism of the clay-induced reduction of water repellence also needs to
be investigated. Hydrophobic materials may be adsorbed preferentially by the added
clays, leaving the sand grains (i.e. most of the soil volume) wettable. In this case, the
clays that adsorbed the greatest quantity of hydrophobic compounds would be the most
effective in reducing water repellence. This would depend on the surface properties of
the clay minerals, and may explain why kaolinite clays are more effective than
montmorillonite (Ma'shum et al., 1989). Alternatively, the clay particles may spread
over the organic-coated sand grains, masking the hydrophobic sand surface and
exposing a hydrophilic clay surface. This hypothesis requires that the clay particles
interact more strongly with the organic/sand surface than with each other, and would be
a function of both the surface properties and available surface area of the clays.

This investigation aimed to compare the effects of clays on a natural water
repellent sand with the model cetyl alcohol system proposed by Ma'shum ez al. (1989)
and discussed in Chapter 4, and also with another artificial sand prepared from natural
organic matter extracted from a water repellent sand. For each sand, clay mineralogy,

exchangeable cation, and the influence of a wetting and drying cycle on repellence and
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clay retention were studied. The possible mechanisms of clay interaction with the sand

were investigated.

5.2 Materials and Methods
5.2.1 Sands and clays

The Western Flat natural water repellent sand and cetyl alcohol model sand have
been described previously (section 2.2.2). The Badgingarra sand was collected from
near Geraldton, north of Perth, Western Australia. Another water repellent sand (called
artificial sand) was prepared from natural hydrophobic materials extracted from the
Western Flat sand, and subsequently added to an acid-washed sand. Hydrophobic
compounds were extracted in a Soxhlet apparatus with a mixture of iso-propanol and
ammonia solution (7:3 v:v) (Ma'shum et al., 1989). The methanol soluble portion of
this extract contains most of the hydrophobic compounds (C.M. Franco, personal
communication), and this was obtained by repeated washing with methanol and
filtering. The extract was then applied to an acid-washed sand at the rate of 0.10%. The
sand was subsequently washed twice with reverse osmosis (RO) water to remove water
soluble compounds, and finally oven dried (105°C).

Clays used were Nat and Ca2+ forms of the Blackpool kaolinite, Redhill
montmorillonite, and Mundulla clay, all as described previously (section 3.2.1). To
study the effects of clay surface charge on repellence, samples of the Redhill
montmorillonite and Blackpool kaolinite (<2 pm fractions) were washed with 1 M LiCl
solution three times, and then rinsed with ethanol four times. The clays were
subsequently freeze dried, and heated at either 250°C (montmorillonite) or 130 °C
(kaolinite) for 24 hours. This procedure created charge-reduced clays by incorporating
Li* ions into the clay lattice, in what is called the Hofmann-Klemen effect (Hofmann
and Klemen, 1950; Jaynes and Bigham, 1987; Pennell ez al., 1991). Jaynes and Bigham
(1987) showed that the montmorillonite charge (CEC) was reduced by 90-95%, and

Pennell et al. (1991) measured a 50% reduction in kaolinite charge.



The <2 um fractions of the Tumut illite (Mackintosh, 1969) and a commercial
gibbsite sample (supplied by Merck) were obtained by sedimentation, concentrated by
rotary evaporation, and finally freeze dried. These clays were also assessed for their

effects on water repellence.

5.2.2 Clay application
Clays were mixed with the natural water repellent sand using the procedure

described in section 4.2.3.

5.2.3 Wetting/drying cycle
Clay/sand mixtures were wetted and dried as described previously (section

4.2.4).

5.2.4 Clay retention

The retention of Nat+- and Ca2+- saturated Redhill montmorillonite and
Blackpool kaolinite by ignited (wettable) and normal Western Flat sand was
investigated using the procedure described in section 4.2.5, except that the 'suspended
clay' application treatment was not included. For the natural water repellent sand, the
effect of a drying cycle on clay retention was also studied. Clays were mixed with the
sands and wetted either in the glass column or in a beaker. The wetted glass columns
were dried for 2 weeks at 70°C, and the leaching studies were performed on the
undisturbed dry sands. Sands wetted in beakers were dried at 70°C for 24 hours, gently
stirred to crush any aggregates, and poured into a glass column for measurement of the
leaching of clay.

Clay loss by leaching in the field over an extended period was also assessed. A
water repellent sand from Mundulla in the south east of South Australia was exposed to
a large but unmeasured amount of clay (100-200 t ha-1) applied ¢.1968 to the top 5 cm.
The sand was sampled in April 1990 at 5 cm intervals, and clay contents were

measured by sedimentation after removal of organic matter by peroxide treatment.
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5.2.5 Adsorption of extracted hydrophobic compounds by clays

The methanol soluble portion of the iso-propanol/ammonia extract was
dissolved in methanol (2.5 g I-1). The appropriate clay (0.100 g) was placed in a vial
and the methanol solution (8 ml) was added. Each vial was shaken end over end for
16 h. Contents of the vials were transferred to centrifuge tubes and centrifuged at 940 g
for 5 min. The supernatant from each centrifuge tube was poured onto acid-washed
sand (20.0 g) in a glass vial, and the methanol was allowed to evaporate before further
drying at 70°C. To remove water soluble organic compounds, the sand was washed
twice with RO water (20 ml), as described for the preparation of the artificial water
repellent sand. Sands were then oven dried (105°C), and M.E.D values were measured
at 20°C. A low M.E.D. value indicated that hydrophobic compounds were adsorbed by
the clay, and not transferred to the sand. The complex mixture of compounds contained
in the organic extract simulated natural soil conditions, where there is competition for

the adsorption sites on the clay surface.

5.2.6 Separation of clays from sand

If added clays reduced water repellence by adsorbing the causal compounds,
subsequent separation of the clay from the sand should also remove the hydrophobic
compounds, leaving the sand wettable. If the clays acted by covering the sand surface,
clay separation may not remove the causal compounds, leaving the sand repellent.
Clays (0.100 g) were added to either natural or artificial water repellent sand (20.0 g)
and wetted and dried using the procedure described above. M.E.D. values were
determined on all samples. The sand/clay mixtures were then stirred with RO water
(100 ml), sonified with a Branson Sonifier 250 (80% power) for one minute, and the
supernatant decanted through a 53 um sieve to separate sand from clay. Material
remaining on the sieve was returned to the sand, which was oven dried (105°C) and
M.E.D. values were measured at 20°C. Clay recovery in the supernatant was measured

after oven drying (105°C) and heating at 600°C to remove organic matter.
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5.2.7 Distribution of clays in sand
Clays were added to water repellent sands which were wetted and dried as
described above. Samples were then examined with a scanning electron microscope

(Cambridge S250 Mk.3) to observe the distribution of clay within the sand.

5.2.8 Effect of clay addition on soil organic matter

Solid-state 13C CP/MAS NMR (13C Cross-Polarisation/Magic Angle Spinning
Nuclear Magnetic Resonance) and DRIFT (Diffuse Reflectance Infra-red Fourier
Transform) spectra of samples of the Keith water repellent sand with clay added 2 years
previously were obtained. These spectra were compared with spectra from samples of
the same sand without clay or with clay added (and wetted and dried) one week
previously and subsequently kept air dry . 13C NMR spectra were collected at 50.309
MHz on a Varian Unity 200 with wide-bore Oxford magnet and 7 mm Doty probe.
Samples were packed into zirconia rotors with Kel-F caps and spun at 5000 Hz. For the
IR spectra, samples were poured into 10 mm diameter stainless steel cups, and the top
surfaces were levelled. Mid-infrared spectra were recorded and signal-averaged over 64
scans on a Bio-Rad FTS-80 FT-IR spectrometer using a high-intensity ceramic water
cooled source, a wide-band mercury-cadmium telluride liquid nitrogen-cooled detector,
and an off-axis DRIFT accessory (Harrick DRA-3S0). The full spectral data range
covered the frequency region from 4000-450 cm-1, at a resolution of 4 cm-! and a

sampling interval of 1.92 cm-1,

5.3 Results
5.3.1 Effects of clays on repellence
Natural sand and artificial sand treated with extracted organics behaved
similarly to the model sand when treated with clays without wetting and drying — there

was effectively no reduction of repellence as measured by the M.E.D. value. However,
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Figure 5.1. Effect of various clays and a wetting and drying cycle on water repellence

in Western Flat soil. The Tukey-Kramer LSD values were 0.30 and 0.62 for dry mix

and wetted/dried treatments respectively.
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Figure 5.2. Effect of various clays after a wetting and drying cycle on water
repellence in artificial sand treated with extracted organics. The Tukey-Kramer LSD

value was 0.64.
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Figure 5.3. Effect of various clays after a wetting and drying cycle on water repellence

in the Badgingarra soil. The Tukey-Kramer LSD value was 1.19.
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after a wetting and drying cycle, both Blackpool and Mundulla kaolinite clays caused a

dramatic and significant decrease in repellence, whereas the montmorillonite clays had
almost no effect compared with the “no clay” control (Figs. 5.1 and 5.2). For Na*-
montmorillonite in the natural sand, a wetting/drying cycle actually increased the
M.E.D. value from 2.0 to 2.6. The M.E.D. value induced by kaolinite of about 1.0 is
rated as slightly repellent by King (1981), and is considered to cause no agronomic
problems to crops or pastures. Nat saturated clays were consistently more effective
than the corresponding Ca2* saturated clays. After a wetting and drying cycle, clays
were found. to have a similar effect on water repellence in the Badgingarra sand (from
Western Australia — Figure 5.3).

The effects of gibbsite, illite, and the charge reduced kaolinite and
montmorillonite on water repellence can be seen in table 5.1. The charge reduced
montmorillonite was more effective than the Na+- or Ca2*-saturated montmorillonite,
but the charge reduced kaolinite and the Tumut illite were equally as effective as the
other kaolinite clays. The virtually uncharged gibbsite was not as effective as the

kaolinites.

Clay M.E.D. value
Na*+-Mont 2.6
Ca2+-Mont 3.0
Li+-Mont (250°C) 2.1
Nat+-Kaolinite 0.9
Ca2+-kaolinite 1.1
Lit+-kaolinite (130°C) 1.1
Illite 1.0
Gibbsite 1.6
No clay 3.1

Table 5.1. Effect of various clay treatments on natural water repellence.

5.3.2 Clay transport
In the wettable (ignited) sand, only Na+-saturated montmorillonite surface-

applied was leached through the sand to a significant degree (table 5.2). However, the



rate of flow through the ignited sand was only about half of the flow rate through the
untreated sand, and so the results are not directly comparable.

In the natural sand, applied clays were much more mobile. Only the CaZ+-
saturated montmorillonite was held within the sand matrix. Dry mixing reduced clay
transport for the Nat+-saturated montmorillonite, but not for the kaolinite. More than
80% of the Nat-saturated kaolinite was lost by leaching for both surface and dry mix
applications. After a wetting and drying cycle, clay transport was reduced to less than

5% for all clays, and there was no difference between the two methods of drying.

o Ve FEay
TMT. Surface ) Dry mix Surface Dry mix Wet & Dried W‘t;;t ‘S&tiggied
Na-R 18.8 1.4 63.6 14.2 0.6 2.4
CaR 0.0 0.3 0.0 0.0 0.4 0.0
Na-B 0.9 0.2 81.7 81.0 4.4 3.9
Ca-B 1.8 0.0 17.2 39.2 1.3 3.3

Table 5.2. Effect of method of application on percentage of applied clay
recovered in the leachate from ignited and natural water repellent sand. R - Redhill

montmorillonite; B - Blackpool kaolinite.

Depth (cm) Clay content (%) M.E.D. value
0-5 5.6 0.3
5-10 2.1 0.0

10-15 1.6 0.1
1520 1.3 0.0
20-25 1.1 0.0

Table 5.3. Clay content and M.E.D. value of a water repellent sand with depth

approximately 20 years after surface clay application.

65



Clay contents and M.E.D. values of the Mundulla water repellent sand
approximately 20 years after clay application are presented in table 5.3. The majority of
the clay appeared to be retained near the soil surface, and was active in reducing
repellence. A nearby untreated sand had an M.E.D. value of 4.0. However, an untreated

sand sample was not available for comparison in terms of clay content.

5.3.3 Adsorption of hydrophobic compounds from methanol
The methods used do not permit an absolute determination of the amount of

hydrophobic organic material adsorbed by the clays. However, the various clays can be
compared with respect to their ability to adsorb hydrophobic materials preferentially
over other natural organic compounds (Fig. 5.4). When Ca2+-saturated, the
montmorillonite and Mundulla clays significantly reduced M.E.D. values (i.e. adsorbed
more hydrophobic material) compared with the no clay treatment.. However, the Na*-
saturated forms, and the low surface area Na+- and Ca2+*-saturated kaolinite clays, had

no significant effect on repellence.

5.3.4 Repellence after clay addition and removal

Figure 5.5 shows M.E.D. values of Western Flat sand after clay addition as well
as after clay removal. After clay removal, all sands except those treated with Nat-
saturated Mundulla clay regained most of their original repellence, although the Na*-
and Ca2*-saturated kaolinites were also significantly different to the control. However,
the amount of clay actually removed from the Na*-saturated Mundulla and kaolinite
treatments was very low (Table 5.4). Therefore, these low residual M.E.D values were
probably due to a lot of the clay remaining in the sand after the sonication treatment,
possibly trapped by the free organic matter in the soil.

In the artificial water repellent sand (no free organic matter), the amount of clay
removed from the sand/clay mixtures was much more consistent . Virtually all the
applied clay was recovered in the supernatant for all treatments (Table 5.4). Before clay

removal, M.E.D. values were similar to those for the natural sand. However, clay
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Figure 5.4. Water repellence induced on acid-washed sand by extracted organic
compounds not adsorbed by the indicated clays. The Tukey-Kramer LSD value was
0.76.
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Figure 5.5. Water repellence of Western Flat sand after clay addition and removal. The

Tukey-Kramer LSD values were 0.55 and 0.53 for ‘clay added’ and ‘clay removed’

treatments respectively.
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removal resulted in almost complete restoration of the original water repellence for all
clay treatments (Figure 5.6). Nat*-saturated Mundulla and Na+-saturated
montmorillonite clays did significantly reduce the M.E.D. value of the residual sand
compared with the no clay treatment, but these M.E.D. values were still greater than

2.0.

Clay Western Flat Artificial
Na-Mont 0.071 0.112
Ca-Mont 0.068 0.106
Na-Kaolin 0.002 0.109
Ca-Kaolin 0.055 0.099
Na-Mundulla 0.012 0.110
Ca-Mundulla 0.083 0.121
No Clay 0.000 0.000

Table 5.4 The amount of clay recovered (g) from Western Flat and

artificial water repellent sand, after initial addition of 0.100g.

5.3.5 Distribution of clay in sand
The scanning electron micrographs (Figures 5.7 and 5.8) show respectively Na*-
saturated Blackpool kaolinite and Na+-saturated montmorillonite on a water repellent sand
particle after wetting and drying. The kaolinite particles have spread over the surface of the
sand grain, whereas montmorillonite formed clay 'strings' across the sand grain, probably at
points of contact between sand grains. Ca2*- and Na*-saturated kaolinite behaved similarly,
but the Ca2*-saturated montmorillonite did not appear to interact with the sand grains, and

remained in the sand as discrete aggregates.

5.3.6 Effects of clay on soil organic matter
Close inspection of the NMR spectra (figure 5.9) revealed some subtle
differences between the soil with clay added two years previously and the other two

samples. In the 'two year old' soil, there appeared to be a small reduction in the quantity
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Figure 5.6. Water repellence of artificial sand after clay addition and removal. The
Tukey-Kramer LSD values were 0.64 and 0.49 for ‘clay added’ and ‘clay removed’

treatments respectively.



Figure 5.7. Kaolinite particles on the surface of a sand grain from a natural water repellent sand.
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Figure 5.8. Montmorillonite particles on the surface of a sand grain from a natural water repellent sand.
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Figure 5.9. 13C NMR spectra of Keith water repellent sand with (a) no clay; (b) clay applied
recently in the laboratory; (c) clay applied two years previously in the field.
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Figure 5.10. Realtive abundance of different chemical types of carbon in the Keith sand

with either no clay, clay applied recently in the laboratory, or clay applied two years

previously in the field. Percentages were calculated from integrations of the NMR

spectra (Figure 5.8) within the given chemical shift ranges (after Baldock et al., 1992).
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Figure 5.11. The alkyl peak of the 13C NMR spectra of Keith water repellent sand
with (a) no clay; (b) clay applied recently in the laboratory, and (c) clay applied two
years previously in the field.
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Figure 5.12. The alkyl peaks of the IR spectra of Keith water repellent sand with (a)
no clay; (b) clay applied recently in the laboratory; (c) clay applied two years

previously in the field.



of aromatic carbon, shown by the smaller peaks in the 110-160 ppm range (also figure
5.10). Figure 5.11 shows a magnification of the alkyl peaks of the three soils, and the
exaggerated shoulder at 26 ppm for the 'two year old' soil indicates a slight increase in
CHj3 groups, implying either more branching of aliphatic chains, or a decrease in
average chain length. The alkyl sections of the IR spectra, and in particular the small

peak at 2960 cm! (figure 5.12), also indicate an increase in CH3 groups in this soil.

5.4 Discussion
5.4.1 Clay additions to natural and artificial sand

Clay applied as a dry mix did not appear to interact closely with the sand grains
before wetting. Wetting, particularly for the Nat+-saturated clays, allowed the clays to
interact with more of the sand surface, and the process of drying forced both Na*- and
CaZ+-saturated clay particles into intimate contact with the sand grains (Kemper et al.,
1974), allowing the observed reduction in water repellence. King (1981) concluded that
soils with an M.E.D. value less than 1.2 caused few problems in farm management, and
this was achieved by several different types of clay after wetting and drying.

Although water repellent sands are very difficult to wet in the field, they almost
always wet up at some stage of the season (Wetherby, 1984). The requirement of a
wetting and drying cycle should therefore not pose a problem for the amelioration of
water repellence by clay additions in the field, even if the full effects of clay addition
are not seen immediately.

Additions of kaolinite to the natural (Western Flat and Badgingarra) and
artificial sands proved to be more effective than montmorillonite, and independent of -
surface area. The Blackpool kaolinite was at least as effective as the Mundulla
kaolinite, and both were more effective than the Redhill montmorillonite. Furthermore,
clay dispersibility also appeared to be a factor in the reduction of natural and artificial
repellence, the Na*-saturated clays being consistently more effective than Ca2*-clays,
particularly for the Mundulla clay. During the wetting phase, the Na+;saturated clays

spontaneously dispersed, and on drying, were able to interact with more of the sand
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surface. Ma'shum et al. (1989) also found that dispersibility was a factor in the
reduction of repellence by clays.

The Redhill montmorillonite clay was made more effective by reducing the
surface charge of the clay particles. The reduced charge clay, and the naturally low
charge kaolinite clays, may have been able to interact more strongly with the low
charge silica sand particles coated with uncharged non-polar hydrophobic compounds.

This is discussed further in section 5.4.5.

5.4.2 Clay transport

In the model water repellent sand, the presence of hydrophobic organic
compounds reduced clay transport. However, any similar effect in the natural sand was
hidden by the differences in flow rate between the two sands. This supports the
argument of Bahrani et al. (1973), who concluded that the measurement of contact
angle by comparing capillary rise in ignited and untreated water repellent sand columns
(Emerson and Bond, 1963) was questionable because ignition may change the pore size
distribution of the sand sample. This appeared to be the case here.

Wetting and drying reduced clay transport in a similar way to the way it reduced
repellence. The drying process forced clay particles into contact with the sand grains,
and subsequent infiltration could not dislodge the clay particles. The amount of water
(250 ml) in the 19 mm column used here represents approximately 880 mm of rain, or
about 2 years average rainfall. Therefore, clay applied to a water repellent sand should

remain in the topsoil for an extended period of time..

5.4.3 Natural versus model and artificial water repellent sands
Ma'shum ez al. (1989) proposed the cetyl alcohol model used in this
investigation. The model system's advantages were seen as it being of consistent,
predictable repellence free from small amounts of natural clay and free organic matter
which occur in natural sand. They found that the model and natural sands behaved

similarly, but the greater repellence of the model system allowed a more rigorous
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assessment of potential ameliorants. In this study the model and natural sands behaved
very differently in their reactions to clay additions. This becomes obvious by
comparing figures 4.1 and 5.1. In the natural water repellent sand, kaolinite was the
most effective clay in reducing repellence, and montmorillonite had very little effect. In
the model sand, however, the montmorillonite clay was much more effective than the
low surface area kaolinite.

There were also differences between the model sand and natural sand in terms of
clay transport through the sands. In the model sand, mixing the clay with the sand prior
to infiltration virtually eliminated clay leaching. In the natural sand, however, mixing
did not affect the mobility of Na*-saturated kaolinite, and actually increased the
leaching of Ca2+-saturated kaolinite.

Overall, despite the advantages of the model water repellent system, its inability
to mimic natural water repellence in its reaction to clay additions suggests that it should
not be used in studies of amelioration of water repellence by clay amendments.

The artificial sand used in this study, prepared from extracted hydrophobic
organic compounds, was a much better model. The pure kaolinite and montmorillonite
clays produced similar results compared with the natural sand, but the Mundulla clay
was slightly less effective in the artificial sand. For this reason, the use of the artificial
system as a model can only be justified where free organic matter and naﬁve clay in the

natural sand pose an insurmountable problem.

5.4.4 Adsorption of hydrophobic compounds by clays
Adsorption of hydrophobic organics by clays was the only process affecting
water repellence when the supernatant from the clay/extracted organic/methanol
suspension was added to acid-washed sand. Any compounds adsorbed by the clays
were not transferred to the sand, and therefore could not contribute to repellence. CaZ+*-
saturated montmorillonite was the most effective clay in reducing water repellence,
followed by the Ca2*-saturated Mundulla clay. The least effective clay was the low

surface area Blackpool kaolinite, which had no significant effect on repellence. In



general, Ca2+-saturated clays adsorbed more hydrophobic organic materials than the
corresponding Nat-saturated clays. The Ca2* ion is known to provide a better bridge
between clays and many organic molecules (Theng, 1974), and this appears to be the
case for methanol soluble hydrophobic compounds. The data for adsorption from
methanol cannot be used to derive an adsorption isotherm, and gave no indication of
the mechanism for adsorption of hydrophobic organic compounds onto clay surfaces.
However, it did allow a relative comparison of the various clays with regard to their
ability to reduce water repellence by adsorbing the causal compounds.

These results contrast with the reduction of water repellence caused by addition
of clay to a water repellent sand. The clay that adsorbed the most hydrophobic
materials from methanol solution (montmorillonite) was the least effective when added
directly to a water repellent sand (see figure 5.1; also Ma'shum et al., 1989).
Conversely, the low surface area kaolinite clay was very effective when added to a
water repellent sand, but did not adsorb significantly more hydrophobic material than
the 'no clay' treatment. This indicates that the reduction in water repellence generated
by clay addition to a water repellent sand is not principally due to adsorption of
hydrophobic organic materials by the clay minerals. However, the differences could
also be due to the presence of methanol in the adsorption system, because in the natural
system, the only solvent available is water.

The amount of hydrophobic materials adsorbed by clay in the presence of water
was estimated by clay addition and subsequent separation from a water repellent sand
after a wetting and drying cycle. The proportions of clay, organic materials and sand
were the same as for the adsorption experiment discussed above, and so the results can
be directly compared. If clays reduced repellence by adsorbing hydrophobic organic
molecules from the sand surfaces, removal of the clay would also remove the
hydrophobic compounds, leaving the sand wettable. For most natural and all artificial
water repellent sand treatments, however, clay removal did not significantly decrease
water repellence in the residual sand, indicating that the clays did not strongly adsorb

appreciable quantities of hydrophobic material. This agreed with the results discussed
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above, and confirmed that adsorption was not the major mechanism by which clays
reduced water repellence.

In the situations where clay 'removal' did not leave a high level of residual
repellence, most of the clay appeared to be retained by the sand and not separated by
sonication. The low residual repellency was therefore due to incomplete removal of the
clay, rather than the removal of hydrophobic compounds adsorbed by the clay. As this
only occurred in the natural water repellent sand, it seems possible that some clays
(particularly kaolinite) were physically trapped by free organic matter, which was
common in natural sand but absent in the artificial sand. As free organic matter also
contributes to water repellence in natural sand (Ma'shum, 1988), the possible
interaction of kaolinite with these materials may help to explain the greater efficacy of

kaolinite clay.

5.4.5 Masking of hydrophobic compounds by clays

Examination of the clay/sand mixtures, after a wetting and drying cycle, by
scanning electron microscopy revealed that kaolinite was distributed evenly over the
surface of the sand grains, whereas montmorillonite tended to form clay micro-
aggregates either on the sand surface or independent of the sand grain. This implies that
on drying, kaolinite had a higher affinity for the hydrophobic sand surface than for
other kaolinite particles, and so formed 'face-to-sand’ associations. However
montmorillonite, even when dispersed, preferentially associated with other
montmorillonite particles on drying, and formed mostly ‘edge-to-sand' contacts at
points of contact between sand grains, which only covered a small proportion of the
sand surface. These distribution patterns of kaolinite and montmorillonite on sand
grains have also been described by Peterson (1944). Brewer and Haldane (1957) noted
that the exchangeable cation (Ca2+, Mg2+, K+, Na*, or H*) in a 60% illite/30%
kaolinite clay had no effect on the spreading of the clay over a sand surface. This
confirms the results described here, in which exchangeable cation had little effect on

the ability of a clay to reduce water repellence. Therefore, the main factor in



determining the effectiveness of a clay sample in reducing water repellence was not
dispersibility as such (Ma'shum ez al., 1989), but the ability of the clays to remain
'dispersed’ over the sand surface during the drying process. The low surface charge of
kaolinite (Peterson, 1944) and blocky geometry of kaolinite and illite particles were
possibly responsible for this effect. However, when gibbsite (virtually uncharged)
particles with similar geometry and the same surface area as the Blackpool kaolinite
were added to a water repellent sand, they were not as effective. Therefore, clay
particles with low but significant charge and blocky geometry appeared to be the most

effective to coat the sand surfaces and reduce water repellence.

5.4.6 Long term effects of clay addition

Although clay addition is unlikely to directly affect soil organic matter, it can
affect the microbial community in the; soil (Kunc and Stotsky, 1974), and it is the
microbial community which largely determines the chemical composition of soil
organic matter (Oades et al., 1988). The NMR and IR spectra showed that clay addition
to a water repellent sand may cause a decrease in the quantity of aromatic carbon, and
increase the number of CH3 groups over a two year period. The increase in CH3 groups
is particularly interesting, as this may be due to a decrease in the average chain length
of the aliphatic materials. Shorter chains are less hydrophobic, and so may generate less
severe water repellence. However, the differences observed were very small, and
further research is required to confirm any effects clay addition may have on soil
organic matter. It should be remembered that two years is a short time in the life of soil
organic matter (particularly the lipid fraction), and more time may be required before
any differences due to clay addition become readily measureable.

Furthermore, about 90% of the organic matter in the soil was in the form of
relatively large and mostly undecomposed plant fragments (C.M. Franco, personal
communication). Clay content has been shown to influence microbial decomposition of
various substrates (Kunc and Stotsky 1974; Amato and Ladd 1992) but has little effect

on large particulate organic matter. Therefore, clay application only affects a small
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proportion of the total organic pool, and its effect in these experiments was
overshadowed by the bulk soil organic matter. Nevertheless, microbial activity can be
important in water repellent sands, because the development of water repellence was
linked to the action of micro-organisms in Chapter 2. Clay application, although it may
affect only a small proportion of the soil organic matter, may have a big effect on water
repellence in sandy soils.

Overall, the differences observed between the 'two year old' soil and the other
soils were too small to draw any firm conclusions. Further research, involving removal
of undecomposed plant fragments before using spectroscopic techniques, may help to

quahtify any effects of clay addition on the compounds that cause water repellence.

5.4.7 Implications for field use of clays

In South Australia, many water repellent sands have a B horizon dominated by
kaolinite and illite clays within 50 cm of the soil surface. This is an ideal source of clay
for the amelioration of water repellence, because it is very close to where it is needed,
thereby minimising transport costs. In this study, the rate of 0.5% pure clay was used,
corresponding to a rate of approximately 7 t ha-! to a depth of 10 cm. B horizon clays
under sands are usually only 30-50% clay, and so a rate of at least 20 t ha-1 would be
required to achieve comparable results in the field. As masking of the hydrophobic
sand surface appeared to be the mechanism of action at low rates of clay addition, the
total surface area of the sandy soil was not significantly increased. In the field, further
organic additions are likely to coat the exposed clay layer on the sand grains, and
possibly return the soil to its water repellent state. Because of this, higher rates of clay
than used in this experiment may be required for long-term amelioration of water
repellence. Field trials (M. Cann and D. Lewis, personal communication) show that a
rate of 25 t ha"1 is sufficient to substantially improve plant emergence. Rates of 50-
100 t ha-! significantly improved plant growth, probably through the effects of the
added clay on nutrient and water availability, in addition to the effects on water

repellence.



The clay transport results reported here suggest that clays applied to a water
repellent sand will remain in the topsoil (the zone where water repellence is severe) for
an extended period of time. Van Dam et al. (1990) noted that clay applied to a water
repellent sand 30 years previously was still predominantly located near the surface, and
anecdotal evidence (C. Obst, personal communication) suggests that clays remain
active in reducing water repellence for over 20 years. Given this time frame, clay

additions to water repellent sands should be economically viable in the medium term.

5.5 Conclusions

Naturally occurring water repellence was overcome by the addition of kaolinite
clay. However, montmorillonite clay was not effective. Wetting and drying was
necessary before clay affected repellence, and this process also drastically reduced the
amount of clay lost by leaching. Clay application appears to be a long term solution for
water repellence, but the expense involved in transporting the clay means that only
local clay can be economically added. Clays reduce repellence by masking the
hydrophobic sand surface, but do not appear to strongly adsorb appreciable quantities
of the causal hydrophobic organic matter in the short term.

Clay application in the field appears to have some effects on the qualitative
nature of the soil organic matter. These effects require further investigation.

The inability of the model water repellent sand to mimic natural sand in its
reactions to clay additions suggests that the model should not be used in investigations

into water repellency.
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CHAPTER 6, A SIMPLE TEST OF CLAY EFFICACY

6.1 Introduction

The previous chapter showed that kaolinitic clays were more effective than
smectitic clays in reducing natural water repellence, and that the technique of clay
application appeared promising for the long term amelioration of this problem.
However, on a broad-acre scale the quantities of clay required are very large, and so
clay application will only be economical if transport costs can be kept to a minimum. In
practice, this means that clay must be found within about one kilometre of where it is to
be applied (C. Obst, personal communication). Most farms have ready access to a clay
B horizon within this distance, and the effectiveness of a given sample of field clay can
be estimated by determining its clay mineralogy. However, it is often difficult to
distinguish between- the various types of clay. The only sure way is by X-Ray
Diffraction, which is expensive and of limited availability.

Therefore, if clay application is to be widely practiced by farmers, a simple test
of clay efficacy is required. The test should be able to be performed by a person not
scientifically trained (e.g. a farmer) with commonly available materials. The test must
also reduce variation due to differences in clay sampling e.g. water content and
aggregate size and shape.

Experiments of clay application to water repellent sands described earlier in this
thesis used a finely powdered <2 um clay sample. However, field clay samples are
usually only 30 to 60% <2 um, and aggregated rather than powdered. Because of these
differences, the rate used previously (0.5% w/w) is probably too low to generate
substantial effects on water repellence with field clay samples. Therefore, the rate of
field clay addition needs to be investigated. The method of mixing the clay with the
sand is also important due to the aggregated nature of field clay samples. The mixing

must be vigorous enough to distribute the clay throughout the sand sample, but King



(1981), Ma'shum er al. (1989) and others have shown that excessive agitation can
reduce repellence.

Most of the experiments described previously used quantities of sand and clay
too small to be readily performed in a home environment. The actual test (described in
section 6.5) uses larger samples, and therefore it is important to verify that the results
achieved on small samples also hold for large samples. Furthermore, larger samples
require longer drying times (more than twelve hours at 105°C), which may be
impractical. A microwave oven can reduce the drying time, but it is not known what
effects this method may have on water repellence.

The method of measurement of water repellence also requires some attention.
Few farmers will have access to a range of ethanol solutions prepared at 0.2 M
intervals, and so the MLE.D. method is not a practical alternative. However, the Water
Drop Penetration Time (W.D.P.T.) method is simple, and only requires water and a
soil. King (1981) showed that over 25 water repellent soils, M.E.D. and log(W.D.P.T.)
were both closely correlated with contact angle, and therefore, with each other. The
correlation between M.E.D. and W.D.P.T. after clay addition should also be
investigated, because it may be affected by the incorporation of clay into the sand.

Experiments were performed to determine an appropriate rate of field clay
addition, to compare various techniques of clay/sand mixing and drying, and to attempt
to reduce variability caused by variation in aggregate size. The relationship between

M.E.D. and W.D.P.T. after clay addition was also determined.

6.2 Materials and Methods
6.2.1 Soils and clays
The water repellent sand used was the Western Flat water repellent sand, as
described earlier. The clay was a field sample of the Mundulla clay, containing about
38% <2 um and 60% > 20 um. The <2 pm fraction of this clay was shown to be

effective in reducing water repellence of natural sands in the previous chapter. A
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sample of Redhill montmorillonite (about 60% <2 Um) was also used as a clay known
to have little effect on natural water repellence,

To measure the relationship between M.E.D and W.D.P.T., different levels of
repellence for a sand were generated by adding various amounts of clays.
Kaolinite/illite clays from Mundulla and Keith (also in South Australia) and
Kojaneerup (Western Australia) were added to water repellent sands from Western Flat
and Keith. The Keith sand contained similar amounts of clay and organic matter

compared with the Western Flat sand, and its M.E.D. value was 2.1.

6.2.2 Clay application rate and mixing

A field sample of the Mundulla clay was sieved < 1 mm, and added to 4 vials
containing 20 g Western Flat sand at one of the following rates: 0, 0.5, 1.0, 2.5, 5.0,
7.5, and 10% w/w. The vials were sealed and shaken end over end for two minutes. RO
water (8 ml) was added. Half the vials were wetted with minimal disturbance by
evacuation as described previously (section 4.2.4), and the other vials were wetted by
stirring with a glass rod for 15 seconds. All vials were dried at 105°C, and cooled to
20°C for ML.E.D. measurement. The samples wetted with minimum disturbance were
re-wetted with the same technique, to determine the effect of a second wetting and
drying cycle.

The effect of time of stirring was determined on samples of Western Flat water
repellent sand (20 g and 175 g samples) mixed with 2.5% Mundulla clay (<1 mm) as
described above, in two replicates. RO water (8 ml or 65 ml) was added, and the sand
was stirred for 5, 10, 15, or 20 seconds. The sand was oven dried (105°C) and M.E.D.

values were determined on the cooled samples.

6.2.3 Clay Aggregate Size
Field clay samples can have a wide range of aggregate sizes, depending on how
they are collected and treated. To determine the effect of aggregate size on the

effectiveness of clays in reducing water repellence, the Mundulla field clay sample was



sieved into the following size fractions: 4000-2000, 2000-1000, 1000-500, 500-250,
250-150, 150-90, and <90 pm. Each fraction was added at 2.0% w/w to duplicate
samples of the Western Flat sand, and either gently wetted or stirred (for 30 seconds) as
described above. M.E.D. values were measured after drying at 105°C.

The actual clay content of each size fraction was measured by sedimentation.
Aggregates (10.000 g) were placed in a 250 ml beaker, and RO water (200 ml) and
sodium hexametaphosphate (40 mg) were added. The suspension was ultrasonically
dispersed for 2 minutes, and transferred quantitatively to a 500 ml measuring cylinder.
The volume was made up to 500 ml, and the cylinder was sealed and inverted several
times. The suspension was allowed to settle for 7h 30 min, and then a 20 ml aliquot was

removed from the top 5 cm and evaporated in a pre-weighed vial.

6.2.4 Method of drying

Water repellent sand (175g) was placed in glass beakers, and field samples of
the Mundulla clay (3.5 g) were added to half the beakers. RO water (65 ml) was added
to all the beakers, and the contents were stirred with a spoon for 30 seconds. The
beakers were loosely covered with paper towel and placed two at a time (£ clay) in a
microwave oven (Samsung RE 727D; 700 watt) on 'medium’ setting for either 10, 15,
or 20 minutes. Beakers were weighed and then transferred to a conventional oven at
105°C, and weighed at hourly intervals to determine when drying was complete. Dried

samples were cooled to 20°C and M.E.D. values were measured.

6.2.5 M.E.D./W.D.P.T. correlation
Soil clays from Mundulla, Keith or Kojaneerup were added to water repellent
sands (10 g) from Western Flat or Keith at rates ranging from 0 to 2% w/w. Each
mixture was wetted with 4 ml RO water, stirred for 20 seconds, dried at 105°C, and

M.E.D. and W.D.P.T. values were measured at 20°C.
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6.2.6 Verification of the test
The test (the procedure described in section 6.5.2) was verified in duplicate
using field samples of the Mundulla kaolinite (an effective clay) and Redhill

montmorillonite (an ineffective clay), added to the Western Flat water repellent sand.

6.3 Results
6.3.1 Clay application rate and mixing

The effect of clay rate and wet stirring of the clay/sand mix can be readily seen
in Figure 6.1. For unstirred samples, clay rates up to 10% did not reduce the M.E.D.
value to less than 1.0. A second wetting and drying cycle reduced repellence further,
but still not to the level expected from previous experiments. However, after wet
stirring, 5% clay reduced the M.E.D. value to 0.0.

Time of stirring effects are illustrated in figure 6.2. Near minimum repellence
was obtained after 20 seconds stirring for both small and large samples. A time of 30

seconds was chosen for subsequent experiments.

6.3.2 Aggregate size

The effect of aggregate size on reduction of water repellence is shown in figure
6.3. As expected, the <90 pum fraction was most effective. The fractions between 90
and 500 m were not very effective, but the 500 to 4000pm fractions were better.
Subsequent analysis of clay contents of the fractions (also shown in figure 6.3) showed
that the least effective fractions had the lowest clay contents, presumably due to a
concentration of single sand grains during the sieving process. Nevertheless, wet
stirring, by destroying the aggregates, reduced the effects of aggregate size, such that

even the largest aggregate sizes reduced water repellence to an acceptable level.

6.3.3 Method of drying
Sand samples the same size as those used in the test (section 6.5) took more than

twelve hours to dry at 105°C. This was reduced to 2 hours at 105°C after 20 minutes in
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Figure 6.1. Effect of wet stirring and a second wetting and drying cycle on water

repellence after field clay addition.
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Figure 6.2. Effect of period of stirring on water repellence after addition of 2.5%

Mundulla field clay.
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a microwave oven on 'medium’ setting (figure 6.4). The combination of microwave and
conventional drying had no effect on M.E.D. values compared with drying in a

conventional oven alone (table 6.1).

Drying Method 2% Mundulla Clay No clay
16h @ 105°C 0.3 3.6
10 min mw?, 8h @ 105°C 0.2 34
15 min mw, 6h @ 105°C 04 3.4
20 min mw, 2h @ 105°C 0.3 3.5

Table 6.1. Effect of method of drying on water repellence (M.E.D. value).

a - microwave oven, medium setting.

6.3.3 Correlation of M.E.D. with W.D.P.T.
Figure 6.5 shows the correlation between W.D.P.T. and M.E.D. values. Below
W.D.P.T. of 60 seconds, all points lie on the same exponential curve, regardless of the
sand or clay origin. This correlation agrees closely with the correlation obtained by

King (1981). However, variation increases above this value.

6.3.4 Verification of the test
When the test procedure (section 6.5.2) was followed exactly, the two replicates
of the Mundulla kaolinite (effective clay) gave water drop penetration times of 12 and
13 seconds; and >180 and >180 seconds for plus and minus clay treatments
respectively. In contrast, the Redhill montmorillonte (ineffective clay) gave water drop

penetration times of >180 seconds for both plus and minus clay treatments.

6.4 Discussion
As expected, the actual rates of field clay addition in the laboratory need to be
higher than for pure clay (<2 pm) addition. Application rates in the field are probably

higher again, due to the effects of continual organic addition and the natural variability
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always encountered in real life. The rate found to be effective (2%) corresponds to an
application rate of 28 t ha-1, assuming a soil density of 1.4 g cm-3 in the top 10 cm.
Department of Agriculture trials showed that a clay application rate of 50 t ha-! reduced
water repellence, but 100 t ha-! produced better results in terms of reduction of water
repellence and germination and growth of a clover pasture (M. Cann, personal
communication).

Stirring the wet soil clay mix for 30 seconds eliminated variation caused by
aggregate size. Although this magnitude of energy input is unlikely to occur in the
field, there is more time and many more wetting and drying cycles to distribute the clay
throughout the sand. Wet cultivation will also help to perform this function. Therefore,
with time the effects of stirring can be imitated in the field, and so the test is not
unrealistic in terms of the field situation.

Drying the sample at 105°C required more than twelve hours, which is
impractical in most kitchens. Although this can be accelerated by using a higher
temperature, high temperatures can also start to degrade the organic matter in the soil.
However, microwave ovens are readily available, and for the sample sizes used in the
test, reduced the drying time to 20 minutes in the microwave (medium setting),
followed by 2 hours at 105°C in a conventional oven, without affecting water
repellence. Different microwave ovens may dry at different rates, and so care must be
exercised. Temperatures in a microwave may also exceed 105°C at some points in the
sample. However, the time savings involved suggest that mivrowave ovens are worthy
of serious consideration.

The correlation between M.E.D. values and Water Drop Penetration Time
showed that an M.E.D. value of 1.0 corresponds approximately with a W.D.P.T. of 60
seconds. The exponential relationship held for M.E.D. values less than 1.0, regardless
of the source of sand or clay used to decrease repellence, and agrees closely with King
(1981). At higher M.E.D values, the relationship becomes more variable, because
W.D.P.T. involves a long contact time between sand and water, whereas M.E.D.

solutions are in contact with the sand for only 10 seconds. Because the contact angle
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sand and water required in the test of clay efficacy.
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tends to change with time (Hammond and Yuan, 1969), W.D.P.T. is a measure of
persistence of repellence, whereas M.E.D. is a measure of the initial repellence.
Nevertheless, the relationship appears to hold for the first 60 seconds, which is the zone
of interest in terms of the reduction of repellence by clay addition. King (1981)
concluded that an M.E.D. value of 1.0 was equivalent to a W.D.P.T. of 53 seconds,
and repellence became an agronomical problem above this level. Therefore, if clay can
reduce the W.D.P.T. to less than 60 seconds, the clay will probably be effective in the
field. In the actual test, a W.D.P.T. of 30 seconds was chosen to ensure a conservative
test, although this value can be varied depending on the land use. For example,
potatoes, because they are grown in mounds of soil and are very susceptible to water
stress, may be adversely affected by very low levels of repellence (M. Heap, personal
communication).

The test must also use a control sample, without clay addition. The W.D.P.T.
value of this sample will give an indication of whether the repellence is severe enough
to warrant clay addition. Although once again this will depend on the land use, a
W.D.P.T. of over 180 seconds is capable of causing major problems in most agronomic
situations, and these soils will gain the most benefit from clay addition. For higher
value (e.g. horticultural) crops, clay addition may be economical at lower levels of
water repellence.

In addition to the experiments described above, the initial water contents of the
sand and clay will affect the performance of the clay. These effects can be largely
overcome by simply air-drying the sand and clay before mixing them. Although air
drying can lead to low and variable levels of repellence (see Chapter 2), oven drying
the samples (105°C) after clay addition and wetting restores maximum and consistent
repellence. A temperature of 105°C (220°F) is also about the lowest temperature able to
be maintained by kitchen ovens, which is important in that it can be accomplished
easily with readily available equipment.

Verification of the test procedure showed that the Mundulla clay would be

effective in Western Flat sand, but the Redhill montmorillonite would not have an
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economical effect on water repellence. This agrees with the results presented in chapter
5, and also with observations of field trials with the Mundulla clay (M. Cann, personal
communication). Field trials using a smectitic clay on water repellent sand (Ma'shum
1988) showed that the clay had no effect on water repellence, and this also agrees with
the results generated by the test. Therefore, the test is correlated with results obtained
on small samples in the laboratory, and also with the results observed in field trials.

However, further field verification is required.

6.5 The Test
The test as described below reads more like a cake recipe than a scientific
experiment. This is a deliberate attempt to use terms and equipment familiar to most

people, and aims to make the test easier to use.

6.5.1 Sampling

The test of clay efficacy uses a sample of the same sand that the clay in question
will be applied to if it is effective. The sand (about 500 g) should be taken from the top
10 cm in an area where the symptoms of water repellence (i.e. patchy plant growth and
dry soil patches) are consistently severe. These are the areas that most need
amelioration, and the clay must be effective against repellence of this severity. The
sand should be allowed to air dry for at least one week. Sieve the sand through flywire
or similar mesh, or alternatively, remove large plant fragments by hand.

Clay should be sampled from an area where it is close to the surface, and can be
easily ‘'mined’. Depending on the land form, shallow clays can usually be found either
on ridges or in depressions. Experience has shown that clays can vary considerably
over a short distance, and so samples (approximately 25 g) should be collected from
several different places within the same ridge or depression. The clay samples should
be air dried for at least two weeks, and then crushed to clods of less than 5§ mm and

combined to generate an 'average' sample for the whole site.
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6.5.2 Clay addition to sand
You will need: 350 g (1 cup) air-dry sieved water repellent sand
3.5 g (1 level tsp) air-dry crushed clay aggregates
130 ml (1/ cup) water

2 glass jars (e.g. jam jars)

Place half the air dry water repellent sand in one of the jars, and add the air dry
clay aggregates. Place the rest of the sand in the other jar. To both jars, add 65 ml
water, and stir vigorously with a teaspoon for 30 seconds. Loosely cover the jars with
paper towel, and put them both in a microwave oven. Heat on medium for 20 minutes,
and then transfer to a conventional oven at 105°C (220F - very low heat) for at least 2
hours until dry. Allow to cool to room temperature, and then use a teaspoon to break up
any aggregates. Smooth the sand surfaces by tapping the containers on a bench. Gently
place a drop of water onto the sand surfaces, and measure the time taken for the drops
to completely soak into the sand.

Important: Do not dry at temperatures higher than 105°C, as this can destroy

the water repellency in the soil.

6.5.3 Interpretation

For the sand without added clay, the water drop should remain on the surface
for more than three minutes. If the water drop penetrates in less than this time, water
repellence may not be severe enough for clay application to produce an economical
response. Although clay addition in a low-repellency situation may improve
productivity through effects on water and nutrient retention, the response is unlikely to
be economical.

If the water drop remains on the sand surface for more than three minutes, it is
worth looking at the clay-amended sand sample. If the water drop on the clay-amended
sand penetrates within 30 seconds, the clay will be effective in reducing water

repellence and increasing production in the field. Water drop penetration times between



30 and 60 seconds indicate that clay addition may be economical, and small scale trials
(e.g. one sandhill) are recommended before broad acre clay application is attempted.

These explanations are summarised in table 6.2.

W.DP.T. W.D.P.T. Interpretation
Sand Only Sand + Clay
<3 min Water repellence not severe enough to
justify clay addition
>3 min >60 sec Clay not effective enough
>3 min 30-60 sec Clay may be economical - try on a small
scale first
>3 min <30 sec Clay will economically reduce repellence

and increase productivity

Table 6.2. Interpretation of the clay test results.
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CHAPTER 7, GENERAL CONCLUSIONS,

Water repellence in soils causes major problems in agricultural production in
southern Australia. It is caused by hydrophobic organic compounds which coat the sand
surfaces and prevent water entry into the soil. In model water repellent systems, where
repellence was induced by cetyl alcohol, the hydrophobic molecules were free to move
within the sand matrix at temperatures above the melting point of the free alcohol
(50°C). Temperatures of this magnitude induced severe repellence in acid-washed sand.
However, with natural organic matter, although the hydrophobic compounds appear to
be similar to cetyl alcohol, microbial activity or temperatures in excess of 100°C was
necessary before repellence could be generated in acid-washed sand. The micro-
organisms may degrade the easily decomposable water soluble compounds, leaving the
hydrophobic compounds free. Only after this can moderately high temperatures, as
occur on hot days, allow the molecules to move within the sand matrix and coat the
sand surfaces. Because virtually all plants contain similar quantities of hydrophobic
organic matter, most plant material is capable of inducing water repellence. However,
there is a possibility that some ‘plants or crops and their associated microbial
communities may be more likely to generate water repellence than other species.
Because water repellence was easily induced at low water contents, fungi or
actinomycetes, or both, probably play a major role in this process. The growth of fungi
and actinomycetes is particularly favoured in sandy soils due to their commonly low
water contents, and this may help to explain why water repellence is such a problem in
these soils.

Water repellence in sandy soils can be alleviated by clay addition. Adsorption
studies showed that kaolinite and montmorillonite clays, regardless of exchangeable
cation, were equally effective at adsorbing cetyl alcohol and palmitic acid. Both these
compounds, and long chain esters such as cetyl palmitate, were found to be common in
water repellent sands (Ma’shum er al., 1989). The quantity of aliphatics adsorbed

agreed closely with calculations for a bilayer on the external surfaces of clay domains,
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with the molecules oriented parallel to the clay surface. Interlayer adsorption did not
occur to a significant extent. It is possible that given a sufficient quantity of
hydrophobic compounds, clay particles in soils may also become hydrophobic.
However, the vastly greater surface area, and the increased microbial activity
associated with clays in soils means that the hydrophobic compounds will probably be
degraded microbiologically before they can accumulate to the levels required to induce
repellence.

The free movement of hydrophobic compounds observed in the model systems
resulted in the clays with highest specific external surface area being the most effective
in reducing repellence. There was no effect of mineralogy and little effect of
exchangeable cation, which was consistent with the adsorption results. The clays were
able to adsorb the free hydrophobic compounds, which therefore became diluted over a
much larger surface area. As Ma’shum et al. (1989) showed, the larger the surface area,
the greater the quantity of hydrophobic material required to induce repellence. A
wetting and drying cycle was necessary before clay addition had any effect on water
repellence. The wetting phase allowed dispersible clays to disperse, but more
importantly, surface tension forces during the drying phase brought the sand and clay
partiqles into intimate contact, allowing the observed reduction in water repellence.

However, the situation was more complex in the natural sand. The hydrophobic
materials were not alone on the sand surfaces, but were also intermingled with
hydrophilic material. Free organic matter and plant fragments were also present. The
combination of these factors appeared to 'bind' the hydrophobic molecules so that they
were not free to move within the sand matrix, as illustrated by the inability of moderate
temperatures (70°C) to induce repellence in acid-washed sand amended with natural
organic matter. For this reason, single compound model systems have proved
inadequate for the study of water repellence.

When clay was added to a natural water repellent sand, the most effective clay
was not necessarily the clay with the greatest available surface area, but rather the clay

which spread most easily throughout the sand, and remained distributed throughout the



103
sand after drying. Once again, clay addition had no effect on repellence until the
mixture was exposed to wetting and drying. Adsorption of hydrophobic molecules was
not the mechanism of reduction of water repellence, possibly due to competition
between hydrophobic and hydrophilic molecules for adsorption sites on the clays. The
low surface charge and blocky shape of kaolinite particles resulted in them forming a
layer of clay particles around the sand grains, thereby masking the hydrophobic
compounds. Both Ca2+- and Na+-saturated kaolinites were effective in reducing
repellence.

However, the high surface charge and platy shape of montmorillonite particles
resulted in them having a greater attraction for other montmorillonite particles than for
the organic-coated sand surfaces. Although Na*-saturated montmorillonite particles
were able to disperse throughout the sand matrix, on drying they formed clay micro-
aggregates at points of contact between sand grains, which covered only a small
proportion of the surface. This resulted in a very stable soil, but had virtually no effect
on water repellence.

The use of clay to ameliorate water repellence in sands appears to be a long term
solution. Clay movement through a sand was drastically reduced by mixing the clay
with the sand, and subsequent wetting and drying. Clay contents measured on a sand
treated more than 20 years previously showed that the majority of clay was still
retained in the top 10 cm, and M.E.D. values were still very low. In the long term, clay
application also has the potential to change the microbial ecology and chemistry of the
soil organic matter, which may help to prevent the recurrence of water repellence. This
is an area for future research.

However, because of the costs involved with clay addition, it is only economical
to the farmer if local clays can be used. As the suitability of clays can vary widely (for
example, montmorillonite versus kaolinite), a simple test has been developed so that
the efficacy of a given clay sample can be quickly and easily determined.

Clay application appears to be an economical and physically possible method of

long term amelioration of water repellence in sands.
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