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Abstract

About 35% of the total land area in Australia is affected by different categories of salt-
affected soils. Apart from natural salinity, a significant proportion of the cultivated land
has become saline due to irrigation, particularly where groundwater or recycled waters
were used. Sodium salts tend to dominate salt affected soils and groundwater in
Australia, therefore sodium adsorption ratio (SAR) and exchangeable sodium

percentage (ESP) are currently used to assess the effects of sodium on soil structure.

However, the literature review has identified that the solutions of salt—affected and
fresh water or wastewater irrigated soils may contain elevated concentrations of
potassium and/or magnesium, which may affect the levels of soluble and exchangeable

cations, and lead to soil structural deterioration due to clay dispersion and swelling.

Traditional indices SAR and ESP, used for assessing soil structure, do not take into
account the effects of K on soil clay dispersion and swelling. Furthermore, although
exchangeable Mg has not been included within the common definition of sodicity, there
has been disagreement concerning its influence on the behaviour of sodic soils. In

addition, in the SAR model Ca*" is equated to Mg*" in flocculating power.

Consequently the use of SAR and ESP, as the indices of soil structural stability, can be
misleading when soil structure is negatively affected by the high amount of monovalent
K", and the concentration of Mg in soil solution and exchange sites is higher than that

of Ca.
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In the research reported in this thesis, a newly developed concept of CROSS (cation
ratio of soil structural stability) has been used, instead of SAR, as an index for assessing

soil structural changes affected by different cations in soils.

Na
Traditional index SAR is defined as SAR=
J(Ca+Mg)/2

Na+0.56K
\/(Ca+0.6Mg)/2

New index, CROSS is defined as : CROSS=

where the concentrations of these ions (Na, K, Ca and Mg) are expressed in milli moles

of charge/L.

While SAR as a measure of soil structural stability is only applicable to sodium
dominant soils, CROSS derived from the ionicity of clay-cation bond is better suited to
soils containing multiple cations in various proportions. In contrast to SAR, the
differential effects of Na and K in dispersing soil clays and the differential effects of

Mg and Ca in flocculating soil clays are considered in the CROSS model.

The main objectives of this thesis were to investigate the effects of elevated
concentration of K and Mg on soil structure in combination with the other cations, and
to assess the applicability of CROSS as an index of structural stability for salt-affected
soils by using soils of different clay mineralogy, texture, electrolyte concentration, pH
and organic matter. Further, to identify potential ways to manage structural stability of
these soils and to improve their physical condition. Studies on pure clay systems have
been included to understand the fundamental processes involved in dispersion in soil

clays.

The primary outcomes of this research were a series of peer reviewed scientific papers,

which centred on the following key findings:



1.

The deleterious effects of increasing concentration of K on clay dispersion and
hydraulic conductivity were confirmed for three soil types of different clay
mineralogy, pH EC and organic matter. Non- destructive X-ray CT scanning
provided a means of measuring changes in soil porosity and pore connectivity.

The ionicity indices of the cations Li", Na", K~ Mg2+, Ca2+, Sr2+, and Ba®" were
theoretically derived using their ionisation potentials and charge. The behaviour of
two pure clays (illite and bentonite) and two soil clays in aqueous suspension was
investigated. As the ionicity index decreased in the following order Li" > Na"> K" >
Mg®" >Ca®" > Sr*" > Ba®" the tendency to covalency increased and, hence, the
predisposition to break the clay-cation bonds in water decreased. Strong and
significant relationships between ionicity indices of cations in clay—cation bonds
and clay behaviour such as dispersivity (r*=0.93) and zeta potential (r*=0.84)
confirm that the degree of ionicity in these bonds dictates the water interaction with
clay particles, leading to their separation from the clay aggregates. The strong
relationships between zeta potential and the degree of dispersivity (r*=0.78)
suggests that surface charge on clays is responsible for the variations in correlations
between ionicity indices and clay behaviour among the four types of clays.

Effects of clay-cation bonding on soil structure were further validated by non
destructive X-ray computed tomography (uCT) scanning of the cation treated soil
samples. Changes in pore architecture as influenced by the proportion of cations
(Na", K, Mg®" and Ca®") bonded to soil particles were characterised. All the
structural parameters, studied by pCT scanning, were highly correlated with the
ionicity indices of dominant cations, confirming that the structural changes during
soil-water interaction depend on the ionicity of clay cation bonding. Saturated

hydraulic conductivity of cation treated soils dominated by a single cation were
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dependant on the observed structural parameters, and were significantly correlated
with active porosity (r*=0.76) and pore connectivity (r*=0.97) characterised by nCT
scan.

. Applicability of CROSS as a new index of soil structural stability was methodically
validated and confirmed in series of studies for a range of soils containing varying
quantities of Na, K, Mg, and Ca. The effects of CROSS were highly dependent on
the total electrolyte, soil texture, clay mineralogy, pH and organic matter content.

. Useful threshold values of the electrolyte concentration required to flocculate the
dispersed suspension were derived. Threshold electrolyte concentration (TEC) of
the flocculated suspensions of three soils were significantly correlated with CROSS
of the dispersed suspensions (r°=0.93). Again, when the individual soil type was
considered, smectitic clay with high negative charge had lower TEC than the illitic
or kaolinitic clay. The cationic flocculating charge of the flocculated suspensions
(CFC), which incorporate the individual flocculating power of the cations, was
significantly correlated with CROSS. However, these types of relationships will
depend on several factors even within the given soil class. Therefore, the dispersive
potential (Pgis) of the individual soil was derived, from which the required amount
of the cationic amendments can be calculated to maintain flocculated soils and their
structural integrity.

The research results presented within this thesis clearly demonstrate that clay
dispersion influenced by CROSS values depends on the unique association of soil
components affecting the net charge (measured as negative zeta potential) available
for clay-water interaction, rather than the charge attributed to the clay mineralogy
and/or organic matter. Soil with smectitic mineralogy and high cation exchange

capacity dispersed less than soils dominant in illitic and kaolinitic clays. In
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successive experiments, soils differing in clay mineralogy, organic carbon and pH
were treated with solutions of varying CROSS, NaOH and sodium hexa- meta
phosphate (calgon) respectively. Where the high organic carbon of the soil was
bonding with clay surface, the charge was reduced considerably. Treating this soil
with NaOH led to the dissolution of organic carbon and increased the pH, thereby
increasing the net charge and clay dispersion. The treatment with calgon did not
dissolve the organic carbon or increase the pH. Nevertheless, the attachment of
hexa-meta phosphate with six negative charges on each molecule greatly increased
the negative zeta potential and clay dispersion. A high correlation (r’=72) was
obtained between the dispersed clay content and zeta potential of all soils with
different treatments confirming that the net charge on the soil surface available for

water interaction controls the dispersion-flocculation phenomena.

The research outcomes presented in this thesis have significantly contributed to
theoretical and practical knowledge concerning the effects of cations in soils and
irrigation waters on soil structure. The new structural stability index, CROSS, validated
in this thesis, provides a far more comprehensive assessment of the structural stability
of soils affected by salinity, naturally or due to different quality of irrigation waters,
than the traditionally used indices such as sodium adsorption ration (SAR), monovalent

cation ratio (MCAR) or potassium adsorption ratio (PAR).

Furthermore, CROSS provides an accurate and more suitable guideline for the use of
irrigation water of different cation composition (e.g. recycled water), which enables

management decisions on the suitability and the rate of irrigation water. The dispersive
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potential for individual soils, derived in this research, will facilitate calculation of the

required cationic amendments to maintain flocculated soils and their structural integrity.
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Chapter 1 Introduction

Of the elements sustaining human life on earth, the quality of soil and water are the two
most crucial. Poor management of the soil water system threatens the survival of the

human population by making it much harder to produce food.

Soil structure and associated architecture is a key factor in the functioning of soil, its
ability to support plant and animal life, and moderate environmental quality with particular
emphasis on soil carbon (C) sequestration and water quality (Bronick and Lal, 2005;
Pagliai et al., 2004; Passioura, 1991; Warkentin, 2008). Soil quality is strongly related to
soil structure and much of the environmental damage in intensive arable lands such as
erosion, desertification and susceptibility to compaction, originate from soil structure

degradation.

There is no more damaging threat to soil quality than the spread of salinity (Beresford et
al., 2001). Salt-affected soils are naturally present in more than 100 countries of the world
where many regions are also affected by irrigation-induced salinization. Different types of
salinization with a prevalence of sodium salts affect about 30% of the land area in

Australia (Rengasamy, 2006b).

Australia is the driest inhabited countries on earth, with the territory equal to 5% of global
area, but only 1% of global river runoff (Anderson and Davis, 2006). The fact that
irrigation is vital for increasing productivity is well appreciated by farmers and
governments. However, the expansion of irrigation, which has been the principal focus of
agricultural development in the recent years, has lately been offset due to the depletion of
groundwater resources and salinisation. The prospects of climate change further calls for
skilful management as well as proactive environmental strategies (Braimoh and Vlek,

2007).



This necessitates finding other sources of water for irrigation such as industrial effluent
and recycled water from urban sources. However, using industrial effluent (with high pH
and salinity) and recycled water for irrigation potentially can have an adverse impact on
soil structure and permeability due to the development of salinity, and the accumulation of
sodium (Bond and Smith, 2006; Halliwell et al., 2001; Kunhikrishnan et al., 2012;

Rengasamy, 2006a; Toze, 2006).

Most irrigated soils in Australia are sodic (Rengasamy and Olsson, 1991; Szabolcs, 1989),
with low hydraulic conductivity increasing the problem of salt build up over time
(Rengasamy, 2006b). The main concern for using different quality water for irrigation is

the presence of different ions, which have a deleterious effect on soil structural stability.

The integrity of soil aggregates on contact with water, during rain or irrigation, is
important in maintaining favourable soil structure in agricultural soils. On interaction with
water, the clay particles with high adsorbed monovalent cations are separated from the
aggregates to form a dispersive phase. This phenomena reduce soil porosity affecting
water and air movement in agricultural soils and the possibility of their erosion (Shainberg

and Letey, 1984).

Dispersive soil behaviour has been hypothesised to involve various electrical
diffused double layer forces generated between colloidal particles suspended in water
(Quirk, 2001). However, clay particles in soil aggregates exist as a complex heterogeneous
compound without being in colloidal suspension in water. Rengasamy and Sumner (1998)
suggested that stability of these aggregates when in contact with water depends on the
nature and persistence of linkages between the particles which, in turn, are functions of the
type of bonding such as covalent or ionic. Furthermore, the degree of ionicity (or

covalency) of these bonds depend on the nature of cations (inorganic or organic) found on



clay surfaces. Therefore, interactions between water molecules and charged clay particles
are functions of the ionicity of bonding involved. Several studies have attempted to
describe the partial ionic character of covalent bonds (Baird and Whitehead, 1964; Pauling,
1967). However, no quantitative index for the ionic character of clay-cation bonds has

been developed.

Adsorbed sodium is traditionally considered to be a primary cause for poor soil structural
stability. Sodium Adsorption Ratio (SAR) or Exchangeable Sodium Percentage (ESP) are

used as the indicators for soil sodicity and the effect of sodium on soil structure.

Na
SART/(Ca+ Mg)/2

where the concentrations of these ions (Na, K, Ca and Mg) are expressed in milli moles of

charge/L
ESP= Exchangeable () X 100

where CEC —cation exchange capacity and the quantities of the exchangeable cations are

expressed in cmol/kg.

However, there is a knowledge gap in understanding the effect of potassium and
magnesium on soil structural stability. Recent reports have drawn attention to elevated
concentrations of potassium and/or magnesium in some soils naturally and also as a result
of increasing irrigation with waste or effluent water or recycled water in Australia. The
ionic composition of these waters depends on the source and, in many instances they
contain significant amounts of potassium or magnesium in addition to sodium and calcium.

Furthermore, there is also a tendency in industries to use potassium or magnesium salts



instead of sodium during production processes to prevent the increase in sodium

concentration in effluents.

Potassium, being a monovalent cation, can cause swelling and dispersion, appears not
equivalent to sodium in causing structural problems in soils (Rengasamy and Sumner,
1998). Early basic colloidal studies showed an extremely strong correspondence between
the effect of sodium and potassium in aqueous suspensions of lyophobic colloids (Hunter,

1993).

Therefore, there is a need to derive and define a new ratio of these cations in place of SAR,

which will indicate the effect of Na, K, Ca and Mg on soil structural stability.

Rengasamy and Sumner (1998) derived the flocculating power values of these cations on
the basis of Misono softness parameter responsible for hydration reaction and the ionic

valence, which respectively are for Na=1.0; K=1.8; Mg=27 and Ca=45.

Based on this concept Rengasamy suggested that the cation ratio of structural stability
(CROSS) could be an index which would be analogous to SAR, but the differential effects
of Na and K in dispersing soils, and the differential effects of Ca and Mg in flocculating

soil clays.
Cation ratio of structural stability (CROSS) was defined as:

Na+0.56K
v/ (Ca+0.6Mg)/2

CROSS=

where the concentrations of these ions (Na, K, Ca and Mg) are expressed in milli moles of

charge/L.



The total concentration of the cations, together with this formula should parameterize soil
structural effects of the relative amounts of monovalent and divalent cations in the soil

solution more comprehensively than any previous approach.



1.1 Research aims and objectives

1. To confirm the effects of increasing amount of potassium on clay dispersion and
hydraulic conductivity in soil.

2. To develop the ionicity and covalency indices for monovalent and divalent cations
bonded to clay surface and to investigate the relationships of those indices with
clay dispersion — flocculation.

3. To validate experimentally cation ratio of soil structural stability (CROSS) and to
investigate the relationships between CROSS and soil exchangeable cation ratio
(ECR)

4. To investigate the relationships between CROSS and clay dispersion in relation to
clay mineralogy, organic matter and pH in soils

5. To establish the threshold electrolyte concentration (TEC) in relation to values of
CROSS using soils with varying clay content and mineralogy

6. To investigate structural differences induced by different cations, as indicated by
changes in pore architecture identified by using non-destructive X-Ray CT

scanning.



1.2 Linkage of Scientific Papers

Paper 1 (The effect of soil potassium on soil structure) investigated the effects of
increasing the amount of potassium on clay dispersion and hydraulic conductivity. The
changes to soils characteristics after treatments with different amounts of potassium were
directly related to the increasing concentration of potassium in treatment solutions. The
difference in soil porosity and pore connectivity were also confirmed by using X-ray CT
scanning, which allowed visualisation and quantification of the changes in three

dimensions.

Paper 2 (Clay behaviour in suspension is related to the ionicity of clay- cation bonds)
investigates the hypothesis that water interaction with clay is dictated by the degree of
ionicity of clay-cation bonds. The ionicity indices of the cations were derived using their
ionisation potentials and charge and found to decrease in the following order Li" > Na* >
K" > Mg®" > Ca* > Sr*" > Ba®". The study confirmed the difference in the dispersive
effects of monovalent cations and the difference in flocculating effects of divalent cations
on soil clays which in contact with water was related to the iconicity indices. This paper

further confirmed the effect of K on clay dispersion as observed in Paper 1.

Paper 3 (Nature of clay —cation bond affects structure as verified by X-ray computed
tomography) provided visual and quantitative evidences of changes in soil pore
architecture as influenced by the proportion of cations (Na, K, Mg and Ca) bonded to soil
particles. Pore architectural parameters such as effective porosity and pore connectivity, as

characterised by micro CT scans, were influenced by the cations dominated in the soil in



the following order Na > K > Mg > Ca, confirming that structural changes during soil-
water interaction depends on the ionicity of clay-cation bonding. All of the structural
parameters studied in Paper 1, Paper 2 and Paper 3 were highly correlated with the
ionicity indices of dominant cations, providing strong scientific evidence that water

interaction with clay is dictated by the degree of ionicity of clay-cation bonds.

Paper 4 (Cation ratio of soil structural stability (CROSS). The concept of CROSS has
been developed as an alternative to SAR to accommodate the difference in the dispersive
power of Na and K and the different flocculating power of Ca and Mg, and has been based
on the theory that the degree of ionicity in a bond involving a metal cation is characterised
by its ionisation and ionic potentials, validated by the outcomes of Paper 2. The results of
Papers 1 and Paper 3 and Paper 4 highlighted the importance of considering K in the
assessment of soil structural stability. Hydraulic conductivity experiments have shown that

CROSS is more suitable than SAR for evaluating soil structural behaviour.

Paper 5 (Threshold electrolyte concentration and dispersive potential in relation to
CROSS) established the relationships between the threshold electrolyte concentration
(TEC) of the flocculated suspension with CROSS of the dispersed suspension. Statistical
results of linear regression between TEC of the soil solution and CROSS and TEC and
exchangeable cation ratio were highly significant. Furthermore, the dispersive potential for
an individual soil was derived which allowed calculation of the required cationic

amendments to maintain soil structural integrity.



Paper 6 (The influence of organic matter, clay mineralogy and pH on the effects of
CROSS on soil structure is related to the zeta potential of the dispersed clay) provided
more detailed discussion on how the degree of clay dispersion influenced by CROSS
values depended on the net charge (measured as negative zeta potential) on dispersed clays
rather than the charge attributed to clay mineralogy and /or organic matter. This paper, a
logical continuation of the series of experiments, described in Papers 1, 3, 4 and 5,
focussed on the comprehensive validation of a newly developed concept of CROSS to use

instead of SAR for the assessment of soil structural behaviour.
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Chapter 2 Literature review

This literature review discusses soil structure, structural stability and how it can be

assessed chemically and physically. It focuses on cation balance in soils and in particular

on the factors that affect clay dispersion in saline soils.

2.1 Soil Structure

Soil structure is a crucial soil property in the functioning of several processes important to
soils productive capacity, environmental quality, and agricultural sustainability (Bronick

and Lal, 2005; Lal, 1991; Munkholm, 2011). There seems to be no single definition of soil

structure, and several are presented in Table 1.

Table 1 Definitions of soil structure by different authors

Source

Definition

Bradfield (1950)

Oades (1984)

Lal (1991)

Ball (2007)

“Soil structure is arrangement of the solid particles in the soil
profile.”

“Soil structure is defined as the size and arrangement of particles
and pores in soils.”

“The size shape and arrangement of solids and voids, continuity of
pores and voids, their capacity to retain and transmit fluids and
organic and inorganic substances, and ability to support vigorous
root growth and development.”

“Soil structure is a complex soil property, partly related to
inherent characteristics of particle size and clay mineralogy and
partly to anthropogenic influences related to land use and
management.

All these definitions are similar and relate to the arrangement of soil particles which

determine the size and distribution of pores.

12



Good structure for plant growth refers to the presence of pores for the storage of water
available to plants, pores for the transmission of water and air, and pores in which roots
can grow (Oades, 1984) and therefore, describes the arrangement and size of inter-and
intra-aggregate pores. Table 2 provides a modified classification of the pore size diameters

given by Oades (1984)

Table 2 Soil pore diameters and functions

Source: Modified (Oades, 1984)

Pore Function Terminology

diameter(pm)

<0.2 Residual (very strong bound water, Bonding pores, very
unavailable to plants) fine and fine pores

0.2-2.5 Storage of water available to plants Effective pores

25-100 Infiltration, permeability Water transmission

nores
>100 Aeration, fast drainage, root growth Root pores, drainage

2.1.1 Soil structural stability

Structural stability describes the ability of the soil to retain its arrangement of solid (i.e.,

aggregates) and pore space when exposed to external force (e.g., tillage, wetting).

In the arid and semi arid regions, the stability of soil aggregates is an important issue to
address because problems arise from intensive agricultural practices, land use change, low

content organic matter, and high content of sodium in the soil.

The stability of soil effective pores (see Table 2) depends on the stability of soil aggregates
and strength of bonds between different soil structural units on contact with water, during

either rainfall or irrigation, and is an important characteristic of the soil structural stability.

13



During wetting, aggregates on the soil surface are broken down to primary particles which

results in loss of macroporosity (Rengasamy and Olsson, 1991).

Many physical, chemical and biological properties of soils are affected by soil clay
dispersion, both directly and indirectly. These include hardsetting, low water and nutrient
movement, poor soil aeration, unfavourable soil hydraulic conductivity, reduced plant and
shoot growth, difficulty in preparation of seedbeds and high soil erodibility (Greene et al.,

2002; Nelson et al., 1999; Nguetnkam and Dultz, 2011; Oades, 1984; Oster, 2001;

Rengasamy and Olsson, 1991).

Figure 1 Symptoms of poor soil structure in the field due to soil clay dispersion:

(a) soil crusting; (b) waterlogging

Thus, dispersion of clay particles is one of the major processes responsible for the
degradation of soil structure (Chorom et al., 1994; Rengasamy, 2002a). Figure 1 depicts

poor soil structure due to clay dispersion in salt affected soil.

Structural stability of soils is controlled by a number of factors including the concentration
of the electrolytes in soil water system (electrical conductivity), type and proportion of

cations, clay mineralogy, pH, organic matter and management system. It is important to

14



note, one parameter cannot be considered without considering the interaction with other

parameters.

2.1.2 Assessment of soil structure attributes

Quantifying soil structure within the tilled layer of cultivated fields is necessary to evaluate
the impact of management practices on the soil environment (Pagliai et al., 2004).
However, direct measurement of soil structure is difficult and there is no unique method of
measurement that can satisfy requirements of all objectives for structural assessment (Lal,
1991). Therefore, the numerous methods proposed for characterizing soil structure are
indirect methods and designed to measure soil attributes depending on soil structure, rather
than the structure per se (Hillel, 1998).

In the 1950s and 1960s many indices of soil structure were developed, based on laboratory
tests for stability of soil aggregates, their dispersion in water and pore size distribution
(Childs et al., 1957; Currie, 1965; Low, 1954). Aspects of soil structure are commonly
described and quantified from water retention, water and gas permeability, porosity and
aggregate stability (Ball et al., 2007; Churchman and Payne, 1983; Gaskin and Raymond,
1973). More recently, methods involving micromorphology (Ringrose-Voase, 1991;
RingroseVoase, 1996) and 3D visualisation (Taina et al., 2008; Vergés et al., 2011; Young
et al., 2001) have been used as non destructive techniques for structural assessments.
Sodium adsorption ratio (SAR) and exchangeable sodium percentage (ESP) are currently
used as indices for assessing soil structural stability of salt affected soils on interaction
with water (Kopittke et al., 2006; Rengasamy and Churchman, 1999; Rengasamy and

Olsson, 1991; USSL, 1954; Viviani and Iovino, 2004).
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2.2 Salt affected soils

Soil salinity is one of the most common soil-degrading processes and is especially
prevalent in arid and semiarid areas (Rengasamy, 2008). The growth of most crops in salt
affected soils is adversely affected by soluble salts. Such soil includes both saline and
sodic soils. A saline—sodic soil contains both soluble and exchangeable sodium

(Evangelou, 1998).

Salinity—sodicity effects on the physical, chemical and hydraulic properties of the soil are
very complicated processes and can be influenced by many factors, among which are soil
type and texture (Greene et al., 1978; Quirk and Schofield, 1955), concentration and
proportion of monovalent and divalent cations in soil solution and on exchange sites
(Gillman and Sumner, 1987; Schofield, 1947; van de Graaff and Patterson, 2001) clay
mineralogy and content (Frenkel et al., 1978; Goldberg et al., 1988; Nelson et al., 1997),
pH of soil solution (Chorom and Rengasamy, 1997; Chorom et al., 1994; Suarez et al.,
1984; Sumner, 1993), the initial water content in soil (Rengasamy and Sumner, 1998) and

organic matter (Barzegar et al., 1997; Nelson and Oades, 1998).

Saline -sodic soils are subject to severe structural degradation and show poor soil-water
and soil-air relations. Swelling and dispersion of sodic aggregates destroy soil structure,
reduce the porosity and permeability of soils and increase the soil strength even at low
suction (Rengasamy, 2002b). Plant growth in saline-sodic soils can be severely constrained
due to waterlogging, which leads to plant aeration stress (Jayawardane and Chan, 1994).
The effective management of these soils require adequate understanding of not only how
water, and hence, solutes are transported within the soil, but also how soil salinity and

sodicity interact to determine soil structural changes (Rengasamy and Sumner, 1998).

2.2.1 Salinity
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Soil salinity is a characteristic of soils that relates to their content of total dissolved solids
in water and soil (Charman and Murphy, 2007). Usually, inorganic salts are crystalline
ionic compounds, which dissociate in water to form cations. The major ions present in
water are the cations of sodium (Na"), potassium (K ), calcium (Ca®"), magnesium (Mg*"),
aluminium (Al3+), iron (Fe*") and anions of chloride (CI), nitrate (NO*), phosphate
(PO™), sulphate (SO%), carbonate (CO3%), bicarbonate (HCO’) (McBride, 1994;
Patterson, 2006; White, 2006). Soil solutions have the same elements that are in water. The
proportion of cations and anions in natural soil-water is a product of soil type, climate and
land use. Generally, salinity is described as a total concentration of salts, irrespective of its

components.

2.2.2 Processes leading to soil salinity

Salinity in the landscape has developed under different environmental conditions over
many geological periods. Even though many Australian soils are naturally saline and are
found predominantly in arid and semi-arid regions, all soil types with diverse
morphological, chemical and biological properties may be affected by salinity

(Rengasamy, 2010).

Three main processes, which lead to saline land all over the world, have been distinguished
by Rengasamy (2006): groundwater associated, non-groundwater associated and irrigation
associated salinity (Figure 2). Dry land associated salinity is caused through the salt input
by natural processes of precipitation or the movement of saline groundwater. Whereas,
irrigation salinity is induced by the salt content in irrigation water. Transient salinity is
caused by the temporal and special variations of salt accumulation in root zone, not
influenced by ground water or rising saline water table and mostly occurs in areas

dominated by sodic subsoils (Rengasamy, 2002b).

17



The other source of accumulation of salts is deposition of the oceanic and terrestrial salts
carried by wind and rain. Rain water contains 6-50 mg/kg of sodium chloride: the
concentration decreasing with distance from the coast. Rain containing 10mg/kg of sodium
chloride would deposit 10kg/ha of salt for each 100ml of rain (Munns and Tester, 2008).
Oceanic influence decrease rapidly with distance from the coast, and the increasing

proportion of cations such as calcium and potassium in rain water suggest the influence of

terrestrial sources on rainwater composition (Isbell et al., 1983)

| SALINE LAND |
I R —

v v v
Groundwater Non-groundwater Irrigation
Associated Salinity Associated Salinity Associated Salinity
(GAS) (NAS) (IAS)

Primary  Secondary | Shallow NAS Deep NAS Topsoil Subsoil
GAS GAS (Solum layers)  (Below Solum) IAS IAS

—

Topsoil Subsoil

NAS NAS
Dryland salinity Transient salinity, dryland salinity, | Irrigationsalinity with
magnesia patches sallow or deep

watertable

Figure 2 Formation of saline land by three different processes

Source: Rengasamy, (2006a)
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2.2.3 Classification of salt affected soils

An overview of the classification of salt affected soils shows that a number of attempts
have been made in the past to characterise such soil into different categories (Gupta and
Arbol, 1990; McIntyre, 1979; Northcote and Skene, 1972; Rengasamy, 2010; Rengasamy
et al., 1984a; Rengasamy et al., 1992; Shainberg and Letey, 1984; Sumner et al., 1998).
The United States Department of Agriculture devised a classification that is widely used in
many countries (Table 3). A tentative correlation of the most widely used classification
systems of salt affected soils has been proposed by Szabolcs (1989) using terms like sodic,
alkali, solonchak, solonetz and solodized solonetz. It is the complex interrelationship

between those classifications which makes comparison between sodic soils difficult

(Rengasamy, 2006a; Rengasamy and Olsson, 1991).

Table 3 Classification of saline and sodic soils

Source: US Salinity Laboratory Staff (1954)

Soil classification Parameters

Exchangeable sodium percentage (ESP)<15,

Saline, non-sodic soils electrical conductivity in saturated paste extract

(ECe>4dS/m)
Sodic, non- saline ESP>15 and EC.<4dS/m
Saline, Sodic ESP>15 and EC>4dS/m
Non-saline, non sodic ESP<15 and EC.<4dS/m

Northcote and Skene (1972) proposed a classification for Australian sodic soils (Table 4),

where soils with an ESP greater than 6 are considered to be sodic.
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Table 4 Sodicity ratings and ESP for Australian soils

Source: Northcote and Skene (1972)

Ratings ESP
Non sodic 0-6

Marginally sodic to sodic 6-14
Strongly sodic >14

The reason for the difference in critical sodium level between Australia and America is
necessary to clarify an understanding of dispersive soils. In the U.S. Salinity Laboratory,
the hydraulic conductivity of disturbed soil samples were measured using tap water with an
electrolyte concentration of 5-10 mmolc /1 (Shainberg and Letey, 1984). At these electrical
conductivities, relatively high ESP values are needed to reduce hydraulic conductivity
(Shainberg et al.,, 1981). Conversely, in Australia, distilled water with electrical

conductivity of 0.7mmolc /1 was used (McIntyre, 1979).

It has been widely observed in Australia, on the basis of clay dispersion and reduced
hydraulic conductivity, that some soils can be considered to be sodic, when the soil ESP <6
(McIntyre, 1979; Rengasamy, 2006a). Therefore, the definition of sodicity, in addition to

ESP, needs to be based on the dispersive behaviour of soil.

For Australian salt affected soils, Rengasamy and Olsson (1991) have proposed a simple
classification based on the key soil properties: SAR, EC and pH (1:5 soil/water
suspensions) (Table 5). Where: SAR (sodium adsorption ration) is a measure of relative
dominance of dissolved sodium in water compared to the amount of dissolved calcium and
magnesium;

TEC (threshold electrolyte concentration) is a minimum concentration of salts required to

maintain the soil in permeable condition.
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Table 5 A simple classifications of Australian sodic soils

Source: Rengasamy and Olsson (1991)

Saline-sodic Sodic
(SARI1:5>3,EC 1:5 >TEC) (SAR1:5>3, EC 1:5 <TEC)
Alkaline sodic Neutral sodic Acidic sodic
(pH>8.0) (pH 6.0-8.0)pH (pH <6.0)

2.2.4 Distribution of saline and sodic soils

Agricultural losses caused by salinity are difficult to assess but estimated to be substantial
and expected to increase with time. Saline and sodic soils cover more than 6% of the world
total area of land, which counts for 800 million ha worldwide (Munns and Tester, 2008).
At least 20% of all irrigated lands are salt-affected, with some estimates being as high as
50% (Pitman and Lé&uchli, 2004). Table 6 summarises the global distribution of salt

affected soils across several continents of the world.

Table 6 Global distribution of salt affected soils (10°km?)

Source: Rengasamy and Olsson (1991)

Continent Saline Sodic Sodic/Saline ratio
Australia 386.3 1997.0 5.17
North America 81.6 95.6 1.17
South America 694.1 595.7 0.86
Asia 1949.2 1218.6 0.63
Africa 534.9 269.5 0.50

Salinity problems in Australia are already significant and expected to increase as a result of
past and present practices. The National Land and Water Resources Audit estimates that

5.7 million hectares have a high potential for the development of dryland salinity, and
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predicts this to rise to 17 million hectares by 2050. The value of agricultural productivity
lost due to salinity in Australia has been estimated at $200 million (NLWRA, 2002).
Furthermore over 60% of soils in Australian agricultural zones are sodic (Rengasamy,
2006a), and cost associated loss of productivity to sodicity estimated at $1 billion

(NLWRA, 2002).

2.2.5 lrrigation and salinity

The National Land and Water Audit (2001) estimated that approximately 5.7 x104 km? of
Australian agricultural and pastoral land has a high potential for developing salinity. The
report advised that this area could increase to 17x104 km® by 2050, unless effective
solutions are found and applied. Irrigation in Australia has been developing over a wide
range of climatic zones and uses over 10.2 million mega litres of water annually on 1.84
million ha (Rengasamy and Olsson, 1993). Major irrigation development in Australia has
been taking place within the Murray Darling Basin. Generally the quality of irrigation
water from the river sources is good (EC 0.1-0.6 dS/m-1), however the discharge from
effluent and drainage waters into the river increase salinity of irrigated water. Recent
developments using industrial effluent and recycled water for irrigation may result in
addition of a large amount of salt to the soil if an environmentally sustainable reclaimed
water scheme is not developed and implemented (Bond and Smith, 2006; Laurenson et al.,
2012; Stevens et al., 2006; Stevens et al., 2003) Considering that most of the irrigated soils
in Australia are sodic, with low hydraulic conductivity, probability of salt build up due to
irrigation over time increases. Furthermore, salinity of the water-table has increased in
recent years, ranging between 4 and 150 dS/m™, due to recharge of water from the flat

irrigated areas (Rengasamy and Olsson, 1993).
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2.2.6 Effect of salinity and sodicity on plants

Soil salinity becomes a major issue for global agriculture when the accumulation of salts in

soil reaches a level that adversely affects crop production (Rengasamy, 2010).

Munns and Tester (2008) elucidated the following two phases of crop growth responses to

salinity:

1) a continuous osmotic phase that prevents water uptake by plants due to osmotic pressure

of saline soil solution

2) a slower ionic phase when the accumulation of specific ions in the plant over a period of

time leads to ion toxicity or ion imbalance.

These factors limit plant growth through poor seedling emergence, and root growth as well
as limit plant nutrition by restricting water and nutrient uptake and gaseous exchange

(Qadir and Schubert, 2002).

Rengasamy (2010) categorised salt affected soils in relation to the range of the possible
impact on plant growth (Figure 3) and took into account the ionic composition of irrigation
water and soil solution to allow full interpretation of soil-plant interactions. Furthermore,
he pointed out that toxicity, deficiency or ion-imbalance due to other elements (e.g. B, K,

N, P) will depend on the ionic composition of the soil solution.

The diagram also shows the cyclic changes of the categories as influenced by climatic
factors and land management. It is important to note that in Australia, 1:5 soil/water
suspension is commonly used for measurements of EC (and also for SAR) because of the
ease of measurements. Saturation extract is more prevalent in USA and other parts of the

world and therefore to compare the research data, particularly salt tolerance thresholds for
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crops based on EC,, conversion of EC;:s to EC. has become a necessity (Rengasamy

A Saline soils Saline sodic soils
1 Acidic Osmotic effect; microelements (Fe, 4  Acidic Osmotic effect; microelements (Fe,
(pH<6)  Al,Mn etc) toxicity; (pH<6) Al, Mn etc) toxicity : Na* toxicity
possible SO,% toxicity Decr(iase
2 Neutral Osmotic effect ; possible toxicity of &_ 5 Neutral Osmotic effect ; toxicity of dominant
(pH 6-8) dominant anion (CI-or S0,%) and (pH6-8)  anion (Cl-or S04} ; Na* toxicity
< dominant cation (other than Na~)
A Increase
3 Alkaline Osmotic effect; HCO, and CO;* inNa' 6 Alkaline  Osmotic effect; HCO, and CO,*
' 3 3 in Na - ity i y
(pH>8)  toxicity; microelements (Fe, Al, Mn (pH >8) toxicity; Na* toxicity; microelements
etc) toxicity at pH >9 (Fe, Al, Mn etc) toxicity at pH >9

—
[ i ) Accumulation of
a Accumulation Leaching salts due to Leaching
T of salts other t')y raln'or waterlogging by rain or
A than Na salts irrigation and restricted irrigation
u .
e} drainage
] ) Sodic soils
Non-salt affected soils Reclamation
using 7 Acidic Indirect effect due to soil structural
< amendments (pPH<6) problems; seasonal water logging;
v (e.g. Gypsum) microelements (Fe, Al, Mn etc)
Can have problems due to factors 8 Neutral Indirect effect due to soil structural
other than salts —_— (pH 6-8) problems; seasonal water logging;
Accumulation possible Na* toxicity at high SAR,
. +
(Normal soils: pH 6-8) of Na (e.g. 9 Alkaline Soil structural problems; seasonal water
Irrigation with (pPH>8) |ogging; HCO, and CO,2 toxicity; micro-
high SAR and elements (Fe, Al, Mn etc) toxicity at
v low EC water) pH >9
<6 SAR _ or ESP >6

Figure 3 Categories of salt affected soils based on Na+ adsorption ratio (SARe) and
electrical conductivity (EC.) measured in soil saturation extract and pH1:5 measured in
soil water suspension and possible mechanisms of impact on plants

Source: Rengasamy (2010)

2.2.7 Salinity assessment

The amount of dissolved salts is usually expressed as total soluble salts (TSS) and the units

are mg/kg (parts per million) or g/100g (%) (Hazelton and Murphy, 2007). The
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conductivity of soil solution is directly related to the amount of salts present in solution,
although relationships can vary depending on the type or species of cations and anions
present. The conversion is influenced by the atomic weight of the cations and ions present

in soil solution and will vary depending on the type of salts present.

These conversions are based on salts dominated by sodium chloride.

TSS (mg/kg) = 640 X EC (1:5) (dS/m)

TSS (g/100g) = 0.064 X EC1:5) (dS/m)

The relationships between the cations concentration TCC (mmol (+)/L) and EC dS/m is

linear for solutions with EC<10 dS/m

TCC (mmol (+)/L=10 EC (dS/m)

Traditionally the electrical conductivity of saturated extracts (EC,) is measured, reflecting
soil water content in the field conditions, though the method is considered to be tedious.
The electrical conductivity measured in 1:5 soil/water suspension is a rapid method of
estimation of soil salt content, though the suspension is much more diluted than field

conditions. The common units for electrical conductivity are deciSiemen per metre (dS/m).

Multiplier factors are used for converting EC;.s (dS/m) to EC, value (dS/m). Slavich and
Paterson proposed the conversion of EC;.5 to EC, values using an estimated water holding
capacity of the soil based on the texture of the soil. Rengasamy et al. (2006a) derived a

conversion equation between EC. and EC;s by using 40 soil samples collected from

different types of soil with clay content ranging from 6% to 60%:

EC.=(0.14 - 0.13 X clay %) X EC ;5
This simple conversion is not always ideal, but generally enables an assessment of the

salinity in soils. Also, it must be noted that these relationships are largely based on
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chloride salts, so where a large quantity of sulphate or carbonate salts are present, some

errors may occur using these conversions (Shaw, 2005).
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2.3 Sodic soils and sodicity

The soil is considered to be sodic when free salts are leached from the soil layer and only
exchangeable sodium remains adsorbed on the soil particles at concentrations adversely

affecting the structure of soils (Charman and Murphy, 2007; Rengasamy, 2002b).

The distinction between saline and sodic soils arises as the attractive and repulsive forces
vary depending on whether the soil solution is concentrated (saline) or diluted with a high
proportion of Na to divalent cations sufficient to cause swelling and dispersion (sodicity)

(Rengasamy and Sumner, 1998).

Due to high sodium and low salt levels, sodic soils have extremely poor physical properties
manifested in degradation of aggregate structure, loss of macroporosity, which lead to a
severe imbalance between water and air movement within the soil. This imbalance stems
from restricted water infiltration and transmission properties which result in soil being too
wet or too dry for much of the time (Brady and Weil, 2008; Rengasamy and Olsson, 1991;
Shainberg and Letey, 1984). Lack of structural stability in these soils promotes seal and

crust formation at the soil surface resulting in erosion (Rengasamy and Olsson, 1991).

Sodic soils are formed as a result of the adsorption of sodium ions (Na") by the negatively
charged sites on soil particles, mostly soil clays, from soil solution containing free sodium
salts such as sodium chloride (NaCl), sodium carbonate (Na,COs) sodium bicarbonate

(NaHCOs3) and sodium sulphate (Na;SOy).

Swelling, dispersion and slaking are the major mechanisms by which the structure of sodic
soils collapses during rain or irrigation, resulting in a poor physical condition (Brady and
Weil, 2008; Cass, 1999; Rengasamy and Olsson, 1991; Rengasamy and Sumner, 1998).
Firstly, exchangeable sodium increases the tendency of aggregates to disintegrate or slake

upon wetting. The clay and silt particles released by slaking aggregates clog soil pores as

27



they washed down the profile. Secondly, when clay that is prone to expansion, such as
montmorillonite, become saturated with Na' their degree of swelling is increased, shutting
large pores responsible for water drainage in the soil. Third and the most important
condition — the combination of high sodium and low dissolved salt concentration leads to

soil clay dispersion (Brady and Weil, 2008; Nguyen et al., 2009; Rengasamy, 2002a).

2.3.1 Sodicity assessment: ESP, SAR

Exchangeable sodium percentage (ESP) is often used as a measure of sodicity.
ESP is determined by measuring concentration of all the exchangeable cations in the soil
and expressing the amount of exchangeable sodium Nay (cmol/kg) as a proportion of sum

of all the exchangeable cations or cation exchange capacity (CEC), (Brady and Weil, 2008;

Charman and Murphy, 2007; Hazelton and Murphy, 2007).
Exchangeable sodium percentage is determined by soil extraction techniques as described

in the Soil Chemical Methods Australasia chapter 15 (Rayment and Lyons, 2011):
ESP = (Exch (Na+ X 100) /CEC

where CECg¢ is the sum exchangeable Ca2+, Mg%, K" and Na".
The sum of the major exchangeable cations (3. Exch.(Ca + Mg + Na + K)) is referred to
as total exchangeable bases (TEB) or base saturation (BS), similar to CEC value and called

effective CEC (Hazelton and Murphy, 2007).

Patterson (2006) underlined the importance of understanding the difference between the
measurement of exchangeable cations Ca®", Mg”", Na” and K (effective cations exchange
capacity CECe ) in the soil with or without inclusion of the soluble salts in soil solution,
and measurements made for the same four cations plus the H™ and Al’" cations (Cation

exchange capacity CEC).
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Sodicity can be measured indirectly by measuring the concentrations of all cations in the
soil solution (1:5 soil/water suspensions). These concentrations are used to measure
sodium adsorption ratio (SAR), which describes concentration of the sodium ion relative to

that of calcium and magnesium, defined as:
SAR= Na+ / V (Ca**+Mg""),
with all the cation concentrations expressed in mmol/L.

SAR is becoming more widely used than ESP, because of its high correlation with ESP and
because it is practically more easily measured. Also, SAR can be determined from the

same soil-water extract used to evaluate the EC in soil solution (Qadir and Schubert, 2002).

Both, the ESP and SAR are related to the process of cation exchange (Rengasamy and
Olsson, 1991; So and Aylmore, 1993; Sumner, 1993). ESP values can be expressed as an
SAR equivalent by a number of relationships. For example, the ESP of a soil can be

estimated from SAR of the saturated extract using the following equation (USSL, 1954):

ESP=1.475(SAR) / (1+1.0147SAR)

Rengasamy et al (1984a) suggested that ESP can be estimated from the SAR of the 1:5 soil
water extract using the following equation:

ESP=1.95 (SAR) +1.8

However, such relationships can vary with clay content and mineralogy, salinity of

equilibrium solution and saturation percentage of the soils (Sumner et al., 1998).
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2.4 Effect of potassium and magnesium on soil structure

2.4.1 Potassium

Potassium exists in soils in structural, non-exchangeable, exchangeable and water soluble
forms (Sekhon, 1999). The major mechanisms involved in the decrease in permeability due
to monovalent exchangeable cations are swelling, dispersion and clay migration which
affect hydraulic conductivity of the soil (Quirk and Schofield, 1955). Irrigation with
wastewaters from agri-industry processes is commonplace nowadays and these
wastewaters all have high concentrations of potassium (K). Long term application of such
wastewaters may lead to build up of potassium in soil resulting in a decrease in the

hydraulic conductivity of the receiving soils (Arienzo et al., 2009).

Reported results on the effect of exchangeable potassium on soil permeability differ or are
conflicting, which may be attributed to differences in clay mineralogy and sample
preparation procedures (Holthusen et al., 2012; Levy and Torrento, 1995; Shainberg and
Levy, 1992). Some studies have found that exchangeable sodium and exchangeable
potassium had similar deleterious effects on hydraulic conductivity of the soil (Quirk and
Schofield, 1955). Other researchers have reported that the effect of exchangeable
potassium on soil permeability was not as negative as that of Na, but not as favourable as
that of divalent cations (Ca and Mg) (Reeve et al., 1954). The literature shows a broad
spectrum of possibilities for potassium’s effect on infiltration, ranging from being similar

to sodium (negative effect) to being similar to calcium (positive effect).

However, it seems that the overall effect of increasing exchangeable potassium can
negatively impact on soil hydraulic conductivity. For example, it was reported that soil
permeability relates to exchangeable cations in the following order: Ca = Mg>K>Na (Chen
et al., 1983), although difference in the relative values of permeability have been reported:

Mg>K>Na (Reeve et al., 1954), Ca>Mg>Na=K (Quirk and Schofield, 1955); Ca>K>Na
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(Gardner et al., 1959); NH4s=K>Na; Ca=Mg>K>Na (clay loam); Ca>Mg>K=Na (clay)
(Swaify et al., 1970). Levy and van der Watt (1990) observed that an increased amount of
exchangeable K in soil clay resulted in a decrease in hydraulic conductivity. These
authors commented that the extent of this phenomena depended on the clay mineralogy of
the particular soil. The smallest effect was found in kaolinites and the greatest in the illitic
soils. In contrast Cecconi et al. (1963) suggested greater stability in K saturated soils than
in those saturated with divalent cations; K>Ca=Mg>Na. Furthermore, Chen et al. (1983)
reported that an exchangeable potassium percentage (EPP) in the range of 10-20, improved
the hydraulic conductivity in some Israeli soils. Shainberg et al. (1987 a, b) concluded that
effect of K depends on charge density of the smectitic clay. They found that the higher the

charge density of the clay the more favourable the effect of K on hydraulic conductivity.

In some soils potassium effects on hydraulic conductivity were intermediate between Ca*"
and Na', whereas in others K" improves permeability. It seems that potassium fixation

could be a possible mechanism that affects permeability.

Potassium K’ is a major nutritional element for plants and enrichment of K' in the
exchange sites due to fertiliser practice can be expected. Therefore it is important to
understand the effect of potassium on soil structure and its role and position in the

exchange complex (Table 7).

Potassium, a cation with low hydration energy (Sawhney, 1972), produce interlayer
dehydration and layer collapses and therefore is fixed in interlayer positions. The degree of
cation fixation depends on the layer charge of the mineral. In vermiculite, K* saturation
effects interlayer collapse producing 10A° structure, but in montmorillonite with a smaller
layer charge than vermiculite, K saturation produces only a partial layer collapse.

(Sawhney, 1972).
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Table 7 The influence of dominant clay minerals on the amount of the exchangeable,

water soluble and total potassium in soils Source: Brady and Weil (2008)

Dominant clay mineralogy of soils,
me K/ke soil

Potassium pool Kaolinitic Mixed Smectitic
Total potassium 3340 8920 15780
Exchangeable potassium 45 224 183
Water soluble potassium 2 5 4

Certain minerals have a specific preference for potassium, such as vermiculite, as shown
on Figure 4, where the release of potassium proceeds to the right, while the fixation
process proceeds to the left. The dehydrated potassium ion is much smaller than the
hydrated ions of Ca*", Mg®", Na". When potassium is added to soil containing 2:1 type
minerals such as vermiculite, the reaction goes to the left and potassium ions are tightly
held (fixed) in between layers within the crystal, producing a fine grain mica structure
(Brady and Weil, 2008). In strongly acidic soils the tightly held H" and hydroxy aluminium
ions prevent potassium ions from being closely associated with the colloidal surface, which
reduce their susceptibility to fixation. As the pH increases, the H™ and hydroxy aluminium
ions are removed or neutralised, making it easier for potassium ions to move closer to the

colloidal surface, where they are susceptible to fixation (Brady and Weil, 2008).

Mica Fine-grained micas (e.g., illite) Vermiculite
CEC=0 CEC = 15-40 CEC = 150

Dehydrated K ion ® Hydrated exchangeable cations @ K @ Ca @ Na ° Mg

Figure 4 The release and fixation of potassium between primary micas, fine grained mica

(Illite) and vermiculite Modified from McLean (1978) Brady and Weil (2008)
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2.4.2 Magnesium

Traditionally, the negative effect on hydraulic conductivity and infiltration rate due to soil
chemistry has been attributed to exchangeable sodium, or low irrigation water salinity, or
both. However, magnesium may have been partially responsible (Emerson and Smith,

1970; Oster, 2001; Rengasamy et al., 1986).

Some of the irrigation water in many regions of the world contains a high concentration of
Mg, which results in increased concentration of exchangeable Mg in the soil. In some soils
the exchangeable Ca/Mg ratio is less than 1 (Shainberg and Levy, 1992). Ca and Mg, have,
for practical purpose, generally been grouped together as similar ions in maintaining soil
structure when quantifying sodicity of soil and irrigation water (US Salinity laboratory

Staff, 1954).

While several reports on laboratory experiments have shown little or no differential effect
of Mg and Ca on soil structure, a few laboratory studies have shown that exchangeable
magnesium can cause structural deterioration in some soils under specific conditions
(Dontsova and Norton, 1999; Rahman and Rowell, 1979; Zhang and Norton, 2002). Quirk
and Schofield (1955) observed that saturated hydraulic conductivity (Ks) of Mg saturated
illitic soils was much lower than Ca saturated soils. Emerson and Smith (1970) reported a
difference in the ease of dispersion of surface soils when saturated with Ca or Mg ions.
Aggregates of a kaolinitic red earth were washed with either CaCl, or MgCl,. Dispersion
was visually assessed using the scale 0-4, where 4 includes complete dispersion into
primary particles. Figure 5 shows that Mg washed soil exhibited signs of dispersion when
remoulded at a water content of 15 percent by weight, whereas Ca soil started to disperse
at 20 percent, which is a significant difference considering that the field capacity of the soil

is about 20 percent by weight (Emerson and Smith, 1970).
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Figure 5 Visual dispersion in water of surface aggregates of a red brown earth
remoulded at various water contents. X- washed MaCl,; ¢-washed CaCl,

Source: Emerson and Smith, (1970)

Alperovitch (1981), found that in a calcareous soil exchangeable Mg had no specific
adverse effect on the hydraulic conductivity whereas in non-calcareous soils Mg cause a

decrease in hydraulic conductivity.

Exchangeable magnesium in soil can directly influence soils structural properties: the
effect is known as a “specific effect’, which has been reported in soils dominant in clay
mica, but not in smectitic and kaolinitic soils (Emerson, 1977; Emerson and Bakker, 1973;
Rahman and Rowell, 1979). Direct negative effect results from the hydrated radius of Mg
ion are 50% greater than that of Ca ion. Therefore, soil surface, where exchangeable Mg is
present, will tend to absorb more water than where exchangeable Ca is present, which will
tend to weaken forces that keep soil particles together, resulting in increase in clay

swelling and dispersion (Oster, 2001).

Magnesium can have an indirect effect on soil structural properties by influencing higher

adsorption of sodium than in calcium dominant soils (Rahman and Rowell, 1979).
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Keren (1991) studied the effect of adsorbed Mg and Ca on soil erosion and infiltration rate
on two soils exposed to rainfall, in the presence and absence of adsorbed Na. The author
concluded that the erosion rate of the soils was higher for the Mg soils than for the Ca
soils. Moreover, the infiltration rate and the cumulative water depth required to reach a
steady state infiltration rate were lower for Mg soils than for Ca soils. Adsorbed Mg by the
montmorillonitic soil increased erosion and lower infiltration rate, regardless of CaCOs;
present. The Ca aggregates were more stable than Mg aggregates, even in the presence of
Na. The specific effect of Mg on soil erosion was explained by the presence of Mg ions on
external surfaces of the clay tactoids, and the wider hydration shell of Mg as opposed to

that of the Ca ion (Keren, 1991).

Shainberg et al, (1988) concluded that the low hydraulic conductivity values of the Na-Mg
smectite systems compared to the Na-Ca system are related to the effect of Mg on
hydrolysis of these clays. These conclusions were based on the findings of Kreit et al.
(1982 ) who showed that the presence of a high concentration of Mg at the clay surface
slowed down the release of octahedral Mg from the lattice (Kreit et al., 1982 ) and lowered
the EC of Na-Mg clay solution (Shainberg et al., 1988). In order to prevent structural
problems in sodic soils, the high level of exchangeable Mg (Ca/Mg <1) needs to be
minimised to maintain an electrolyte level above the threshold value for a particular soil
(Rengasamy et al., 1986). In fact, Rengasamy et al. (1986), observed that red-brown earth
soils with an exchangeable Ca/Mg ratio less than 0.5 have an adverse permeability problem

in the presence of sodium.
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2.5 Cation Ratio of Soil Structural Stability (CROSS)

2.5.1 Problems associated with the use of ESP and SAR as structural stability indices.

Several problems can be associated with the use of ESP and SAR used as structural

stability indices:

1. ESP and SAR can be misleading when used as indices of soil structural stability where
soil structure is negatively affected by a high amount of monovalent ions such as K",
rather than sodium. Excessive potassium originates from irrigation water, soil minerals
and potassium fertiliser or manure generated by animals fed in high potassium diet,
such as alfalfa-rich diets used by dairy farms (Brady and Weil, 2008).

2. Although exchangeable Mg has not been included within the common definition of
sodicity, there has been disagreement concerning its influence on the behaviour of
sodic soils (Rengasamy and Churchman, 1999). Furthermore, in SAR model Ca®" is
equated to Mg”" in their flocculating effects.

The role of Mg in enhancing the dispersive potential, compare to Ca, is explained by the

lower degree of covalence in Mg than in Ca when bonded to exchangeable sites

(Rengasamy, 1996).

Therefore there is a need to modify SAR, firstly to include K™ in the equation, and

secondly, to incorporate the differences in dispersive effects of Na and K on the one hand

and the flocculating effects of Ca and Mg on the other. ESP needs to include exchangeable

K, along with Na in the numerator.

2.5.2 CROSS- concept development

As was discussed in previous sections, sodium adsorption ratio (SAR) or exchangeable
sodium percentage (ESP) is used as an index of sodicity effects on soil structure

(Rengasamy and Churchman 1999). The SAR model was originally developed on the basis
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of ratio law of Schofield (1947) to predict the adsorption of sodium on soil exchange sites
in relation to the cation concentrations in soil solutions. SAR is estimated from the
concentrations of Na, Mg and Ca in soil solutions and has been found to be correlated with

ESP. Potassium is not considered in the SAR model.

Smiles and Smith (2004) suggested a “monovalent cation ratio” (MCAR), which includes

Na+K in the calculation of SAR and where Mg is treated as equal to Ca.

A Monovalent Cations Adsorption Ratio (MCAR), is defined as:

MCAR = (Na+K)/[(Ca + Mg )/]'*

where concentrations of Na, K, Ca and Mg are expressed as mill moles of charge/L.

This ratio may predict the adsorption of monovalent ions by soil colloids on the basis of
cation exchange isotherms, but it fails to weight the relative efficacies of Na and K in the
numerator and of Ca and Mg in the denominator, and treats members of each pair as

identical.

There are numerous reports, (Section 2.4.2), that Mg is aiding dispersion in a similar way

to sodium and exhibiting the lower flocculating effect compared with Ca.

Therefore, there is a need to derive and define a new ratio of these cations in place of SAR,
which will indicate the effects of Na, K, Mg and Ca on soil structural stability while taking
into consideration soil pH, texture and clay mineralogy. This will be achieved using a
formula analogous to the SAR but which selectively incorporates the dispersive effects of

Na and K and the flocculating effects of Ca and Mg.

Rengasamy and Sumner (1998) derived the flocculating power of these cations on the basis
of Misono softness parameter responsible for hydration reactions and the ionic valence.

They defined the flocculating power as:
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Flocculating power = 100(1, / I+1)"

where I, and 1, are 7" and z+1 ionisation potential of a cation with valence Z. Thus, the
relative flocculating power of cations is: Na=1, K=1.8, Mg=27 and Ca=45 (Rengasamy,

2002a).

Flocculating power gives the reverse of dispersive effects. Based on these notions a ratio
analogous to the MCAR but which incorporates the differential effects of Na and K in

dispersing soil clays, and the differential effects of Ca and Mg in flocculating soil

clays, may be written as:
Cations Ratio of Structural Stability(CROSS) = (Na+0.56K) / [(Ca +0.6 Mg)/2]"?
where the concentrations of these ions (Na, K, Ca and Mg) are expressed in milli moles of

charge/L.

The total concentration of the cations, together with this formula should parameterize soil
structural effects of the relative amounts of monovalent and divalent cations in the soil

solution more comprehensively than any previous approach.

Furthermore, the research on salinity effect on plant growth is mainly concentrated on
sodium and chloride ions. It is important to know how different cations, such as K, Ca, Mg

in addition to Na, and anions such as sulphate and carbonate in addition to chloride, affect

plant growth when salinity is dominated by salts other than NaCl.

This development is critically important in view of current concerns about salinity

definition and management in Australia.
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2.6 Processes involved in the dispersive behaviour of soils

In the past, soil scientists have used a model involving Lifshitz-van der Waals, ion
correlation, hydration and electrical diffused double layer forces generated between
colloidal clay minerals suspended in water to explain sodic soil behaviour (Quirk, 1994;

Sumner, 1993).

DLVO theory was considered as the centrepiece of colloid science for over 50 years
(Derjaguin and Landau, 1941; Israelachvili, 1992; Verwey and Overbeek, 1948b). DLVO
theory is used to predict whether the long-range forces between any pair of colloids will be
attractive or repulsive, and hence whether or not a given suspension of colloids will be
stable against aggregation. The theory states that long-range forces are dominated by two
interactions: double-layer repulsion and van der Waals attraction. The first of these arises
when the cloud of ions surrounding any charged particle in an electrolyte, its so-called
double layer, overlaps with the double layer of another particle, driving them apart. The
second is caused by the quantum fluctuations in the electrons of one particle inducing
correlated fluctuations in another particle-the resulting dipoles cause an attraction between

the particles.

However, DLVO theory has several flaws. Firstly, the identity of the ions only enters the
theory through their valence, so according to the theory any electrolyte with the same
valence will behave the same way, something that is not the case (Edwards and Williams,
2004; Giiven, 1992; Rengasamy and Sumner, 1998). Secondly, clay particles are bound
together with silt, sand particles and organic matter into aggregates of various sizes are
confined and not readily suspended in water. Consequently, for clay in soil to become
dispersed, forces other than those which operate in colloidal suspension must be overcome

(Rengasamy and Sumner, 1998).
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In addition most investigations on clay dispersion and flocculation were conducted on pure
clay minerals rather than on soil clay systems and the organisation of clay crystals and the
separation of their surfaces in soil is very different from that in dilute clay suspension

(Quirk, 2003).

The origin of non-DLVO forces lies in solvation reactions where polar solvents react with
polar surfaces. Slaking, swelling and dispersion of soil aggregates are not influenced by
non-polar solvents (Murray and Quirk, 1982), the polar (electrical) nature of water
molecules is crucial for determining the patterns of behaviour of clays in dispersed soils

(Table 8).

Table 8. Slaking and spontaneous dispersion of Alfisols aggregates at two levels of

sodicity in various solvents Source: Murray and Quirk, (1982)

Dielectric constant Slaking <2um  Dispersed clay %of total clay

ESP1 ESP20 ESP1 ESP 20
Water 6 67 80 0 26
Ethanol 24.3 24 12 0 6
Benzene 2.3 0 0 0 0
N-Hexanol 1.9 0 0 0 0

Furthermore, clay particles are bound together by inorganic and organic compounds
involving several mechanisms and types of bonding (Table 9) which produce strong

attractive forces (Rengasamy and Olsson, 1991).

Thus, the water stability of the aggregate depends on these linkages, which are functions of

the type of bonding.
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According to Pauling (1967), a bond between two atoms may be said to have a certain
amount of covalency or ionicity. The covalency and ionicity of a bond are very useful

quantitative concepts based on electronegativity differences of the atoms involved in the

bond.

Table 9 Types of bonding and mechanisms involved in the linkages between clay

particles in an aggregate ~ Source: Rengasamy and Olsson (1991)

Type of bond Mechanism

Van der Waals bonding between permanent of induced polar units

forces

Ionic bonds cation and anion exchange, cation bridging

Hydrogen bond water bridging, H-bond with oxygen the silicate sheet, proton
mediated H-bond

Coordination ion-dipole interaction, ligand exchange, inner and outer sphere

complex complexation

Covalent bond O-H, Al-O, Si-O bonding, inner and outer sphere complexation

Hydrophobic bond interaction between the hydrophobic portion of the clay surface and
non-polar groups of organic molecules

Bond strength in the presence of water decreases in the order: covalent, hydrophobic, van
der Waals, coordination complexing, hydrogen and ionic boding (Table 9). When the
cation and the surface atoms are mutually polarised it results in polar covalent bond. If the

cation has no polarizing effect on the clay surface atoms, the bond is ionic (Figure 6).

Fajans (1970) considered the effect of a highly charged cation on an anion. If the anions
were large and soft enough, the cations should be capable of polarising it and in the

extreme cases would virtually penetrate the anionic electron cloud giving a covalent bond.

It is probable that every heteronuclear bond contains a mixture of ionic and covalent

character (Huheey et al., 1993).
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No polarization. Anion is polarized. Anion and cation
Idealized ionic (Cation may be slightly polarized.) are both polarized.
bond. Some covaent charadter. Covalent bond.

Figure 6 Schematic picture of ionic, partially covalent and covalent bonds between anion
and cation Source: Huheey (1993)

The degree of covalency in a bond involving metal cations is quantified by the Misono

softness parameter Y derived from ionisation and ionic potentials (Misono et al., 1967).

Misono factor Y expresses the tendency of metal ion to form a dative m-bond and

corresponds to its “softness” or the ability to enter into electron acceptor and electron

donor (EAED) or hard soft acid base (HSAB) reactions (Figure 7).
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Figure 7 Lewis Classification of some metals according to ionic potential, Lewis acid

softness parameter and Misono softness parameter Source: Sposito (1994)
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In quantitative terms, a hard Lewis base is “a molecular unit of high electronegativity and
low polarizability” (Sposito, 1994). Examples of hard Lewis bases are cations of the metals

Na, K, Mg and Ca.

However, Sposito (1994) pointed out that even with the set of hard Lewis acid there is a
spectrum of hardness instead of a single degree of hardness, applicable to all members.
Although Li, Na,K, Mg, Ca, Cs and Be are all classified as hard Lewis acids, Cs and Be

are much softer than Li and Mg. These relationships between the metal ions can be

quantified as the Misono softness parameter Y:

Y=10 (I,R/ Z" 1,11

Where: R- ionic radius of metal ion; z - its formal charge; I,-ionization potential;

I,11- ionization potential when the valence of the cation changes to Z+1.

Rengasamy and Sumner (1998) concluded that the attractive forces between clay particles
depend on the nature of bonding mediated through the cations commonly found in soils
(Na, K, Mg, Ca, Fe, and Al) and the tendency to form covalent bonding and complexes

increases in the order: Na™>K">Mg **>Ca *".
2.6.1 Mechanism of structural changes in dispersive soils

The stability of soil aggregates, and therefore that of pore systems, depends upon attractive
and repulsive forces arising from intermolecular and electrostatic interactions between the
soil solution and soil particles. Rengasamy and Sumner (1996) described the changes in
particle association in clay aggregates with wetting and drying, contrasting sodic and calcic
systems. Figure 8 shows schematically the magnitude and direction of pressure changes
taking place during wetting of aggregates, involving slaking, spontaneous and mechanical
dispersion, and flocculation of dispersed clay by electrolytes. The organic and inorganic

compounds, which bind together clay particles in dry aggregates (stage 1), produce strong
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attractive pressure of the magnitude measured in megapascals. On wetting, initial forces

are generated, and initial attractive forces between clay particles in aggregates decrease

distinctly.
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Figure 8 Schematic illustration of the process taking place when a dry aggregate is

wetting Source: Rengasamy and Sumner (1998)

As hydration continues, the distance between these particles increases. If the clay particles
are Ca- or Mg saturated, further wetting does not increase the interparticle distance beyond

2-3nm whereas in monovalent cation saturated clay, particles continue to separate.

The swelling due to hydration of divalent cations, called crystalline swelling (stage 2),

occurs in clay particles even at high electrolyte concentration. When the ionic strength of
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the equilibrium solution is decreased, water molecules enter between the clay particles,
increasing the distance between the clay particle beyond 7nm (Stage 3), resulting in clay
dispersion (Rengasamy and Sumner, 1998). Once the complete clay dispersion takes place,
electrostatic repulsive forces are operative and, at this stage, van der Waals attractive
forces become insignificant. Stage 4 represents the point of net zero pressure, meaning that
the attractive and repulsive forces are balanced. The attractive pressure necessary to bring

the clay particles closer to each other is provided by the electrolyte concentration in soil

solution. A threshold electrolyte concentration (TEC) is necessary for the clay particles to

flocculate.
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2.7 Factors affecting clay dispersion

2.7.1 Electrolyte concentration

Many authors (Agassi et al., 1981; Fireman and Bodman, 1939; Quirk, 2001; Quirk and
Schofield, 1955; Rengasamy et al., 1984a; Rengasamy and Olsson, 1991), have reported
that intensity of dispersion depend on soil ESP and electrolyte concentration in the applied
water. Fireman and Bodman (1939) demonstrated that increasing electrolyte concentration

in irrigation water applied to non-sodic soils increased hydraulic conductivity.

Infiltration rate and hydraulic conductivity are adversely affected if electrolyte
concentration is insufficient to compensate for the deleterious effect of Na' , i.e. the
concentration of soil solution decreases below critical flocculation concentration (CFC), an
electrolyte concentration above or at which clay minerals flocculate (Goldberg and Forster,

1990; Shainberg and Letey, 1984).

Soils with low rate of mineral dissolution are the most susceptible to sodicity induced
aggregate deterioration when leaching with low electrolyte water. Whereas, soils that
readily release salts during leaching are less susceptible to disaggregation (Shainberg et al.,
1981). Arora and Coleman (1979) found sodium saturated clay minerals to differ in their
sensitivity to flocculation by NaHCOj in the decreasing order: illite > vermiculite >
smectite >kaolinite, with the critical salt concentration (CSC), 185, 58, 28 and 8 meq/L
respectively, for the above clays. The role of NaHCOs is to maintain the pH in the alkaline

range.

In southern Australia, soils often become waterlogged during the winter rains, when early
rainfall has leached the small amount of salts present in the surface soil, causing the clay to
disperse and the soil to seal (Fitzpatrick et al., 1994). It is necessary to maintain adequate

electrolyte concentration in the soil that in turn, depends on irrigation water salinity, ionic
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composition of irrigation water, presence of soluble minerals in soils and associated
chemical equilibria that involves the composition of the solid, liquid and gaseous phases of
the soil. Occurrence of calcite, gypsum or both in sodic soils can maintain Ca*", HCOs"
and SO4” at adequate level, depending on the exchangeable ion composition and the partial

pressure of carbon dioxide (Qadir and Schubert, 2002).

Ayers and Westcote (1985) proposed water quality guideline for the combined effect of
SAR and EC of a soil or irrigation water on the likelihood of problems associated with low
infiltration rate or hydraulic conductivity (Table 10). However, such guidelines have a
limited ability to predict hydraulic conductivity under different conditions (Oster and

Jayawardane, 1998).

Table 10 Guideline for interpretation of water quality for irrigation by using combine
effects of SAR and EC of irrigation water

Source: adapted from Ayers and Westcote (1985)

SAR Severe problem  Slight to moderate problem No problem
EC(dS/m)

0-3 <0.2 0.2-0.7 >0.7

3.0-6.0 <0.3 0.3-1.2 >1.2

6.0-12.0 <0.5 0.5-1.9 >1.9

12.0-20.0 <1.3 1.3-2.9 >2.9

20.0-40.0 <2.9 2.9-5.0 >5

2.7.1.1 Threshold electrolyte concentration

Quirk and Schofield (1955) introduced the concept of threshold electrolyte concentration
(TEC), the electrolyte concentration in the percolating solution that may cause a 15 percent

decrease in hydraulic conductivity of a soil at a given SAR or ESP values. A systematic
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study was carried out by these authors on the effect of electrolyte concentration on the
permeability of soil when saturated with Na, K, Mg, Ca ions. The key finding from this
experiment was that permeability of the Na saturated soil can be maintained provided the
electrolyte concentration was sufficiently large (5X10"'M NaCl). TEC varies from soil to
soil, and cannot generally be forecast without empirical tests, even for soils of similar clay

content and type (Rhoades and Ingvalson, 1969).

Rengasamy et al (1984a) measured the TEC for spontaneous and mechanical dispersions in
a red-brown earth soil. These authors obtained linear relationships between ESP, SAR s
and EC ;5 demonstrating the importance of the total electrolyte concentration for

preventing clay dispersion from soil aggregates (Figure 9).
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Figure 9 The relationships between ESP/SAR and EC/TEC for preventing clay

dispersion  Source: Modified from Rengasamy et.al. (1984a)

As a result, dispersion can be prevented though the application of water at the appropriate

electrolyte level, depending of the values of SAR or ESP. However, even though the extent
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of dispersion is due to a high level of Na" in a soil, the presence of another monovalent
cation K* in soil solution or/and on exchange sites, can promote dispersion (Chen et al.,

1983; Subba Rao and Rao, 1996).

2.7.1.2 Dispersive potential (Pgis)

Most of the investigations on clay dispersion have concentrated on soils with high
exchangeable Na, and Ca as the other complementary cation. However, as the literature
review (Section 3.4.1 and 3.4.2) clearly indicates, magnesium and potassium in the
exchange complex can enhance the degree of clay dispersion. Furthermore, as mentioned
earlier, dispersion of clay in soil is influenced by several other factors (i.e. mineralogy, pH,

EC, clay content).

In order to derive a single parameter that will combine the effect of a number of factors
causing clay dispersion, Rengasamy at al.(1991) proposed the use of dispersive potential

(P4is), which is derived from the electrolyte concentration.

Dispersive potential indicates the energy associated with the dispersive reactions in soil
water system and because it is determined using a particular soil, it eliminates the

differences due to soil factors such as mineralogy, organic matter etc.

Pg4is 1s defined as the difference in the osmotic pressure between that at the threshold
electrolyte concentration (Py.) and that required to achieve a complete flocculation of the

clay particles and the given soil solution concentration (Pg;):
l)dis (kPa) = Ptec 'Psol

Osmotic pressure (P or Py,) is calculated from the corresponding EC values using the

following relationships:
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1dS /m =10mmeol, /L
Posm=3.6 kPa per mol, m’ (mol, m3=mmolc/L)

Using the flocculating powers of the common cations theoretically derived and
experimentally verified by Rengasamy and Sumner (1998), Py and Py, can be calculated

using the following equation:

Piec Or Pyo= 3.6X (45 X Cat27 X Cyg+1.8 x Ck + Cna)

where C is the concentration of Ca, Mg, K and Na (mmol/L) in equilibrium solution
which contains threshold electrolyte concentration (TEC) or the original solution in which
clay dispersion is observed. 45, 27, 1.8 and 1 are the flocculating powers of Ca, Mg, K and

Na respectively (Rengasamy and Sumner 1998).

2.7.3 Clay mineralogy

Minerals in the clay (<2 pm) fraction dominate the contribution of soil minerals to many
soil physical and chemical properties. Table 2.8 shows the main types of aluminosilicate
minerals found in soil clay fractions and some of their properties relevant to their reaction
to sodic conditions (Brady and Weil, 2008; Churchman et al., 1995). Of the entire types
presented in Table 2.8, kaolinite, smectite and illite are the most common in soils.
Interstratifications of kaolinite or illite with smectite are also a common phenomena

(Churchman et al., 1995).

2.7.3.1 Clay minerals

To understand the behaviour of soil clays, it is necessary to consider both the crystal

structure of clay minerals and the surface chemistry of clay—water suspensions.
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The kaolinite structure is based on a single sheet of silicon tetrahedral combined with a
single sheet of aluminium octahedra. These two sheets are tightly bound by sharing oxygen
atoms. Most of the sorption activity occurs in kaolinite along the edges and outside
surfaces. Soil with a large amount of kaolinite usually has a low percolation rate due to the

compact structure.

Kaolinite is considered the least active clay compared to other types of clay and has
relatively low capacity to adsorb exchangeable cations, 5-10milliequivalents of a cation

charge per 100g , (Table 11) due to un-terminated bonds on crystal edges (Velde, 2010).

Table 11 Major properties of selected silicate clay minerals and humus

Source: Brady and Weil (2008)

Surface area, m’/g  Net Charge

Colloid Type Size, um  Shape

External Internal cmol,/kg
Smectite 2:1 silicate 0.01-1.0  Flakes 80-150  550-650 (-80) to (-150)
Illite (mica) 2:1 silicate 0.2-2.0 Flakes 70-175 (-10) to (-40)
Kaolinite 1:1 silicate  0.1-5.0 Hexagonal crystals  5.0-30 (+10) to (-5)
Humus Organic 0.1-1.0 Amorphous Variable (-100) to (-500)

Illite structure is based on layers consisting of octahedral sheet of alumina sandwiched
between tetrahedral sheets of silica. In the octahedral sheets there is a partial substitution of
Al by Mg™ or Fe' and in the tetrahedral sheet there is a partial substitution of silicon by

aluminium.

Soils that contain illite have a higher cation exchange capacity than kaolinite due to their
surface charge. The soils dominated by illite clays have a high K fixing capacity (Velde,

2010).

Smectites are minerals with low layer charges that have cation attractions (exchange

capacity) of near 135 milli equivalents. The amount of ions attracted are a function of the
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amount of substitutional charge but also the site of the charge (Velde, 2010).

2.7.3.2 Surface area

The smaller the size of a particle in a given mass of soil, the greater the surface area
exposed for adsorption, catalysis, precipitation, microbial colonisation and other surface
phenomena (Brady and Weil, 2008). Some clays also have an extensive internal surface
area. The total surface area of clay minerals ranges from the 1:1 layer clays such as
kaolinite, with external surface areas of around 10 metres square per gram to more than
800 metres square per gram for the 2:1 clays such as montmorillonite with large internal

as well as external surface area. Figure 10 shows the difference in surface area

between the 1:1 and 2:1 layer clays.

Figure 10 Electron micrographs of the clay minerals montmorillonite (left) and kaolinite
(right) show the different surface area between the two clay types
Source: Department of Crop and Soil Environmental Sciences, Virginia Polytechnic

Institute and State University
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2.7.3.3 Origin of charge —summary points

e Isomorphic substitution of original lattice elements with elements of lower valency,
e.g. substitution of A’ with Mg®" or Si*" with AI’" will produce a negative charge
known as pH permanent charge. This mechanism has the most significant influence on
the overall mineral charge (Chorom and Rengasamy, 1995)

e Lattice defects-the empty spaces within mineral lattice where an ion was removed
leaving an unbalanced charge (Chorom and Rengasamy, 1995)

e Formation of pH dependant charge on mineral oxides by adsorption of proton hydroxyl
groups to form positive or negative sites respectively. The pH dependant charge of
minerals oxides depends on which of two species dominates. Therefore H" and OH
ions are known as potential determining ions (Chorom and Rengasamy, 1995)

e Broken bonds-when the surface of minerals is fractured the bonds connecting elements
can be broken leaving atoms with unsatisfied valence. The resulting charge can be
negative or positive depending on the type of the bond that was broken (Chorom and

Rengasamy, 1995)

When charged particles are suspended in solution, ions of opposite charge surround the
surface of the particle resulting in an increasing concentration of counterions close to the

surface (Figure 11).

2.7.3.4 Zeta potential

In many practical situations the value of zeta potential ({) obtained from electrophoresis
experiments can be important in assessing the tendency for the soil colloids to disperse

(Aydin et al., 2004).
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Although zeta potential is not a direct measure of surface charge density-most surfaces are
too complicated for such a direct proportionality to exist-it changes when the surface
charge changes. Even a small percent of a component, if preferentially adsorbed at the
surface of the particle, will largely determine the surface charge density, the resulting zeta
potential, and the stability, or lack thereof, of the dispersion. Colloidal system are thought
to be stable when the {-potential of particles is smaller than -30mV or greater than +30mV
(Kirby and Hasselbrink, 2004). A reduction of the negative charge of minerals: a
destabilisation of colloidal systems, decrease the affinity for nutrients and metals, etc.

influencing agricultural unity of soil as well as performance of many technological

processes employing suspension of minerals (Markiewicz et al.).
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Figure 11 Two ways to visualize the Double Layer: the left view shows the change in
charge density around the colloid; the right shows the distribution of positive and negative

ions around the charged colloid Modified from Zeta Master Manual(1999)

As was mentioned in Section 2.5, forces between charged surfaces are mostly correctly

described by DLVO theory. The exception is the last nm, 0.3-0.5 nm from the particle
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surface, which corresponds to the diameters of the hydrated counterions. Only several
molecular layers remaining between the surfaces and the solvent structure become
important. The thickness of this layer depends upon the type and concentration of ions in

solution (Figure 11) (Edwards and Williams, 2004).

2.7.3.5 Effect clay mineralogy on dispersion

The effect of pH and exchangeable cations and electrolytes the stability of soil clay-water
systems largely depends on the dominant type of clay mineral present in soil. Schofield
and Samson, (1954) found that pure sodium kaolinite suspensions flocculated at pH<7, but
illite and montmorillonite under these conditions dispersed. They showed that kaolinite
edge faces are positively charges at low pH (pH around 4) and the system is partially
flocculated. At high pH it was completely deflocculated, which they attribute to the loss of
positive edge charge. Kaolinite exhibits a much greater variable charge which is pH
dependant. At low levels of exchangeable sodium, and in weak electrolyte solutions,
smectitic and micaceous soils disperse more than kaolinitic soils (Velasco-Molina et al.,
1971). These authors concluded that, in the absence of electrolytes, the dispersion of a soil
is related to the dominant clay mineral in the order: montmorillonite > hallyosite > mica.
However, at low ESP values, micaceous soils sometimes disperse more than hallyosite-
kaolinite soils. Using Australian soils, Emerson, (1983), found that soil dominated by clay
sized mica (illite) dispersed easily. Oster et al (1980) found more dispersibility for illitic
clay than for montmorillonitic clay. Australian soils (red-brown earths) dominated by illite
are susceptible to dispersion even at low ESP and under weak mechanical forces
(Rengasamy et al., 1984b). Illitic soils are more sensitive to dispersion and clay movement
than are soils dominant in smectites because of the different shape and size of the illite clay

particles, and the lower strength of edge-to face attraction (Greene et al., 1978). The

55



surface area is inversely related to the thickness of particles. Smectites have a larger total
surface area than other clay minerals (see Table 11). Therefore, when the particles are large
in size, ( and thus lower in surface area) there will be fewer points of contact between
particles (Greene et al., 1978). Hence, these particles will disperse even with low sodium

levels on their surface (Rengasamy et al., 1984b).

Goldberg et al. (1990) treated the soil with oxalate for removal of amorphous aluminium
and iron oxides, and with dithionite for removal of crystalline aluminium and iron oxides,
which resulted in increased clay dispersibility. These results indicate an important role of
amorphous and crystalline oxides in stabilising soil clay against dispersion. The role of
organic anions such as citrate and oxalate in increasing dispersion was explained by
Durgin and Chaney (1984). These authors concluded that the size of an organic anion
determines its influence. The stabilising effect on soil structure produced by the presence
of Al and Fe oxides was demonstrated by Deshpande et al. (1964) and Shanmuganathan
and Oades (1982). Deshpande et al.(1964) found that Al oxide reduces swelling, but Fe
oxide did not. They concluded that Al oxide was acting as cement and that Fe oxide was
present as a discrete particle. El Rayah and Rowell (1973) reported that Al hydroxide was
more effective than Fe hydroxide in preventing swelling and dispersion. Frenkel and
Shainberg (1980) found that Al polymers could stabilise a montmorillonite suspension

against the adverse effect of Na ions better than Fe polymers.

Moreover, Oades (1984) found Al polymers could be more efficient than Fe polymers in
reducing the swelling of montmorillonite. He suggested that this difference was a result of
polymer morphology. Aluminium polymers occur as sheets and can, therefore, neutralise
clay layer charge more completely than can the spherical Fe polymers. Goldberg et al.
(1988) suggested that aluminium and iron oxides play an important role as binding agents

in the structure of arid soils. McNeal et al.(1968) showed that iron oxides stabilise soil
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against dispersion under high-sodium and low salt conditions.

2.7.4 Effect of pH on soil structure

The pH of a soil has an impact on clay dispersion, which is governed by the size and nature
of the surfaces of soil clay particles, particularly their charge (cation exchange capacity)
and surface area (Rengasamy and Churchman, 1999). Table 12 presents charge
characteristics of representative colloids showing comparative levels of permanent
(constant) and pH-dependant negative charges as well as pH-dependant positive charges.
Isomorphous substitution is the mechanism of charge generation in permanently charged
minerals, where surface charge is independent of pH. In contrast, for variable charge
surfaces, the charge is mostly dependent on the pH of the equilibrium solution (Sumner,

1993).

Table 12 Charge characteristics of some representative colloids showing comparative
levels of permanent (constant) and pH-dependant negative charges as well as pH-
dependant positive charges

Source: Brady and Weil, (2008)

Negative charge Positive

charge

Colloidal type Total at pH 7 Constant Variable (cmol, kg™)

(cmol) kg) (%) (%)

Organic 200 10 90 0
Smectite 100 95 5 0
Vermiculite 150 95 5 0
Fine-grained micas 30 80 20 0
Kaolinite 8 5 95 2

Suarez et al. (1984) have shown that at constant SAR and electrolyte levels, clay dispersion

increased with the increasing pH for predominantly kaolinitic soils. Chorom et al, (1994),
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in a study of three soils, dominated by illite, kaolinite and smectite, have found that pH
affects clay dispersion by changing the net negative charge on clay particles. With the
increase of pH, all three soils showed an increase in net negative charge and zeta potential,
corresponding with an increase in clay dispersion. Figure 12 gives a schematic
representation of the effect of pH on clay particles. In nature, strongly alkaline soils
invariably exhibit high sodicity; on the other hand, a sodic soil with a soil solution of high
SAR does not necessarily have a high pH (Van Beek and Van Breeman, 1973). In
calcareous soils, high pH and high ESP nearly always occur together, and it is difficult to
separate their effect on the resultant poor physico-chemical conditions and consequently on
crop growth. In many saline sodic soils that do not contain sodium carbonate, the
saturation paste pH is observed to be less than 8.2-8.3. For subsurface soils, the zero point
of charge (ZPC) and charge reversal usually occurs around pH 7 to 9 (Bowden et al.,
1980), depending on structural composition and degree of crystallinity of the variable

charge components.

pH Single Crystals Associations
Acid ‘h"
Flocculated
e
Alkaline .
v 7

Dispersed
i

Figure 12 Schematic representation of the effect of pH upon kaolinites and their
associations. Left: effect of pH on the individual crystals. Edges become positively charged
at low pH, negatively charges at high pH. Right; consequent effect of pH upon associations

of kaolinites Source: Churchman et al. (1993)
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2.7.5 Effect of organic matter on soil structure

Organic matter comprises 1-10% of soil mass, which is approximately 1-5% microbial
biomass. To understand the effect of organic matter on soils, it is important to know the
form in which organic matter is added, and the way it is distributed within the soil (Nelson
and Oades, 1998). There is some disagreement in the literature in respect to the effect of
organic matter on the dispersion of sodic soils, as organic matter may enhance dispersion
or prevent it, depending on circumstances. Na ions have direct chemical and physical
effect on soil organic matter, as well as affecting links between minerals and organic
matter (Churchman et al., 1993). Furthermore, Nelson et al. (1999) concluded that
dispersibility of clay fractions was a function of the amount and type of organic matter

they contained, selectivity of cations and their particle size.

The three physico-chemical types of organic matter in soil can be considered:
soluble/dispersible (fulvic acid and humic acid), clay associated humic acid plus fine
particulate organic matter and largely unaltered organic debris. The first type is readily
extracted by NaOH; the second is recovered along with clay fraction, while the third type
is recovered with sand fractions. Increased sodicity has a potential to mobilize up to 40%
of organic matter in soil either as colloidal organic matter or as clay organic matter

complexes (Churchman et al., 1993).

Organic matter influences sodicity through its CEC and the selectivity of exchange sites
for Ca and Na, as well as its ability to donate protons. CEC of soil organic matter ranges
from 60 to 300 cmol/kg with value up to 1400 cmol./kg of total acidity being recorded to
fulvic and humic acids. Figure 13 demonstrates that organic matter has greater CEC than
most soil minerals. Negatively charged sites on organic matter interact with positive sites
on inorganic colloids, especially oxides, thereby reducing the CEC of organic matter and

the amount of positive charge in the soil (Oades et al., 1989).
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Organic anions can enhance dispersion by increasing the negative charge on clay particles
and by complexing Ca®" and other polyvalent cations (such as Al), thereby reducing their
activity in soil solution (Oades, 1984). In their experiment, Nelson et al. (1999) observed
that organic matter in the easily dispersed clay fraction of all soils contained a large

proportion of amino acids and proteins, suggesting that these materials acted as

dispersants.
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Figure 13 CEC and selectivity of soil clay minerals and organic matter.
Source: Nelson and Oades (1998)
Large organic polyanions can bind clay particles together into stable microaggregates.
Barzegar et.al., (1997) found that the addition of plant residues had a positive effect on
stability of soil aggregates in water irrespective of clay type or sodicity in the SAR range
of 0-30. Organic material such as fungal hyphae and fine roots can help prevent dispersion

by stabilizing microaggregates and thereby reducing the surface area from which clay

may disperse (Tisdall, 1996).
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Sodicity strongly affects biological activity, with nitrification inhibited completely at ESP
>70. The ratio of humic to fulvic acids increased with ESP and carbon becomes more

easily extractable at high ESP values (Laura, 1976.)

Effect of sodicity on organic matter composition further complicates any attempts to

predict the behaviour of soils on the basis of sodicity (Churchman et al., 1993).
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2.8 Assessment of soil structure by pnCT scanning

Knowledge of soil structure and pore connectivity is vital to understand and predict
changes in soil aeration, hydraulic conductivity and sequestration or emission of
greenhouse gases. Porosity plays a crucial role in facilitating numerous physical, chemical
and biological processes occurring in soil. However, despite the significance of pore
structure, it has historically been difficult to quantify (Céardenas et al., 2012; Vogel, 2000;
Vogel et al., 2010). Traditional testing methods for pore architecture include the gas
adsorption method, mercury intrusion porosimetry and permoporometry (Churchman and
Payne, 1983; Gaskin and Raymond, 1973; Lipiec et al., 2012).Paradoxically, the majority
of the tests destroy or alters the very parameters they are supposed to measure.

Additionally, the toxicity of mercury is a concern for the well-being of the user.

High resolution X-ray computed tomography (uCT) is a technique which can provide
valuable information in the analysis of soil pore architecture, and which can reliably
describe the pore structure and connectivity of an undisturbed soil entity (Turner et al.,
2003). A puCT scan with subsequent 3D reconstruction of serial images enables the
visualisation of isolated pores not visible externally due to the opaque nature of the soil

medium, and therefore can be used to determine parameters such as total porosity, closed

porosity, pore interconnectivity and overall 3D micro-architecture (Cardenas et al., 2012;

Darling and Sun, 2004; Vergés et al., 2011).

Computed tomography became feasible with the development of modern computer
technology in the 1960s, but some of the ideas on which it is based can be traced back to
the first half of that century. In 1917 the Bohemian mathematician Radon (1917) proved in
a research paper of fundamental importance that the distribution of a material or material

property in an object layer can be calculated if the integral values along any number of
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lines passing through the same layer are known. The first applications of this theory were
developed for radio astronomy by Bracewell (1956), but they met with little response and
were not exploited for medical purposes. X-ray computed tomography (CT) was first

developed in the medical field and largely attributed to Hounsfield (Hounsfield, 1973).

The first result of CT in soil science was reported by Petrovic (1982) in the experiments
where an x-ray transmission computed tomography (CT) scanner was evaluated as a tool to
determine soil bulk density. Over the past three decades, there has been considerable
interest in the application of CT scanning to understand many different aspects of soil.
Among the pioneers of the use of micro uCT scans in soil science were Hainsworth and
Aylmore in Australia (Aylmore, 1993; Hainsworth and Aylmore, 1983) and Silvio
Crestana in Brazil (Crestana et al., 1986). Principals of pCT operations in soil and plant

sciences are comprehensively detailed by Taina et al. (2008), Mooney et al. (2012), Vogel

et al. (2010), and Basile (2012).

Microtomography uses X-rays to create cross-sections of a 3D-object that later can be
used to recreate a virtual model without destroying the original model. The term micro
1s used to indicate that the pixel sizes of the cross-sections are in the micrometer range.
These pixel sizes have also resulted in the terminology micro-computed tomography,
micro-ct, micro-computer tomography, high-resolution X-ray tomography, and similar
terminologies. All of these names generally represent the same class of instruments.
By rotating the sample 360° in the X-ray cone beam the system acquires N numbers of
images, called projections. The TeraRecon filtered back projection with Feldkamp
Algorithm reconstructs the pCT absorption coefficient visible in 2D oblique slice cuts
or in a 3D volumen by loading all reconstructed 512 (1024, 2048 = voxel number)

slices.
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Figure 14 Schematic illustration of an axial microfocus computed tomography system

(LCT) Source: Russ (2011)

The resulting voxel size is calculated from FOD, FDD, detector size, detector pitch, and
voxel number (FOD = focus object distance, FDD = focus detector distance)

(Tippkotter et al., 2009).

Completion of a uCT scan consists of two main processes: data collection and image
reconstruction. During data collection, a specimen is digitally photographed from
multiple angles as it is exposed to X-rays. During the reconstruction phase, many
individual x-ray photographs are superimposed in such a way that their resulting image
describes the interior structure of the specimen. X-rays are invisible, high energy
electromagnetic waves that are able to pass through the objects (Figure 14). As a beam

of X-rays penetrates the object, some of the x-rays are absorbed by the object’s matter.
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Dense matter (e.g. rock, wood) absorbs more x-rays than less dense materials (e.g.
plastic, water). A digital camera is used to capture the image on the screen, which

replicates the x-ray penetration pattern of the object.

The data collection phase of a CT scan occurs after the object is viewed with x-rays
from many different directions (Figure 2.18). In traditional two dimensional CT
scanning, the object is scanned through a single “slice” and each of the individual
images consists of the object’s x-ray penetration pattern through the location of the
slice. Some three dimensional CT scanning techniques use individual images consisting
of broad sections of the object’s x-ray penetration pattern. In either case, the object
must be photographed as it rotates at least one-half of a full rotation relative to the X-
ray trajectory and detector screen (Russ, 2011). The details of the data collection and
reconstruction phases, and mathematical analysis of the process are given in Russ

(2011).
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2.9 Conclusion from Literature Review

This Literature Review has highlighted several important issues which needed to be
investigated in order to develop a robust, scientifically based assessment of the effect of

cations on soil structural stability.

These issues are:

e Identifying and quantifying the deleterious effects of increasing concentration of
K on clay dispersion and hydraulic conductivity for different type of soils;

e An in depth understanding of the complex physico-chemical soil processes that
influence the effect of cations in soils and irrigation water on soil structure;

e More comprehensive assessment and evaluation of soil structural stability and
quality of irrigation water based on scientific investigation is required to insure
adequate management of the salt -soils, and

e Developing improved methods of measuring and understanding the function of
cations and cation-clay interactions for soil structural responses to irrigation or

rainfall.

The following peer reviewed scientific papers explore these issues and contribute to
understanding and developments in this area with the respective outcomes used for the

development of the assessment criteria to predict behaviour of salt affected soils.
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Abstract.

Re-use of industrial and agricultural wastewater for irrigation can increase the
concentration of potassium ions in soil solutions and affect soil structure. The objective
of this study was to assess the effect of increasing concentration of potassium (K) on
soil structure and permeability. Traditional indices for assessing soil structural stability,
sodium adsorption ratio (SAR) and exchangeable sodium percentages (ESP) do not take
into account the effects of K on soil clay dispersion and swelling. Therefore, a new
quantitative index, cation ratio of structural stability (CROSS), was used as an
alternative of SAR, to take into account the differential effects of Ca, Mg, Ma and K on
soil structural stability. Two soils of different clay mineralogy (illite —kaolinite and
smectite), soil texture, net charge, pH and EC were treated with three wetting and
drying cycles using treatment solutions with increasing K concentration (CROSS,
6,8,11,15, but SAR of 1.2) for each soil. Saturated hydraulic conductivity (HCj)
measurements were taken at the end of the experiment. Significant reductions in HC;

were observed in both soils at the high CROSS, values (11 and 15), while HC;
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increased slightly (11%) for illitic- kaolinitic soil treated with CROSS;; 8. Replicate
columns for each treatment were analysed for soluble and exchangeable cations. The
significant relationships between CROSS of the treatment solution, CROSS of the soil
solution and exchangeable cation ratio (ECR) were established. X-ray computed
tomography (CT) scanning of the replicate columns provided a means of measuring
changes of soil structure in two (2D) and three (3D) dimensions. 2D and 3D images
reconstructed from CT scans allowed visualisation of the structural effects of high
potassium concentration and quantification of reduced porosity and connectivity due to
high potassium in soils. CT scan results confirmed that the soils treated with the
solutions of low K concentration (CROSS6) had an increased porosity than the soils

leached with water only.

Keywords: Potassium; Soil structure; Clay dispersion, CROSS; X-ray computed

tomography

1. Introduction

Wastewaters from urban and agricultural sources have a great potential for re-use in
irrigating  horticultural and agricultural crops. These wastewaters can have high
concentration of cations such as sodium and potassium and long term application of
such wastewaters may affect the levels of both soluble and exchangeable cations and
lead to soil structural deterioration and salt accumulation in soils. The soil solution of
salt-affected or irrigated soils may contain a range of dissolved salts, comprising a set
of different cations and anions. Globally, more attention is given to the levels of sodium
in relation to its deleterious effects on soil structure because of the predominance of

sodium in salt-affected soils (Rengasamy, 2010). However, recent reports suggest the
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occurrence of high levels of potassium in some regional soils and recycled waters used
for irrigation. Arienzo et al. (2009) gave an account of high concentrations of both
potassium (250- 200,000 mg.L™") and sodium (120-400 mg.L") in various effluents
from dairy, piggery, winery and cooking oil processing industries. Smiles (2006)
reported that on average there is more water soluble and exchangeable potassium than
sodium across a range of soils in the Murray-Darling Basin in Australia. The potassium
status of some Indian soils is categorized as medium to high (Subba Rao and Rao,
1996). High inputs of potassium in agricultural soils in the United States irrigated with

waters from different sources have been documented by Robbins (1984)

Potassium, being a monovalent cation, can cause soil clay swelling and dispersion
similar to sodium. The role of potassium in affecting soil structure has been debated in
the literature, its effects found to be equal to or less than that of sodium (El Swaify et
al., 1970; Chen et al., 1983; Robbins, 1984 ; Smiles and Smith, 2004). Rengasamy and
Sumner (1998) hypothesised that the ionicity of clay-cation bonds determine the
dissociation of clay particles on interacting with polar water molecules and on this basis
derived flocculating and dispersive powers of cations. Recently, Marchuk and
Rengasamy (2011) derived ionicity indices of the cations Na", K*, Mg”" and Ca®" using
their ionisation potentials and charge. Their studies on homoionic pure and soil clays
confirmed that clay behaviour such as dispersivity was dictated by the degree of

ionicity of clay-cation bonds.

Currently, sodium adsorption ratio (SAR) or exchangeable sodium percentage (ESP) is
used as an index of sodicity effects on soil structure (details in Rengasamy and
Churchman 1999). The SAR model was originally developed on the basis of ratio law
of Schofield (1947) to predict the adsorption of sodium on soil exchange sites in
relation to the cation concentrations in soil solutions. SAR is estimated from the
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concentrations of Na, Mg and Ca in soil solutions and has been found to be correlated
with ESP. Potassium is not considered in the SAR model. Smiles and Smith (2004)
suggested a “monovalent cation ratio” (MCAR), which includes Na+K in the
calculation of SAR and where Mg is treated as equal to Ca. However, the ionicity
indices of Mg and Ca are different (Marchuk and Rengasamy 2011) and hence, their
flocculating powers will differ. Similarly, the ionicity indices of Na and K are also
different with different effects on clay dispersion. Based on these notions, Rengasamy
and Marchuk (2011) proposed a new ratio “CROSS” (cation ratio of soil structural
stability) analogous to SAR but which incorporates the differential effects of Na and K
in dispersing soil clays, and also the differential effects of Mg and Ca in flocculating
soil clays, and is defined as: CROSS = (Na + 0.56K) / [(Ca + 0.6Mg)/2]> where the

concentrations of these ions are expressed in millimole of charge/L.

In their preliminary studies, Rengasamy and Marchuk (2011) found CROSS to be
superior to SAR and MCAR in predicting clay dispersion in a number of soils. These
authors also found that CROSS measured in soil solutions was strongly correlated to the

ratio of exchangeable cations.

In the present study, we aimed to confirm the effects of increasing levels of potassium
on clay dispersion from soils and their hydraulic conductivity. Further, we also
examined the changes in soil structure after treating with different levels of potassium
by using X-ray CT scanning to acquire serial images of soils so as to visualise and
quantify the changes in soil structure in three dimensions. In these experiments, instead
of using potassium adsorption ratio (PAR) in which K replaces Na in the formula for
SAR, or monovalent cation adsorption ratio (MCAR), we focused on using CROSS

which takes into account the different effects of all of all major cations in soil solution.
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2. Materials and methods

2.1. Soils used

Two soils viz. Urrbrae and Claremont were used in the present study. Selection of these
soils was based on differences in their clay mineralogy, texture, pH, EC, effective
cation exchange capacity (CEC.s) and zeta potential measured on clay < 2um clay
fractions obtained from the soils without preliminary chemical treatment by the method
described in Churchman (2002). The soil samples were taken by a hand auger, air-dried,
sieved to 2 mm particle diameter and analysed for physical and chemical

characteristics. Physico-chemical properties and locations of the soils are presented in
Table 1.
2.2. Saturated Hydraulic conductivity

Percolating solutions were prepared using 0.1M chloride solutions of Ca, Mg, K and Na
at predetermined concentrations to obtain CROSS;; values of 6, 8, 11, 15, but all having
the same SAR of 1.2. The cation concentration of the treatment solutions are presented
in Table 2. Soil samples were evenly packed into Plexiglas columns (6 cm in diameter
and 10 cm long) at a bulk density of 1.33 Mg/m3.B0th column ends were fitted with
nylon mesh screens with a double disk of a gaze mesh on the top of the soil to reduce
surface disturbance. Initially the columns were wetted with the treatment solutions to
saturation for 24 hours from the base by slow capillary rise and then the flow direction

was reversed.
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Table 1 Selected physical and chemical properties, main clay minerals, classification

and location of the soils used

Soil properties Units Soil

Urrbrae Claremont
Depth cm 15-40 15-40
pH (1:5 soil water solution) 6.7 8.3
EC(1:5 soil water solution) dS/m 0.06 1.03
CROSS (Cation ratio of structuralmol® m™® 0.24 0.32
stahilitv)
Total carbon % 1.5 4.0
Organic carbon % 1.4 2.2
CEC.t cmol kg! 7 30
Zeta potential mV -38 -19
Major clay minerals I1lite-kaolinite Smectite
Taxonomic class
(Australian Soil Classification (Isbell, Red Chromosol Vertisol
2002)
Clay content (Gee and Bauder, 1986) % 30 60
Clay content (water dispersible) % 26 6
Location in South Australia 34°58°00.41” S 34°58°20.7” S

138°38°03.29” E

Elevation: 109 m

138°38°11.87” E

Elevation 137 m

Waite Research Institute Waite Research Institute

he columns were percolated with three wetting, draining and drying cycles using each
of four CROSS treatment solutions (CROSSy;) for each soil. For each cycle, 1 L of one
of the CROSS;; solutions was percolated and then the soils were allowed to drain and
dry for 1 week. Saturated hydraulic conductivity measurements were taken at the end of
the last cycle with the deionised water passing through the columns to simulate the
infiltration of the soil with rain water. The experiments were conducted using triplicate

samples.

After hydraulic conductivity measurements, the soils from the first and second
replicates were removed from the columns, air dried, crushed and passed through a 2-
mm sieve. These final soils were then analysed for spontaneous dispersion, Zeta
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potential on separated clays and other selected properties such as EC;.s, pH 1.5, CROSS

of soil solutions (CROSS,) and exchangeable cation ratio (ECR %).

Table 2 Attributes of each treatment solution (CROSS;;) and potassium concentration

in CROSS;; solutions
Treatment Cations in treatment TCC SAR,, CROSS,,
solutions
No (mmol./L) (mmol/L)  mol*’m™?

K Na Ca Mg

1 20 32 54 10 38.6 1.2 6.0
2 30 32 54 10 48.6 1.2 8.4
3 42 32 54 10 60.6 1.2 11.2
4 60 32 54 10 78.6 1.2 15.4

2.3. Soluble and Exchangeable cations

The EC, pH and soluble cations (Na", K™, Ca**, Mg*") concentrations (mmol. /L") were
determined using extracts from 10g of final soil in 50ml deionised water, and CROSS

of the final soil solutions were calculated using the following equations:
CROSS = (Na + 0.56K) / [(Ca + 0.6Mg)/2]%° (1)

where the concentrations of the corresponding ions are expressed in millimole of

charge/L.

The exchangeable cations (Na', K, Mg*" and Ca*") were determined after soluble salts
were removed by washing each of soil sample with 250ml of 60% ethanol until the

electrical conductivity of the soil suspensions was below 0.05dS m™.

The exchangeable cations were extracted with 250 ml of 0.1MNH4C1 adjusted to pH 7
for the Urrbrae soil and to pH 8.2 for the Claremont soil. The process was repeated a

further two times and all the extracts collected and analysed for the exchangeable
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cations by inductively coupled plasma —atomic emission spectroscopy (ICP-AES)
(Jackson, 2005; Rayment and Lyons, 2011). Subsequently, the effective cation
exchange capacities (CECc) and exchangeable cation ratio percentage (ECR %) were

calculated as:

CECe= (3 exch Na", K", Mg®" and Ca®") 4)

ECR %=[(Na"+K") / CEC)] x100 (5)
where the quantities of the exchangeable cations are expressed in cmol/kg.
2.4. Spontaneous dispersion and turbidity measurements

Spontaneous dispersion was assessed by a modification of the method described by
Rengasamy (2002). Samples (20g) of dry final soils were placed into 250 ml transparent
measuring cylinders and 200 ml of distilled water was added slowly down the sides of
the cylinders, taking care to avoid disturbance of the soil. After approximately 5 hr, any
particles which had dispersed from the soils were gently stirred into suspension and left
to stand for 2 hours. Suspensions were pipetted out from 10 cm depth for turbidity

measurements.

To quantify the amount of < 2um particles dispersed, measurements were made on a
Hach 2100N Laboratory Turbidimeter at 25°C and recorded in Nephelometric Turbidity
Units (NTU). A standard suspension of Formazin was used to calibrate the instrument.
The 2100N is equipped with a stable halogen-filled, tungsten filament lamp to meet the
reporting requirements of EPA Method 180.1(ASTM, 1976; Eaton and Franson, 2005).
The method is based on a comparison of the intensity of light scattered by the sample
under defined conditions with the intensity of light scattered by a standard reference

suspensions. The higher the intensity of scattered light, the higher is the turbidity.
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2.5. Electrophoretic mobility and zeta potential

The zeta potential ({) was measured on < 2um particles by laser Doppler velocimetry
on a Malvern Zeta master Particle Electrophoresis Analyser. The correlation functions
were measured automatically and zeta potential calculated by Malvern Control
Software v1.23a. Prior to injection of the sample, cell alignment and set up of the
system were performed and the operating conditions of the instrument were checked
and calibrated using a DTS 5050 Electrophoretic Standard. The intensity (kilo
counts/second) of each clay sample was measured prior to the readings to ensure the
compatibility of the samples. The zeta potentials ({) were calculated as the mean of ten
runs, each of which was averaged over 25 individual measurements performed

automatically by the instrument.

2.6. X-ray CT scan

X-ray computed tomography (CT) scanning is a non-invasive imaging technique that
allows the three dimensional, non-destructive examinations of heterogeneous materials,
whereby a large number of transmission measurements of an x-ray beam are used to
reconstruct an image of a scanning object. Using digital image processing, it is possible
to create 3-D visualisations derived from 2-D scans, and hence examine the undisturbed

soil pore network in 3D.

The soil samples from the third set of replicate columns were dissected by a scalpel into
a small parallelepiped piece of 30x20x10 mm each and scanned using a SkyScan-1076
in vivo micro-CT system (Belgium). The scans were performed at a pixel resolution of
18um using 100kV and 100pA, with a 1.0mm Al filter inserted. The scan used 180°
rotation and a step size of 0.8°. The resultant radiographs were reconstructed into 2D

slices using the "NRecon" software. 3D models of the soils and pore space were
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visualised using the "CTVol" software (Versionl.10.10.2).The porosity, 3D pore size
distribution, numerical density (i.e. the number of pore per volume of soil) was
calculated by a SkyScan CT Analyser program (“CTAn”). Illustrative 3D visualisation
of half reconstructed pore space (coloured in white) was made by applying a visual cut

away of the solid region that occluded the pores.

2.7. Statistical analysis

Statistical calculations and linear regression analysis were performed with the
programme GraphPad Prism Instat version 5.01 (GraphPad Software, Inc., San Diego,

USA).

3. Results and discussions

The degree of ionicity of a clay-cation bond determines the ease of water molecules
breaking the bond. Marchuk and Rengasamy (2011) derived the ionicity indices of
various cations involved in clay bonding from their ionisation potentials and ionic
charge, and thus the ionicity indices of Na, K, Mg and Ca were 0.89, 0.86, 0.73 and
0.67 respectively. Based on this concept, Rengasamy and Marchuk (2011)
comprehensively indicated that the dispersive effect of K is 0.56 times the dispersive
effects of Na. Therefore, in explaining the soil structural deterioration caused by the
combination of monovalent cations, the factor Na+0.56 K should be taken into account.
Experiments reported in this paper deal with the changes in soil structural parameters

associated with increasing levels of K while the concentrations of Na, Mg and Ca are

kept constant in the treatments.
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3.1. The treatment effects on changes in soluble and exchangeable cations

The effect of the increased K™ concentrations in treatment solutions on the final soil
solution compositions, exchange complex, turbidity, zeta potential for the soils used in
this study are shown in Table 3. CROSS of the treatment solutions (CROSS;) were of
high total cation concentrations (0.1M) and adsorption of cations in the exchange
complex occurred under these conditions. When leaching occurs during measurements
of K by using de-ionised water, changes take place in cationic composition of soil

solution and hence, we measured the composition of the final soil solution and
calculated CROSS.

Although values of CROSSg, were lower than CROSS; (Table 3), both these parameters
were highly related in each soil as shown in Table 4. There is also a good correlation
between CROSS,, and ECR% with R? value of 0.90 when combining data from both

soils (Figurel).

701
Y=5.517x+27.11
R2=0.9031
p=0.0003

60

504

ECR %

404

304

20

CROSS soil solution

Fig.1. Relationships between the final soil cation ratio (CROSS;) and exchangeable

cation ratio (ECR %) for the Urrbrae and Claremont soils.
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Generally, electrolyte concentration of soil solution determines SAR-ESP relation. For
example, ESP is approximately equal to SAR measured in saturation extracts while in
dilute extracts (e.g. 1:5 extracts) ESP is more than twice the SAR (Rengasamy et al.,
1984; Hazelton and Murphy, 2007). Similarly, the relation between CROSS and
ECR% will depend on the electrolyte concentration of the soil solution. This is
confirmed by a different slope of the regression equation between CROSS;; and ECR%

as given below:
ECR%=5.52 CROSS + 27.1 (low EC)
ECR%=1.39 CROSS; + 30.3 (high EC)

3.2. Effect K™ on dispersion and zeta potential

Dispersible clay is considered as a measure of soil structural stability in water (Sumner,
1993; Rengasamy and Marchuk, 2011). In this study, the turbidity values (Table 3) are
the quantitative evaluation of the changes in the dispersion of soil clays which occurred
following the treatment cycles. As the concentration of K increases in final soil
solution and on exchange sites, the turbidity increases in both soils. This is confirmed
by the high correlation between turbidity and CROSSss when the results for both soils

were combined together, with the R* value 0.97 (Figure 2a)

79



2000+ 2000
@

(b)
R?=0.9666
p<0.0001

1500+ 1500+

R%=0.8838
p<0.0001

1000+ 1000

Turbidity NTU
Turbidity NTU

500 500

0 2 4 6 8

CROSS soil solution Zeta Potential (-mV)

Fig.2. The relationships between (a) CROSS,; and (b) Zeta Potential of dispersed

particles and the turbidity of final soil suspensions.

Measurement of the electrophoretic mobility of dispersed clay particles gives a measure
of net charge on the solid clay particles (Hunter, 1981).The effect of K" on zeta
potential was evaluated by measuring the electrophoretic mobility on dispersed clay
from which zeta potential was derived. Table 1 shows the difference in zeta potential
values between the two soils used in this study. The values of zeta potential of Urrbrae
and Claremont soil clays are -38.0 and -19.0 mV respectively, while the cation
exchange capacity values are 7 and 30 cmol, kg™'. Zeta potential represents the charge
on the dispersed clay particles only. In Claremont soil, with higher organic matter, clays
are bound strongly together hence, the quantity and charge of dispersed clays are lower.
Despite these differences, the zeta potential steadily increased with the increase in K

concentration in CROSS;, as well as ECR % and
turbidity in both the soils (Table3).

The difference in soil clay dispersion is naturally influenced by the clay type and the

organic matter content (Tisdall and Oades, 1982).Claremont soil, with the
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predominantly smectitic clay and organic carbon content of 4%, disperses less than
Urrbrae soil with illitic-kaolinitic clay and the organic carbon content of 1.49%.
However, the close relationships between the zeta potential and turbidity, Fig.2b (R?
value of 0.88), show that the differences due to clay type are mainly due to the charge
on the surface of dispersed clay, confirming the findings by Marchuk and Rengasamy

(2011).
3.3. Hydraulic conductivity in relation to CROSSg

Soil hydraulic conductivity depends on cations and the composition and concentraion of
the electrolytes in soil solutions (Reeve et al., 1954; Quirk and Schofield, 1955). Earlier
reports (e.g. Rengasamy and Sumner 1998) have shown that the threshold electrolyte
concentration for clay flocculation varies with soil types, particularly clay content and
composition. Therefore, as the measurements of hydraulic conductivity were done at
different electrolyte concentrations for each soil, the relationships between CROSS
and K are highly dependent on the soil type. The value of relative hydraulic
conductivity (Hy) as influenced by K" in CROSS; solutions are given in Table
3.Generally, the two soil samples, although different in soil type, exhibited the decrease
of Hy, as the concentration of K in soil solutions increased. However, the correlations
between CROSS and K and as well between ECR% and Kj; are significant only for

individual soils (Fig. 3a and 3b).

It seems that for the illite-kaolinite soil (Urrbrae), low level of K™ may have positive
effects on hydraulic conductivity, possibly due to interlyer adsorption of K resulting in
the stabilisation of the aggregates. Similar results were obtained earlier by Reeve at al.

(1954) and Chen at al. (1983).
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Table 3 Relative hydraulic conductivity (Ky), pH, EC, soluble and excahngeable

cations, CROSSg,, CEC.sr and ECR, Zeta potential and turbidity measured on the final

soils.
CROSS tr Ksr pH (1:5) EC Soluble cations Exchangeable cations CROSS , ECR  Zeta Turbidity
(1:5) potential
Ca Mg Na K Ca Mg Na K
rel dS/m meq/l meq/100g % mV NTU
Urrbrae soil
089 7 0.29 0.30 0.30 0.30 1.97 1.47 1.35 0.08 236 2.9 46 -40 500
1.00 7.1 0.29 0.27 0.16 0.35 2.19 1.62 1.04 0.08 2.50 3.7 49 -46 960
11 080 73 032 0.22 0.19 0.33 2.82 1.59 0.94 0.08 2.92 4.7 54 -48 1200
15 015 74 034 0.15 0.06 031 3.05 1.51 0.64 0.09 321 6.5 61 -50 1551
Claremont soil
1.00 8.6 0.54 1.65 0.83 0.78 1.67 11.7 6.0 0.2 8.1 1.7 32 -24 184.0
068 87 051 1.69 0.84 096 2.05 12.1 54 02 9.0 2.0 35 -26 229.0
11 040 88 0.59 1.63 0.78 091 2.15 12.0 43 0.3 109 2.1 41 27 240.0
15 004 89 0.60 1.67 0.76 0.87 2.74 10.3 5.0 03 109 23 42 -31 260.0

In contrast, Claremont soil is a smectite rich Vertisol with high clay content, high

electrolyte concentration (EC) and high pH. Despite the relatively high electrolyte

concentration, (EC;.s=0.6 dS/m), of the final soil solution and low turbidity, hydraulic

conductivity of Claremont soil reduced significantly after the treatment with

CROSS15, owing to a shrink- swell behaviour typical of smectite rich Vertisol

(Barzegar et al., 1995). Regardless of the individual differences, the statistical analysis

confirmed the strong correlation between the relative hydraulic conductivity and the

increase in concentration of potassium in CROSS (Table 4). Our further studies will

focus on establishing the relationships between threshold electrolyte concentrations for

flocculation and CROSS; as influenced by mineralogy and soil type.
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3.4. Statistical results of linear regressions

Table 4 presents the summary of statistical results of linear regressions between
CROSSq; and other parameters such as CROSS;;, ECR%, turbidity and zeta potential for
the individual soils. The R? values are higher for the individual soils than for both soils

combined together indicating the influence of soil types on soil behaviour.

Table 4  Statistical results of linear regression between CROSS of the final soil

solutions and CROSS;; , exchangeable cation ration (ECR%), turbidity and Zeta

Soil X y n Regression equation R’
CROSS 12 2.52x-1.20 0.99
ECR % CROSS ss 12 0.25x-8.69 0.99

urmbrae o bidity 12 0.003x+0.87 0.93
Zeta potential 12 0.32x-10.34 0.80
CROSS 12 14.93x-20.24 0.91
ECR % CROSS ss 12 0.05x+0.22 0.86

Claremont . bidity 12 0.007x+0.26 0.99
Zeta potential 12 0.08x-0.16 0.90

3.5. CT scans and soil structural change

In recent years, CT scan has provided a valuable tool for soil scientists to observe soil
sturcture, especially pore size distribution and connectivity in relation to soil aeration
and moisture relationships, as well as for evaluating root proliferation, soil permeability
and hydraulic properties (Vogel, 2000; Mooney, 2002; Jassogne et al., 2007; Dexter and

Richard, 2009).

In the present study, X-ray computer tomography (CT) scanning was used to acquire

serial 2-D and 3-D images of two contrasting soil types to study changes in porosity,
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pore size distribution and the connectivity of the soil pores after treatment. The cost
constrains led us to limit the number of treatments to water only, CROSS;6 and

CROSS15.
3.5.1 2D and 3D images and cross sections of the reconstructed soils

2D and 3D visualisations from the CT images for Urrbrae and Claremont soils after
treatment cycles and saturated hydraulic conductivity measurements are presented in
Figure 4. Comparison of the images illustrates clearly the differences in the sizes,
connectivity and quantities of the pores between the treatments. As the K concentration

increased in CROSS; 15, most of the effective pores decreased dramatic in both soils
were destroyed and their vertical continuity reduced.
3. 5.2. Porosity and connectivity analysis

The effect of soil K concentration on the soil structure is illustrated using
interconnected porosity and connectivity data calculated from 3D CT scan images.
When the pores connectivity decreases, there is a decrease in air porosity and increase
in bulk density leading to soil structural degradation (Speirs et al., 2011). Table 5 shows
the calculated porosity and connectivity for treatments. Porosity and connectivity in
CROSS;; 6 treated soils was higher compared with the water- treated soils, confirming
the hydraulic conductivity results that at the low level of K, there is a beneficial effect

on soil structure.However, there was a significant decrease in porosity and connectivity

when CROSS;; 15 was applied to the soils.
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Fig.4. 2 D and 3D CT images and the cross sections ( small blockes) showing pore
space (white colour) for Urrbrae and Claremont soils treated with: (a)-deionised water,

(b)- CROSSy 6, (c)- CROSS 15.

86



Table S Pore size distribution, total porosity % and pore connectivity from quantified

3-D CT scan results, showing for Urrbraec and Claremont soils treated with water,

CROSS 6 and CROSS;, 15.

Soil Treatment K concentration — Total Connectivity
Water 0 235 39584
Urrbrae CROSS;; 6 20 40.9 50438
CROSS, 15 60 20.6 21005
Water 0 39.0 20313
Claremont CROSS,; 6 20 51.0 24395
CROSS,; 15 60 38.0 15182

3. 5.3. Comparison of soil pore sizes between the treatments

The desirable range of pore sizes and a good soil structure for plant glowth can be

defined in terms of the presence of pores for the storage of water available to plants,

pores for transmission of water and air, and pores in which roots can grow. However,

there is little or no consensus for the definition and termonology used to classify

micropore and macropores in the soil literature (Kwiecien, 1987; Perret et al., 1999).

Table 6 Soil pore diameters and functions Source: Oades (1984)

Pore diameter Function Terminology

(um)

0-17.4 Residual (very strong bound water, Bonding pores, very
unavailable to plants) fine and fine pores

17.4-69.2 Water holding capacity, plant available Effective pores
water

69.2-500 Infiltration, permeability Water transmission

pore
> 500 Fissures

Table 6 provides a modified classification of the pore size diameters given by Oades

(1984) on the basis of their functions in the soil system. This classification allowed
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assembly of the CT scan pore size distribution data into the functional groups. The
groups were compared for the changes in soil pore structure between the treatments for
Urrbrae and Claremont soils (Fig 5 and 6). The percentage of the effective pores (17.4-
69.2um) decreased dramatically with the increase in K™ concentration in treatment
solution (CROSS;; 15) while the percentage of the water bonding pores (0-17.4 um)
increased, indicating deterioration of soil structure in both soils. Treatment with
CROSS;6 resulted in increased number the effective pores in both soils as compared to

the treatment with water only.

All the results obtained from X-ray CT scan confirm the structural deterioration with
the high concentration of K" in treatment solution in the both soils. The results also
confirm that in soils treated with low K solutions had better structure than the soils

treated with water only.
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Fig.5. Pore size diameter distribution of the Urrbrae soil.

88



60

$ 50

g

5 40

2

Z 30

bS]

I 20

o

3 10

ot

0 N I

Pore diameter pm 0.0-17.4 17.4-69.2 69.2-553 553-2000
® Claremont Control 19.4 35.8 44.0 0.8
O Claremont CROSS 6 10.4 333 52.3 4.0
O Claremont CROSS 15 37.5 28.1 33.7 0.7
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4. Conclusions

Results obtained for hydraulic conductivity, turbidity, zeta potential, porosity and
connectivity all confirm that increasing levels of potassium in soil solutions affect soil
structure. There is an indication that at low levels of potassium soil structure may not be
affected. The good correlations obtained between CROSS measured in soil solutions
(CROSSs) and the parameters like turbidity and zeta potential support its use instead of
SAR, PAR or MCAR in identifying soil structural stability influenced by cations. The
present study also indicates the influence of soil type, especially clay content and
mineralogy, in changing the effcts of potassium. Future studies are necessary to

establish these influnces as well the role of electrolyte concentration in affecting soil

structure in relation to CROSS.
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Influence of organic matter, clay mineralogy and pH on the effects of CROSS on

soil structure is related to the zeta potential of the dispersed clay

Alla Marchuk, Pichu Rengasamy and Ann McNeill,

Soil Science, School of Agriculture, Food and Wine, Waite Campus, The University of
Adelaide, SA 5064, Australia.

Abstract

The high proportion of adsorbed monovalent cations in soils in relation to divalent
cations affects soil structural stability in salt-affected soils. Cationic effects on soil
structure depend on the ionic strength of the soil solution. The relationships between
CROSS (cation ratio of soil structural stability) and the threshold electrolyte
concentration (TEC) required for the prevention of soil structural problems vary widely
for individual soils even within a soil class, usually attributed to variations in clay
mineralogy, organic matter and pH. The objective of the present study was to test the
hypothesis that clay dispersion influenced by CROSS values depends on the unique
association of soil components, including clay and organic matter, in each soil affecting

the net charge available for clay-water interactions.

Experiments, using four soils differing in clay mineralogy and organic carbon, showed
that clay dispersion at comparable CROSS values depended on the net charge
(measured as negative zeta potential) of dispersed clays rather than the charge attributed
to the clay mineralogy and/or organic matter. The effect of pH on clay dispersion was
also dependant on its influence on the net charge. Treating the soils with NaOH
dissolved the organic carbon and increased the pH, thereby increasing the negative zeta

potential and hence, clay dispersion, whereas, treatment with calgon (sodium hexa-meta
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phosphate) did not dissolve organic carbon significantly or increase the pH. However,
the attachment of hexa-meta phosphate with six charges on each molecule greatly
increased the negative zeta potential and clay dispersion. A high correlation (R? =0.72)
was obtained between the relative clay content and relative zeta potential of all soils
with different treatments, confirming the hypothesis that clay dispersion due to
adsorbed cations depends on the net charge available for clay-water interactions. The
distinctive way in which clay minerals and organic matter are associated and the
changes in soil chemistry affecting the net charge cause the CROSS-TEC relationship

to be unique for each soil.

Additional keywords: cation ratio of soil structural stability, SAR, turbidity

Introduction

High proportions of monovalent cations, sodium (Na) and potassium (K), in relation to
divalent ions, calcium (Ca) and magnesium (Mg), in salt-affected soils affect soil
structural integrity and cause severe constraints to crop production when the ionic
strength of the soil solution is lower than that causing osmotic stress to the plants
(Rengasamy 2010). Currently, in evaluations of the effect of salt on soil structure, the
focus is mainly on the concentration of Na with the usage of parameters sodium
adsorption ratio (SAR) and exchangeable sodium percentage (ESP). However, recent
reports on the occurrence of significant amounts of K in soils and waste waters used for
irrigation in Australia (e.g. Smiles 2006; Arienzo et al. 2009; Laurenson et al. 2012),
encourage attention on the effects of K on soil structure. Further, the differential effects
of Ca and Mg in their flocculating powers are also known (e.g. Rengasamy and Sumner

1998). Marchuk and Rengasamy (2011), on the premise that water stability of soil
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aggregates depends on the degree of ionicity of clay-cation bonding, derived the
ionicity indices of monovalent and divalent cations in relation to their bonding with
clay particles and showed that these indices dictate clay behaviour in aqueous
suspensions. Due to differences in ionicity indices, the dispersive effects of Na and K,
and the flocculating powers of Ca and Mg will differ. Based on these concepts a new
ratio “CROSS’ (cation ratio of soil structural stability) analogous to SAR was proposed
(Rengasamy and Marchuk, 2011) which incorporates the differential effects of Na and
K in dispersing soil clays, and also the differential effects of Mg and Ca in flocculating
soil clays. This is defined as: CROSS = (Na + 0.56K) / [(Ca + 0.6Mg)/2]°° where the
concentrations of these ions are expressed in millimole of charge/L. The coefficient of
K was based on the ratio of the dispersive powers (reciprocal of flocculating powers) of
Na and K, and the coefficient of Mg was based on the ratio of flocculating powers of Ca
and Mg. The flocculating powers of all these cations have been derived theoretically

and verified experimentally by Rengasamy and Sumner (1998).

Cationic effects on soil structural features such as clay dispersion and hydraulic
conductivity are dependent on the ionic strength of the soil solution. Threshold
electrolyte concentration (TEC) which completely prevents dispersion for a given
cationic suite defined by SAR or CROSS (e.g. Quirk and Schofield 1955; Rengasamy et
al.1984; Marchuk and Rengasamy 2012) allows one to distinguish osmotic salinity
effects from the soil structural stability effects in salt-affected soils. However, TEC
obtained by relating SAR or CROSS with EC (electrical conductivity) in solutions of
dispersed and flocculated soils differs widely for soils even within a soil type because
of the differences in soil factors including clay mineralogy, organic matter and pH
(Rengasamy and Olsson 1991; Marchuk and Rengasamy 2012). Similarly, the slope of

the correlations between CROSS (or SAR) and the amount of dispersed clay vary with
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clay type, organic matter and pH (Marchuk and Rengasamy 2011; Chorom and
Rengasamy 1995; Emerson and Smith 1970). Net charge on soil particles is responsible
for water interaction leading to structural instability (Rengasamy and Sumner 1998).
Non-charged soil components including organic moieties do not react with water.

Similarly, in variable charge soils, the clay particles do not disperse at pH values where

net charge is zero.

Generally, the cation exchange capacity (CEC) reflecting the charge on soil depends on
clay minerals and organic matter contents. Modification of this charge by pH variations
is also well known (e.g. Chorom and Rengasamy 1995). However, the methods of
estimating CEC destroy the natural soil aggregation, and hence the real charge available
on natural aggregates for water interaction will not be indicated by CEC or the charge
estimated by individual clay minerals or organic matter. Previous studies (Chorom and
Rengasamy 1995; Marchuk and Rengasamy 2011) have shown that zeta potential of the

dispersed clays is closely related to the dispersion-flocculation phenomena.

The present investigation aimed to define the relationship between CROSS and clay
dispersion in relation to mineralogy, organic matter and pH in four soils with different
mineralogical composition and organic matter content. The relevance of the zeta
potential of the dispersed clays to the relationship between CROSS and dispersed clay

was also investigated.

Materials and methods.

Soils used
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Four soils viz. Urrbrae, McLaren, Claremont and Keilira were used in the present study.
Selection of these soils was based on differences in their clay mineralogy, texture, pH,
EC, effective cation exchange capacity (CEC.t) and zeta potential measured on clay <
2um clay fractions obtained from the soils without preliminary chemical treatment by
the method described in Churchman (2002). The soil samples were taken by a hand
auger, air-dried, sieved to 2 mm particle diameter and analysed for physical and
chemical characteristics.
Soil particle size distribution (Gee and Bauder 1986), soluble and exchangeable cations
(Rayment and Lyons 2011), total carbon by Dumas high temperature combustion
method (Rayment and Lyons 2011), organic carbon (Walkley and Black 1934), clay
mineralogy by X-ray diffraction and zeta potential of dispersed clays (Marchuk and
Rengasamy 2011) were measured and are presented in Table 1. Water dispersible clay
(WDC) was determined in the same way as particle size analysis except that the
samples were dispersed with water without any pre-treatment to remove cementing

compounds, and without use of dispersive agents.

Physico-chemical properties and locations of the soils are presented in Table 1.

Experiment 1 Soil pre- treatment

Two soils were chosen for the experiment 1: Urrbrae and Claremont. Percolating
solutions were prepared using 0.1M chloride solutions of Ca, Mg, K and Na at
predetermined concentrations to obtain CROSS;, values of 6, 8, 11, 15, but all having

the same SAR of 1.2.

Soil samples were evenly packed into Plexiglas (Evonik Industries, Essen, Germany) (6

cm in diameter and 10 cm long) at a bulk density of 1.33 Mg/m?®. Both column ends
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Table 1.Selected physical and chemical properties, main clay minerals, and soil

location of the soils used

Soil
Soil properties Units
Urrbrae Mc Laren Claremont Keilira
Depth cm 15-40 15-40 15-40 15-40
pH 6.7 7.3 8.3 9.7
(1:5 soil water)
EC dS/m 0.061 0.139 1.03 1.03
(1:5 soil water)
Total carbon % 1.5 0.8 4.0 4.6
Organic carbon % 14 0.3 2.2 24
CECq ?mol kg 8 10 33 30
Zeta potential mV -38 -42 -19 -25.6
Dominant clay minerals Illite-kaolinite Illite -kaolinite Smectite Smectite
Taxonomic class # Red Chromosol Red-Brown Earth  Vertisol Vertisol
Texture Sandy loam Clay-loam Clay Clay
Clay content % 40 45 60 40
Water  dispersible  clay % 26 32 6 26
(WDC)
Location in South Australia 34°58’S 35°15’ S 34°58’" S 36°71’S
138°38’ E 138°33’' E 138°38"" E 140°16” E
Waite Research McLaren Waite Keilira
Institute Vineyard Research District
Institute South
Australia

A Australian Soil Classification (Isbell 2002)

were fitted with nylon mesh screens with a double disk of gauze mesh on the top of the

soil to reduce surface disturbance. Initially the columns were wetted with the treatment

solutions to saturation for 24 hours from the base by slow capillary rise and then the

flow direction was reversed. The columns were percolated with three wetting, draining

and drying cycles using each of four CROSS treatment solutions (CROSSy,) for each

soil. For each cycle, 1 L of one of the CROSS;; solutions was percolated and then the
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soils were allowed to drain and dry for 1 week. The experiments were conducted using
triplicate samples. The cation concentration of the treatment solutions are presented in

Table 2.

Table 2 Attributes of each treatment solution (CROSS;,) and potassium concentration in

CROSS; solutions.

Treatment  Cations in treatment solutions TCC SAR; CROSS,
No (mmol//L) (mmol//L)

K Na Ca Mg

1 20 3.2 54 10 38.6 1.2 6.0
2 30 3.2 54 10 48.6 1.2 8.4
3 42 3.2 54 10 60.6 1.2 11.2
4 60 3.2 54 10 78.6 1.2 154

*CROSS;, was calculated from the cation concentrations

After completion of the treatment cycles, the soils were removed from the columns, air
dried, crushed and passed through a 2-mm sieve. These final soils were then analysed
for spontaneous dispersion, Zeta potential on separated clays and other selected
properties such as EC;.5, pH 1.5, CROSS of soil solutions (CROSSs) and exchangeable

cation ratio (ECR %).
Soluble and Exchangeable cations

The EC, pH and soluble cations (Na*, K*, Ca**, Mg?*) concentrations (mmol. /L) were
determined using extracts from 10g of final soil in 50ml deionised water, and CROSSg,

of the final soil solutions were calculated using the following equations:

CROSS = (Na + 0.56K) / [(Ca + 0.6Mg)/2]"° (1)
where the concentrations of the corresponding ions are expressed in millimole of

charge/L.
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The exchangeable cations (Na*, K*, Mg®* and Ca®") were determined after soluble salts
were removed by washing each of soil sample with 250ml of 60% ethanol until the

electrical conductivity of the soil suspensions was below 0.05dS m™.

The exchangeable cations were extracted with 250 ml of 0.1MNH,CI adjusted to pH 7
for the Urrbrae soil and to pH 8.2 for the Claremont soil. The process was repeated a
further two times and all the extracts collected and analysed for the exchangeable
cations by inductively coupled plasma —atomic emission spectroscopy (ICP-AES)
(Jackson 2005; Rayment and Lyons 2011). Subsequently, the effective cation exchange

capacities (CECe) and exchangeable cation ratio percentage (ECR %) were calculated

as:
CECeft = (3. exch Na*, K*, Mg** and Ca®") 2)
ECR %= [(Na"+K") / CEC¢)] X100 (3)

where the quantities of the exchangeable cations are expressed in cmolc/kg.

Spontaneous dispersion and turbidity measurements

Spontaneous dispersion was assessed by a modification of the method described by
Rengasamy (2002). Samples (20g) of dry final soils were placed into 250 ml transparent
measuring cylinders and 200 ml of distilled water was added slowly down the sides of
the cylinders, taking care to avoid disturbance of the soil. After approximately 5 hr, any
particles which had dispersed form the soils were gently stirred into suspension and left
to stand for 2 hours. Suspensions were pipetted out from 10 cm depth for turbidity

measurements.

To quantify the amount of < 2um particles dispersed, measurements were made on a
Hach 2100N Laboratory Turbidimeter at 25°C and recorded in Nephelometric Turbidity
Units (NTU).
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Electrophoretic mobility and zeta potential

The zeta potential ({) was measured on < 2um particles by laser Doppler velocimetry
on a Malvern Zeta master Particle Electrophoresis Analyser. The correlation functions
were measured automatically and zeta potential calculated by Malvern Control
Software v1.23a. Prior to injection of the sample, cell alignment and set up of the
system were performed and the operating conditions of the instrument were checked
and calibrated using a DTS 5050 Electrophoretic Standard. The intensity (Kkilo
counts/second) of each clay sample was measured prior to the readings to ensure the
compatibility of the samples. The zeta potentials ({) were calculated as the mean of ten
runs, each of which was averaged over 25 individual measurements performed

automatically by the instrument.

Experiment 2

Soil samples of Urrbrae and Claremont soils pre-treated with the CROSS;, 11 were
dried and resuspended at 10g in distilled water and adjusted to the 4 desired pH values
with 0.1IM HCI and NaOH (Chorom and Rengasamy 1995). After 14 hours the
suspension pH was measured. Turbidity and zeta potential were measured as described

above.

Experiment 3

Four soils, McLaren, Urrbrae, Claremont and Keilira were used in this study. 40 g of
soil was treated with different treatment solutions, intended to change organic carbon
content, as described in Table 6 and shaken for 24 hours. The solutions were transferred

to measuring cylinders and made up to 1000ml with water, allowing to stand for 30
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minutes to thermally equilibrate. A hydrometer was used on the suspension and a
readings taken after 5 hours to determine clay content (Gee and Bauder, 1986). Zeta
potential was measured on clays particles < 2um. Dissolved organic carbon was
measured using Shimadzu UV-1601 spectrophotometer at 254nm by the method
described in Deflandre and Gagne (2001). Clay content estimated as a measure of clay
dispersion. Relative zeta potential (C ) and relative clay content were calculated in

relation to the highest value for each four soil to compare the effect of treatments.

Results and Discussion

Relationships between CROSS, Turbidity and Zeta potential

The two soils, Urrbrae and Claremont, were treated with solutions of different CROSS;,
values, viz. 6,8,11 and 15 and after equilibrium, the excess salts were washed. The
values of different parameters meseaured in the treated soils are given in Table 3. The
CROSS;; values in 1:5 extracts are lower than the values of corresponding treatment
solutions while pH remains nearly constant. The turbidity, ECR% and zeta potential
increase with increasing CROSSg while the changes in SAR and ESP are not
significant. In individual soil, CROSSs; is highly correlated with turbidity, zeta potential
and ECR% (Table 4), as observed in previous work (Marchuk and Rengasamy 2012).
The results in the present study also confirm that these relationships are unique to each
soil. Claremont soil with smectite as the major component of the clay fraction and
higher CEC than the Urrbrae soil with illite and kaolinite dispersed less than Urrbrae
soil at comparable CROSSq; values. This was reflected in the zeta potential values of

dispersed clays from Claremont soil and it was hypothesised that high organic carbon in
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Claremont soil had a role in reducing the net charge on soil surfaces and influencing the

clay dispersion. Hence, experiment 3 was undertaken.

Table 3 pH, Electrical conductivity (EC), cation ratio of structural stability (CROSS),
Excahngeable cation ratio (ECR %), Sodium Adsorption Ratio (SAR), exchangeable
sodium percentage (ESP), Turbidity and zeta potential measured in the treated soils

Soil CROSS;, pH EC (1:5) CROSSg ECR SAR ESP Turbidity Zeta()
(1:5) dS/cm in soil (%) (%) (NTU) mVv
solution
6 75 0.04 1.2 414 036 1.65 980 -51
8 7.2 0.06 1.5 469 048 226 1270 -55
Urrbrae
11 7.3 0.04 1.5 52.1 047 254 2680 -59
15 7.3 0.05 1.9 614 066 251 3980 -62
6 8.6 0.18 1.7 18.1 0.69 0.39 560 -27
8 8.7 0.2 1.9 207 0.67 0.53 876 -29
Claremont
11 8.8 0.26 2.8 26.2 092 0.3 1560 -32
15 8.9 0.32 3 316 045 0.53 2270 -34

Table 4 Statistical results of linear regression between CROSSg; of the final soil solutions
and exchangeable cation ratio (ECR%), turbidity and Zeta potential

Soil X Y Regression equation R?
Turbidity 4462.2X-4493 0.81

Urrbrae CROSS s5 Zeta potential ({) 16.07X+32 0.88
ECR % 29.48X+5.9 0.94
Turbidity 1131.6X-1348.3 0.91

Claremont CROSS ss Zeta potential ({) 4.63X+19.5 0.96
ECR % 8.98X+2.9 0.92

*Statistical calculations and linear regression analysis were performed with the programme
Graphpad Prism version 5.01(GraphPad Software, Inc., San Diego, USA).
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The effect of pH on clay dispersion and zeta potential

Variations in pH have been found to affect clay dispersion in pure clay minerals (e.g.
Arora and Coleman 1979; Chorom and Rengasamy 1995) and in soils (e.g. Suarez et al.
1984; Chorom et al.1994). The effect of pH on the electrical potential of the clay surfaces
can be related to the amount of variable charge on the external surface of the clay particles.
Earlier studies (Chorom et al. 1994) have shown that net negative charge is the primary
factor in clay dispersion, and that pH affects clay dispersion by changing the net charge on
clay particles. While the previous studies focussed on sodium saturated clays or soils, in
the present experiment we used soils treated with a solution of multiple cations including
higher concentration of potassium and low levels of sodium. The results (Table 5) clearly
show that in both soils (Urrbrae and Claremont), as the pH increases both turbidity (clay
dispersion) and negative zeta potential (reflecting the net charge on clay particles) increase.
Higher negative charge with increasing pH in Claremont soil could be also due to high
organic carbon content. Helling et al. (1964), analysing 60 Wisconsin soils, showed a
linear increase in CEC contributed by organic matter with increasing pH. Figure 1 shows
the significant correlation between pH and turbidity as well as between pH and zeta
potential, for both soils Urrbrae and Claremont. The slopes of these regressions for each
soil are different indicating that the pH effect is controlled by the type of clay minerals and

perhaps, organic matter.
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Table 5 Effect of pH of soils treated with the solution of CROSS 11 on clay dispersibility
(measured as turbidity) and zeta potential

Soil pH (1:5) Turbidity (NTU) Zeta ({) (mV)
34 517 251
Urrbrae 6.7 2680 -46.7
9.8 3830 -58.1
11.4 4170 -61.2
6.9 200 -15.6
Claremont 75 1230 21.7
9.3 3047 -28.6
11.6 9760 -38.8
Urrbrae
5,000 - (a) - 70
pH vs Zeta - 60
4,000 - y = 4.5282x + 12.342 Py
R2=0.96 - 50 Y
)
2 3,000 - S
, - 40 =
2 =
=) - 30 &
g 2,000 - : ~
= pH vs Turbidity - 20 Z
1,000 - y = 457.51x - 780.78 =
o R2=0.9621 - 10
0 . . 0
0 5 10 15
pH
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Claremont

12,000 - e
(b) - 40
10,000 -
pH vs Zeta * - 35 E
y = 4.78x - 16.23 o
-) i = i
2 8,000 R2 = 0.99 30 8
= - 25 %
2 6,000 - S )
= -2 2
2
= | . pH vs Turbidity | o
= 4,000 y = 2021.4x - 14381 o 3
R2=0.95 - 10
2,000 -
-5
0 . () . 0
pH
e Turbidity ® Zeta (-mV)

Fig. 1 Turbidity and Zeta potential as a function of the pH in suspension for (a) Urrbrae

soil, (b) Claremont soil.

The role of organic matter in clay dispersion

While both organic matter and clay contribute to the CEC of soils and hence, promote
water interactions, they cannot be considered as uniform entities and interactions between
them have major influence on clay dispersion (Nelson and Oades 1998). An earlier report
(Marchuk and Rengasamy 2012) and the results in the present study (Table 3) indicate that
in Claremont soil, despite smectite mineralogy, clay dispersion was lower than in the soils
with illite-kaolinite mineralogy. The negative zeta potential of the dispersed clay was also
lower than expected for smectite minerals. Previous work (Marchuk and Rengasamy 2012)
hypothesized that when organic matter is high in soils, water interaction leading to clay

dispersion is minimal because charge on clays is reduced by clay-organic bonds, which are
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mostly covalent, or soil aggregates are enveloped by organic materials formed by covalent
bonding. To test this hypothesis, four soils with different organic carbon content were
treated with different solutions which can affect the solubility of organic matter and
subsequently the amount of clay dispersed, the zeta potential of dispersed clay and the

residual organic carbon were measured (Table 6).

Treatments with NaCl or KCI caused minor dissolution of organic carbon in all four soils.
The exchange of Na from NaCl led to higher clay content (due to dispersion) compared to
the exchange of K from KCI. This confirmed earlier observations in this work that

exchangeable K leads to dispersion but less than the effects of Na.

However, when treated with NaOH, in all four soils, organic carbon dissolved to a great
extent with an increase in pH >10.5. This caused to the increase in clay content by 1.6
times in Claremont soil and 2.7 times in Keilira soil, compared to NaCl treatment. These
two soils were high in organic carbon and NaOH treatment reduced organic carbon by 8.6
times in Claremont and 4.1 times in Keilira soils. Correspondingly, negative zeta potential
of the dispersed clays increased 1.2 times in Claremont and 1.13 times in Keilira soils.
Whereas, in McLaren and Urrbrae soils with illite-kaolinite mineralogy and low organic
carbon, NaOH treatment dissolved larger proportions of organic carbon with simultaneous
increase in clay content and negative zeta potential of the dispersed clay. The dissolution
of organic carbon in all these soils has exposed the negative charge on clays by removing
clay-organic bonds. The increase in negative charge, also contributed to by the increased
pH, is reflected in the increase in negative zeta potential of the dispersed clays and is

responsible for the increase in clay dispersion.
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The treatment with calgon (sodium hexa-meta phosphate) solutions, in all four soils,
increased clay dispersion, which became greater with increasing amount of calgon added,
and concurrently the negative zeta potential increased. The dissolution of organic carbon
with calgon alone was very low compared to NaOH treatments. Notably, the negative zeta
potentials of the dispersed clays in all soils from calgon treatments were very high
although the pH of these soils did not increase significantly from those of the original soils
(Table 6). The six negative charges on each molecule of sodium hexa- meta phosphate
attached to the clay surfaces increased the net charge to very high values and the clay

dispersion.

For NaOH treatment, the pH values were higher in McLaren and Urrbrae soils than for the
Claremont and Keilira soil, however, the clay content of the McLaren and Urrbrae were
very low comparing to the Claremont soil, the results were inverse for Keilira. The reason
may be that McLaren and Urrbrae soils had illite and kaolinite which had high pH-
dependant charge, while Claremont soil has smectite which does not have high pH-
dependant charge. Dissolution of more organic matter in Claremont soil compared to

Keilira soil can partially explain the difference in clay content between them (Table 6).

Thus, the role of organic matter in reducing clay dispersion due to adsorbed monovalent
cations appears to be in reducing the negative charge available for water interactions. The
high correlation (R? = 0.72; Figure 2) between relative clay content (dispersed clay) and
the relative zeta potential, including the data for all soils and all treatments, confirm the
hypothesis that clay dispersion due to adsorbed cations depends on the charge available for
water interactions irrespective of mineralogy, organic matter and pH of the soils (Figure 2).

The net charge on soil surfaces, available for water interaction, depends on the unique
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association of clay minerals and organic matter in addition to the pH effects on the net

charge.

Table 6 Selected properties of soils after treated with different solutions: electrical
conductivity (EC), pH, Clay content % , relative clay content compared to NaOH
treatment, Zeta potential, relative zeta potential and residual organic carbon (OC)%

Zeta(Q

Treatment EC pH Clay content # (-mV) Zeta (O e Clay (o Residual OC %
%

McLaren

20 ml NaOH 1.16 11.7 325 73.9 1.00 0.72 0.03
5 ml calgon 0.43 6.9 325 71.9 0.97 0.72 0.06
10ml calgon 0.78 6.7 30.0 70.2 0.95 0.72 0.07
25 ml calgon 1.80 6.5 30.0 71.6 0.97 0.83 0.05
0.1M NaCl 0.36 6.8 225 48.5 0.66 0.61 0.26
0.1M KClI 0.61 6.6 8.8 414 0.56 0.28 0.30

Urrbrae
20 ml NaOH 1.05 114 355 68.0 0.87 0.92 0.10
5 ml calgon 0.42 6.7 33.8 72.0 0.93 0.99 0.87
10ml calgon 0.81 6.6 35.0 74.6 0.96 1.08 0.85
25 ml calgon 1.46 6.6 375 75.0 0.96 1.02 1.32
0.1M NaCl 0.27 6.1 22.8 66.3 0.85 0.84 1.40
0.1M KClI 0.71 5.8 16.3 61.7 0.79 0.66 1.43
Claremont
20 ml NaOH 1.80 10.5 40.0 34.9 0.63 0.62 0.30
5 ml calgon 0.30 7.9 41.0 33.3 0.59 0.68 2.50
10ml calgon 0.66 8.1 46.0 38.2 0.68 0.77 2.35
25 ml calgon 1.36 8.2 50.0 46.0 0.81 0.83 212
0.1M NaCl 0.53 9.2 25.0 29.0 0.51 0.42 2.57
0.1M KClI 0.73 9.2 21.0 28.0 0.50 0.35 2.90
Keilira

20 ml NaOH 1.80 10.5 30.0 34.9 0.63 0.62 0.48
5 ml calgon 0.86 9.4 30.0 38.2 0.69 0.75 1.56
10ml calgon 1.29 9.4 33.0 415 0.75 0.83 0.96
25 ml calgon 2.20 9.3 36.0 48.0 0.87 0.90 0.56
0.1M NaCl 1.01 9.7 11.0 30.8 0.56 0.28 1.98
0.1M KClI 1.09 9.7 10.0 29.7 0.54 0.25 2.10
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y =1.1473x - 0.1718
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Fig. 2 Relationships between relative zeta potential ( and relative clay content for four
soils subjected to each of the treatment solutions (relative clay content and { values were
calculated to eliminate the effect of individual soil characteristics when the results of all
soils ware combined together)

Conclusions

Experiment one clearly demonstrated that the dispersibility of clay was a function of the
CROSS values and depended on the unique association of soil components affecting the

net charge available for clay-water interactions.

Claremont soil with smectite mineralogy and higher CEC than Urrbrae soil with illite and

kaolinite dispersed less than Urrbrae soil at comparable CROSS values.

The results of the second and third experiments independently confirmed that clay
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dispersion depended on the net charge as influenced by pH.

The high correlation between the relative clay content (a measure of clay dispersion) and
relative zeta potential for all soils and all treatments in the third experiment confirm the
hypothesis that clay dispersion due to adsorbed cations depend on the charge available for

water interaction irrespective of mineralogy, organic matter and pH of the soils.

The fact that CROSS (or SAR) relationships with threshold electrolyte concentrations in
dispersive soils are unique for each soil can be attributed to the distinctive way in which
clay minerals and organic matter are associated in each soil and how this affects the net

charge.
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Chapter 9 Conclusion

The solutions of salt—affected, fresh water or wastewater irrigated soils contain a range of
dissolved salts, and may have an elevated concentration of sodium, potassium and
magnesium, which may affect the levels of both, soluble and exchangeable cations and
lead to soil structural deterioration due to clay dispersion and swelling (Arienzo et al.,
2009; Rahman and Rowell, 1979; Smiles, 2006; Zhang and Norton, 2002). However, most
investigations of clay dispersion have been focused on high exchangeable sodium, with
sodium adsorption ratio (SAR) and exchangeable sodium percentage (ESP) currently used
as indices for assessing soil structural stability on interaction with water. The main focus of
this research project was to investigate the effects of increased input of potassium and
magnesium on clay dispersion and hydraulic conductivity of soils and, to experimentally
validate the new structural stability index CROSS using soils of different clay mineralogy,

pH, EC, net charge and organic matter.

With respect to the effect of potassium on soil structural stability, the studies reported in

this thesis (Chapter 3, 5 and 6) highlighted two important points:

e High concentration of potassium in soils leads to soil structural deterioration

e Soil type , mineralogy, organic matter content and pH influence the effect of K
on soil structure

e 2D and 3D image reconstructions from X-ray CT scan allowed visualisation of
the structural changes as the effect of high potassium concentration in soil and
quantification of reduced porosity and pore connectivity

e A new quantitative index, CROSS, accurately accounts for the influence of all

major cations on soil structural stability when used as an alternative to SAR.
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Dispersive behaviour of soils has been explained by soil scientists using an hypothesis
involving various electrical diffused double layer forces generated between colloidal
particles suspended in water (e.g. Quirk, 2001). The DLVO theory (Derjaguin and Landau,
1941; Verwey and Overbeek, 1948a) has served since the 1950s as the main theoretical
framework for analysing the properties of colloidal and biocolloidal systems. However,
Israelachvili and McGuiggan (1988) stated that solvation and hydration forces are more
important in swelling than DLVO forces. Further, Rengasamy and Sumner (1998)
proposed that HSEB (Hard-Soft Acid -Base) reactions lead to different types of bonding
between clay surfaces and cations, namely covalent and ionic which control hydration and
therefore swelling and dispersion properties of soil clays. These same authors (Rengasamy
and Sumner, 1998) also stated that the tendency to form covalent bonding and complexes
increases in the order: Na', K', Mg2+, Ca2+, Fe*" for example, although quantitative

comparison between the theory and experiment was yet to be developed.

The 1onicity indices of the cations Li" Na", K, Mg2+, Ca2+, Sr** and Ba®" were derived
theoretically using their ionisation potentials and charge. In all homoionic clays, used in
the experimental part of this study, highly significant relationships between ionicity indices
of cations in clay- cation bonds and the clay behaviour such as dispersivity and zeta
potential confirmed that the degree of ionicity of these bonds dictate the water interaction

with clay particles leading to clay dispersion.

Non destructive X-ray micro computed tomography scanning (Chapter 5) was used to
characterise the changes in pore architecture as influenced by the proportion of cations
(Na, K, Mg, and Ca) bonded to soil particles. The results of this study confirmed that
structural changes during soil water interaction depend on the ionicity indices of dominant

cations. Pore architecture parameters, such as total and closed porosity and pore
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connectivity as characterised by uCT scans, were influenced by the valence of cations. The
degree of ionicity of an individual cation also explained the different effects caused by

cations within a monovalent and divalent category.

The results of the laboratory experiments confirmed that hydraulic conductivity, clay
dispersion and the negative charge of the dispersed clays (measured as zeta potential) of

cation- treated soils decreased in the order Ca>Mg>K>Na.

Linear regression analysis between active porosity, pore connectivity, hydraulic
conductivity, turbidity and zeta potential significantly correlated with the ionicity index of

clay cation bonds.

The theory of the degree of ionicity in a clay- cation bond was followed in the study
reported in Chapter 6. The concept of CROSS has been developed in place of SAR to
reflect the different dispersive power of Na and K and the different flocculating power of
Ca and Mg. The correlations between percentage of dispersed clay and SAR (r*=0.70) and
between the percentage of dispersible clay and CROSS (r’=0.95) indicated: (a) the
importance of including K in the equation; (b) the superiority of CROSS over SAR in
determining the dispersive clays in soils. It was also found that CROSS measured in 1:5
soil/water extracts was strongly related to the ratio of exchangeable cations (ECR), used in

this study in place of a traditional ESP.

The relationships between CROSS and ECR will depend on soil type, organic matter and
mineralogy of clay. Differently treated soils of three soil types, pH, EC, organic matter and
clay mineralogy were used to determine threshold electrolyte concentration of the
flocculated suspensions, and to establish relationships between CROSS and TEC for those

soils. TEC was significantly correlated with CROSS of the dispersed suspensions. The
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cationic flocculating charge (CFC) of the flocculated suspensions, which incorporates the
individual flocculating power of cations, also significantly correlated with CROSS.
However, those relationships depend on several soil factors even within the same soil type.
The dispersive potential of the individual soils was derived from which allowed to

calculate the required cationic amendments to maintain soils structural integrity.

The role of the net charge on dispersed clays in relation to clay dispersion of the soils with
different clay mineralogy, pH and organic matter content was investigated during the final
experimental stage of this research. The high correlations between the relative clay content
and relative zeta potential which included data for all soil and all treatments confirmed that

clay dispersion due to adsorbed cations depend on the net charge available for water

interaction, irrespective of mineralogy, organic matter or pH of the soils.
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Chapter 10 Future research opportunities

Differing from the use of SAR, the CROSS ratio was developed to include quantitative
influence of K in addition to Na and the differential effects of Ca and Mg on soil structural
stability. In this research, the CROSS of the soils of three soil types with varying soil
characteristics, treated with solutions of varying concentrations of Na, K, Mg and Ca, was
highly correlated with the clay dispersion induced by cations, highlighting the potential of

using CROSS for predicting the effects of cations on soil structure.

Future research is recommended to investigate the effect of CROSS in irrigation water, soil
type, mineralogy and pH on predictability of exchangeable cation ratio (ECR). This
research may be important in certain irrigation areas where irrigation water in use have

higher potassium and magnesium than most typical irrigation waters.

The theoretical derivation of ionicity indices of cations in clay —cation bonding and their
relation to clay behaviour in aqueous suspensions established in this research validate the
formulation of CROSS concept. However, the results presented in this thesis are based
only on a limited number of soils and clays. In order to derive general guidelines for soil
structural stability in salt-affected soils and irrigation water quality on the basis of CROSS,
future work using a number of soils with different characteristics belonging to different

regions is necessary.

The major phenomenon when using irrigation water is the adsorption of cations in the
exchange sites. In sodium dominated systems, the adsorption of sodium is well defined by
SAR which has been found to predict soil ESP reasonably. Strong relationship between
CROSS and ECR have been presented in this thesis, but the relationships are unique for

each soil. Since some clays can fix potassium in addition to exchange reactions, it is not
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clear whether exchange potassium can be predicted by CROSS in soils containing-fixing

minerals, and this needs further investigation.

The results presented in this thesis clearly indicated that the net charge available for water
interaction is highly related to the clay dispersion induced by the cations. Irrespective of
clay mineralogy, organic matter and pH, how these components together uniquely lead to
the net charge seems to be important. Therefore, it should be possible to include a third
factor of net charge in the relationships between CROSS and dispersible clay, and then
derive a common relation applicable to all soils. Future research should focus on this to

derive appropriate guidelines.
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