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AABBSSTTRRAACCTT  

In eastern Australia, Vertosols are widely utilised for the production of irrigated cotton (Gossypium 

hirsutum) due to their inherent fertility and large water–holding capacity. However, irrigated 

agriculture in eastern Australia is faced with a decline in the availability of good quality irrigation 

water sources i.e. waters with low electrolyte concentrations and small Na+ contributions. 

Consequently, alternative water resources that contain larger contributions of Na+ are becoming 

increasingly relevant as potential irrigation sources. It is known that the application of Na+ rich 

waters as irrigation has the potential to increase the Na+ content of the soil, and that this will affect 

the structural condition of Vertosols. However, the extent to which these poor quality water 

resources will influence the structural characteristics of different Vertosols is unknown. In addition 

to this knowledge gap, there is currently no suitable predictor of dispersive behaviour for this soil 

type, particularly where Vertosols are irrigated with different water quality solutions. 

The research conducted in this study aimed to characterise the impact of different increments of 

water quality on the structural stability of different Vertosols. Once this was concluded, the study 

looked to assess the impact of irrigation water quality on the structural stability, structural form and 

soil water retention properties of intact soil columns. Knowledge of the structural stability of the 

soils investigated was then used to derive a model describing the impact of water quality on the 

structural stability of different cotton producing soils. 

To achieve the aims nine different soil profiles were sampled from the Bourke, lower Gwydir, 

Hillston and lower Namoi cotton–producing regions. Eight of these soils are Grey and Black 

Vertosols with clay phyllosilicate suites dominated to different extents by 2:1 expanding clays, and 

the ninth soil is an illitic Red Vertosol containing small contributions of 2:1 expanding clays. The 

soils investigated have ESPs that range between 1 and 10, ECs of 0.1 to 1.2 dS m-1 and CECeff values 

that are largest for those soils that contain more 2:1 expanding clays. 

This study shows that the clay phyllosilicate suite of different Vertosols is the primary determinant 

of structural stability, structural form and soil water retention properties. For example, the Gwydir 

and Namoi soils contain more 2:1 expanding lattice phyllosilicate clays, have the largest CECeff 

values of all nine soils and are the most dispersive after all applied immersion treatments. The 

Bourke and Hillston soils contain less 2:1 expanding lattice clay, have smaller CECeff values and are 

generally more stable. 

Irrigation of structurally–intact soils with solutions of larger SARw resulted in larger exchangeable 

Na+ contents for each soil (and larger ESPs) and smaller contributions of exchangeable Ca2+ and 
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Mg2+. For each soil, larger ESPs are reflected by  decreased stability, but generally the soils 

dominated by 2:1 expansive clays are much less stable than the soils containing smaller contributions 

of these clay mineral types. 

Irrigating the structurally–intact Vertosols dominated by 2:1 expansive clays generally resulted in 

structural form attributes that do not indicate any impact of the applied water treatments, but the 

Vertosols with less of these mineral types tend to have less desirable structural form attributes after 

irrigation with solutions of larger Na+ content. Similarly, where the water retention properties of two 

soils were assessed, the illitic Red Vertosol has less structural pore space after treatment using the 

large SARw solutions, while the other soil (a Black Vertosol dominated by 2:1 expansive clays) does 

not show any differences between water retention properties that can be linked to irrigation water 

quality. These results were clarified for the water retention properties by the assessment of pore–

solid space relations, which show both these soils to contain less solid space after irrigation with 

clean water or solutions of large SARw. This is attributed to increased swelling of clays in the 

presence of larger Na+ contributions, but both soils have different structural arrangements as shown 

by the water retention properties and structural form assessment. The red illitic Vertosol shows 

signs of structural collapse, while the black Vertosol maintains its structural arrangement. 

Finally, a model describing the structural stability of different Vertosols was developed from the 

stability assessment of soils, both in different water quality treatments and after the irrigation of 

structurally–intact columns. The model presented uses a surface response function to describe the 

impact of increased ECw and SARw of irrigation solutions on soil stability after immersion according 

to specific soil physico–chemical attributes. In this model increased exchangeable Na+, SAR and a 

larger CECeff (and consequently, an increased proportion of 2:1 swelling clays) are associated with 

increases in clay dispersion, while a smaller Ca2+:Mg2+ ratio, EC and less total clay are associated with 

decreases in clay dispersion. 
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GGLLOOSSSSAARRYY,,  SSYYMMBBOOLLSS  AANNDD  AABBBBRREEVVIIAATTIIOONNSS 

GLOSSARY 

Aggregate – natural unit of soil that encompasses groupings of clusters, microaggregates and 
macroaggregates 

Clusters – cohesion of clay particles, quasi–crystals, domains and assemblages responsible for the 
formation of the next higher level of aggregation 

De–mixing – segregation of cations (i.e. Ca2+ and Na+) between the interlayer spaces and external 
surfaces of clay minerals 

Dispersion – the liberation of discrete soil particles after the immersion of soil aggregates in water, 
which forms a stable suspension of clay particles in suspension 

Flocculation – the dominance of net attractive forces over repulsive forces enabling clay particles 
to remain close together in solution 

Irrigation furrow – non–wheeled furrow between two adjacent cotton beds down which water 
flows during irrigation events. 

Macroaggregate – unit of soil greater than 250 µm in size which consists of enmeshed 
microaggregates 

Microaggregate – unit of soil less than 250 µm in size which consists of sand, silt and clusters of 
clay 

Rengasamy classification scheme – Classification scheme for dispersive behaviour in red–brown 
earths (Rengasamy et al. 1984) 

Structural Form – the heterogeneous arrangement of solid and void space existing in a soil at a 
given time (ti); it refers to the total porosity, pore size distribution and the continuity of the 
pore system 

Structural Stability – the resistance of soil structural form to change, where stress is applied; it is 
characterised for different types of stress and at different scales of structural form 

Structural resilience – describes the ability of a soil to recover its structural form through natural 
processes when external disruptive forces are reduced or removed 

Slaking – the explosive breakdown of aggregates after immersion in water; this does not include the 
liberation of discrete clay particles to solution (see Dispersion) 

Sodicity – Soil containing excessive exchangeable Na+; in Vertosols used for cotton production an 
ESPcrit of 5 delineates the sodic from the non–sodic soils 

Structural porosity – All pore space with a radius greater then 15 µm (Quirk 1994) 
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SYMBOLS 

Treatment solutions:– 

 FW00i Field water solutions, collected for each of the soils investigated 

 T102 ECw 0 (dS m-1) and SARw 0 (mmol(+) L-1)1/2  

 T30i ECw 0.2 (dS m-1) and SARw 0, 7.5, 15 or 30  (mmol(+) L-1)1/2 (T301–4) 

 T40i ECw 0.5 (dS m-1) and SARw 0, 7.5, 15 or 30  (mmol(+) L-1)1/2 (T401–4) 

 T50i ECw 2.7 (dS m-1) and SARw 0, 7.5, 15 or 30  (mmol(+) L-1)1/2 (T501–4) 

Image analysis:– 

 P Porosity (mm3 mm-3)  
 Sv Surface area (mm2 mm-3) 

 lp* and ls* Pore and Solid star lengths (mm) 
 gp Pore connectivity (×10-2 mm2) 

 gs Solid connectivity (×10-2 mm2) 

ABBREVIATIONS 

ASC Australian Soil Classification 

ASWAT Aggregate Stability in WATer test 

Ca2+
exch Exchangeable Calcium (cmol(+) kg-1) 

CECeff  effective Cation Exchange Capacity (the sum of Ca2+
exch, Mg2+

exch, K+
exch and 

Na+
exch) (cmol(+) kg-1) 

Cw(h) Soil water capacity 

Di Dispersion under irrigation function (%) 

DiV Dispersion of irrigated Vertosols function (%) 

Dw Dispersion in water function (%) 

EC or EC1:5 Electrical Conductivity of the soil solution, determined using a 1:5 soil:water ratio 
(dS m-1) 

ECw Electrical Conductivity of a water solution (dS m-1) 

EOE End–Over–End method of mechanical disruption 

ESI Electrochemical Stability Index (EC1:5 dS m-1/ESP) 

ESP Exchangeable Sodium Percentage (Na+/CECeff×100) 
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K+
exch Exchangeable Potassium (cmol(+) kg-1) 

Mg2+
exch Exchangeable Magnesium (cmol(+) kg-1) 

Na+
exch Exchangeable Sodium (cmol(+) kg-1) 

OC Organic Carbon content (%) 

PSD Particle Size Distribution (dag kg-1) 

SAR Sodium Adsorption Ratio of a soil solution (Na+/[(Ca2++Mg2+)/2]1/2) 
 (mmol(+) L-1)1/2 

SARw Sodium Adsorption Ratio of a water solution (Na+/[(Ca2++Mg2+)/2]1/2) 
 (mmol(+) L-1)1/2 

SI<100 Stability index describing the percentage of particles of <100 µm liberated after 
the imposition of disruptive force 

SI<2 (T102) Stability index describing the percentage of particles of <2 µm liberated after the 
imposition of EOE–disruption using clean water (solution T102) 

SI<2 Stability index describing the percentage of particles of <2 µm liberated after the 
imposition of disruptive force 

SI<20  Stability index describing the percentage of particles of <20 µm liberated after the 
imposition of disruptive force 

TCC Total Cation Concentration (Sum[Ca2+, Mg2+, Na+ and K+]) (mmol(+) L-1) 

WRB  World Reference Base for soil resources 

XRD X–ray diffraction 
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GGEENNEERRAALL  IINNTTRROODDUUCCTTIIOONN  AANNDD  AAIIMMSS  

0.1 Introduction 

Irrigation water supplies of good quality (i.e. low electrolyte concentration and small contributions of 

Na+) are becoming increasingly sought after for agricultural production in Australia. In addition, 

there exists a strong requirement that a portion of current water resources should be retained for 

environmental purposes (e.g. riverine ecosystems). However, recent dry periods have highlighted the 

pressures placed on Australia’s current water resources and have led to reduced water allocations for 

irrigated agriculture. This is likely to be an ongoing issue for irrigated cotton–producers and will 

potentially lead to the use of moderate or poor quality irrigation supplies, containing elevated 

electrolyte concentrations and/or large Na+ contributions, to supplement good quality water 

allocations. In addition to increasing the risk of salt cycling through the topsoil, such a practice is 

likely to impact immediately on the structural behaviour of soil. This in turn, will impact on soil 

hydraulic properties and alter the water use efficiency of crops. 

In Australia, irrigated cotton (Gossypium hirsutum) is produced using highly fertile heavy clay soils, or 

Vertosols (Isbell 1996). However, soils of this type are widely regarded as having large exchangeable 

Na+ contributions, either in subsoil layers or throughout the soil profile. Vertosols that contain large 

levels of exchangeable Na+ are described as sodic. Sodic soils are defined in the cotton industry as 

soils that contain greater than 5 % exchangeable sodium (McKenzie 1998); these soils swell 

excessively and are often dispersive. Consequently, sodic Vertosols are potentially unstable and this 

instability can lead to a loss of aggregation and porosity, and reduced hydraulic conductivity. In 

addition, fine–textured Vertosols are known to be extremely unstable even at ESPs less than 5 (e.g. 

Cook et al. 1992). This occurs because the extent of clay dispersion is influenced by a myriad of soil 

physico–chemical properties in addition to the ESP (e.g. the electrolyte concentration and the clay 

phyllosilicate suite). Therefore, the use of a critical ESP of 5 in Vertosols to describe sodicity, and to 

infer structural instability, is not always correct. Furthermore, crop yields may be maintained in sodic 

soils if these sodic layers are deep within the profile, or if dispersion is avoided by managing the 

application of irrigation waters to reduce the risk of dispersion i.e. applying irrigation solutions with 

large electrolyte concentrations (e.g. 1 dS m-1). Consequently, the behaviour of sodic soils when 

subjected to poor quality water may not be much different to that displayed when good quality water 

is applied during irrigation. This behaviour results from many interactions between soil physico–

chemical attributes and irrigation water properties. For example, clean water has a small ionic 
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strength and in sodic soils, promotes the swelling of clay minerals. This occurs because the ionic 

strength of solution is insufficient to suppress the expansion of clay minerals where excessive 

amounts of exchangeable Na+ are present and these soils will be unstable. In contrast, solutions of 

larger ionic strength will suppress clay swelling and limit dispersion. Therefore, the challenge is to 

assess the impact of differing water quality solutions on the structural condition of these soils. 

During the last 20 years, much research into the impact of sodicity on soil structural stability in 

Australia has referred to the data presented by Rengasamy et al. (1984), which describes the 

dispersive behaviour of red–brown earth profiles with varying soil solution concentrations and 

varying soil solution Na+ contents (SAR). In their research, Rengasamy et al. (1984) included only 

red–brown earths and did not include any heavy clay soils (Vertosols). They excluded Vertosols 

because they recognised differences in the structural behaviour of these soils, and they associated 

these differences with different clay mineral suites. However, since their work a similar prediction 

has not been formulated to describe the dispersive behaviour of Vertosols and current predictors of 

structural stability are incomplete. Consequently, the need for a suitable predictor of stability in 

Vertosols is widely recognised (e.g. Surapaneni et al. 2002). 
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0.2 Aims 

In order to characterise the structural stability and form of sodic Vertosols used for irrigated cotton 

production in New South Wales, there were four principal aims. These aims are defined as: 

Aim 1 ~ To characterise the structural stability of different cotton–growing Vertosols – to comprehensively 

investigate the structural stability of a range of different cotton–producing soils. This will provide an 

understanding of the impact of different soil physico–chemical properties on aggregate breakdown 

and clay dispersion where different disruptive forces and different water quality solutions are 

introduced. 

Aim 2 ~ To characterise the impact of irrigation water quality on soil chemical attributes and structural stability – 

to determine the impact of irrigation water quality on selected properties of different structurally–

intact Vertosols. This will demonstrate the impact of irrigation water quality on exchangeable cation 

contributions, the soil solution and the structural stability of different Vertosols. 

Aim 3 ~ To characterise the impact of irrigation water quality on soil structural form and water retention properties 

– to determine the impact of irrigation water quality on the structural form and water retention 

properties of selected structurally–intact field soils. In so doing, changes in the volume fractions of 

solid, pore and solution phases will be identified. This assessment will assist in determining the 

extent of change in the soil structural arrangement of different Vertosols, where solutions of 

different electrolyte concentration and different Na+ contributions were used to irrigate intact soils. 

Aim 4 ~ To develop a descriptive model of structural stability – using the soil structural stability assessments 

a descriptive model of stability will be developed. This model will consider the physico–chemical 

properties that influence the stability of different Vertosols and will provide a prediction of stability 

based on the impact of different irrigation solution parameters. A model of this kind will 

characterise the potential dispersion of Vertosols where these soils are subjected to alternative 

irrigation waters containing different electrolyte concentrations and/or Na+ contributions.  
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FFAACCTTOORRSS  IINNFFLLUUEENNCCIINNGG  TTHHEE  SSTTRRUUCCTTUURRAALL  CCOONNDDIITTIIOONN  

OOFF  VVEERRTTOOSSOOLLSS  
~ 

Vertic: vertere (L): to turn or invert; to turn into, change. 
~ 

1.1 Vertosols in Australia 

The term Vertosol is applied to Australian soils that exhibit vertic properties, including shrinkage 

during drying and swelling during wetting. These soils are strongly structured and frequently develop 

a surface mulch of aggregates. Vertosols sustain a high level of production due to their inherent 

chemical fertility and have a recognised ability for retaining large quantities of moisture. As a result, 

these soils are utilized widely for irrigated (e.g. cotton, sugar cane and rice) and dryland agriculture 

(e.g. wheat and grazing). However, their fine texture and their ability to swell during wetting make 

Vertosols highly susceptible to aggregate disintegration and clay dispersion. This leads to reduced 

porosity and reductions in hydraulic conductivity. The degradation observed is influenced by the 

presence of excessive exchangeable Na+,  and Vertosols that have a small electrical conductivity and 

a low calcium–magnesium ratio can exhibit dispersive behaviour at exchangeable sodium 

percentages as low as 2 (McKenzie 1998).  

1.1.1 Definition 

The properties of vertic soils have been recognised for many years (e.g. Kossovitch 1912; Del Villar 

1944; FAO 1998) and their unique characteristics have been classified using a number of descriptive 

terms; as Dark Clay Soils (Oakes and Thorp 1950; Dudal 1963, 1965), as Black Earths and Grey, Brown 

and Red Clays (Stace et al. 1968) and as Vertisols (Soil Survey Staff 1998; FAO 1998). The Australian 

Soil Classification (ASC) defines Vertosols as uniform soils with a clay contribution in excess of 35 %; 

as they dry these soils shrink and are characterised by extensive cracking. Vertosols frequently 

develop a ‘self–mulching’ or ‘crusty’ surface horizon and as soil depth increases they become 

strongly pedal, including an arrangement of lenticular peds and/or slickensides at some depth in the 

solum (Isbell 1996). 
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1.1.2 Distribution of Vertosols 

The global distribution of Vertosols has been estimated by several authors. Most recently, Coulombe 

et al. (1996b) estimated that Vertosols cover a global land area of 308 M ha, or 2.2 % of surface soils.  

However, this estimate does not account for current differences between the soil classification 

schemes and utilizes the incomplete inventories of national soil survey resources. 

In Australia, Vertosols account for 88 M ha (Isbell et al. 1997) or 11.5 % of all surface soils (Figure 

1.1). They occur primarily throughout New South Wales, Queensland and the Northern Territory. 

These Vertosols occupy regions of tropical, subtropical and warm–temperate climates (Probert et al. 

1987; Isbell 1989) and are generally found on the wide floodplains of inland water ways where 

altitude is less than 500 m (Isbell et al. 1997). 

Figure 1.1  The distribution of Australian Vertosols (Isbell et al. 1997) 

1.1.3 Genesis 

Australian Vertosols are derived from a variety of parent materials deposited as alluvium and less 

frequently as aeolian sediments. Parent rocks include sedimentary materials such as shale, mudstone 

and impure limestone, and basic igneous materials, particularly basalt (Isbell et al. 1997). Irrespective 

of the depositional environment, these soils form as a direct consequence of the weathering of 

materials abundant in ferromagnesian minerals and which contain large concentrations of basic ions 

(Coulombe et al. 1996a). This provides Vertosols with their large clay content, which is often 

2 
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dominated by 2:1 expanding lattice minerals of extensive surface area and considerable base 

saturation, particularly the smectite clays, e.g. montmorillonite. 

In regions where Vertosols are found, the climatic regime will invariably control the rate of clay 

mineral decomposition and the rate of profile development (Jewitt et al. 1979). The Vertosols of 

Australia occur across a wide array of soil temperature regimes, ranging from thermic in the south to 

hyperthermic throughout the greater part of tropical Australia (Isbell et al. 1997). These soils are 

subject to seasonal wetting, but as a consequence of their prominence in arid and semi–arid 

environments the formation and longevity of 2:1 expanding phyllosilicate clays is favoured. This 

provides the opportunity for the development of lenticular peds and/or slickensides (Mermut et al. 

1996). 

In terms of colour class, the Black Vertosols are generally derived from basalt and are usually 

dominated by the smectites. Some of the Grey, Brown and Red Vertosols are also dominated by 

smectites, but in contrast many contain large proportions of illite and kaolinite minerals, with some 

containing only a subdominant contribution of smectitic clays (Isbell 1989). This reduces the degree 

of swelling and shrinkage during wet–dry cycles, thereby reducing the extent of expression of the 

characteristic structural features (Norrish and Pickering 1977) that are prerequisites for this soil class. 

1.1.4 General soil properties 

The general properties of Australian Vertosols have been described in depth by Isbell (1989). These 

soils exhibit uniform texture profiles with clay contents ranging from 40–80 % (e.g. Stace et al. 1968), 

and clear colour changes in the upper metre are uncommon. The colour classification ranges from 

red in the more arid and semi–arid regions, to brown, grey and black. However, colour class does 

not necessarily relate to rainfall or to organic matter content and reflects other soil characteristics 

such as the mineral suite. Vertosols are characterised by their structural form; they have medium to 

coarse blocky or polyhedral peds which occur below various surface structural arrangements e.g. a 

surface–mulch of soil aggregates. At depth, typically beyond 0.3–0.5 m, the structural form is 

characterised by moderate, medium or coarse lenticular peds containing prominent shear planes 

and/or slickensides. These features extend to the full depth of the solum. The surface behaviour 

(water infiltration and aggregate development) of Vertosols commonly results in the formation of a 

layer of ‘mulched’ aggregates or, less frequently, in the development of a ‘massive’ layer (Hubble 

1984). Such characteristics are dependent on the clay content, the mineral suite and the interaction 

of other physico–chemical properties; specifically, the association of exchangeable and solution 

cations with the mineral suite (Blokhuis 1982). These soils have a relatively large water–holding 
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capacity at all potentials; for example, 35–75 % moisture at -0.33 MPa and 15–35 % moisture at -1.5 

MPa (Coulombe et al. 1996b). This is attributed to the fine texture of these soils and the 

predominance of montmorillonite in the mineral suite (Ahmad 1983). Due to the climatic regimes in 

which Vertosols develop, they frequently contain inclusions of calcium carbonate (CaCO3) in the 

form of discrete nodules or diffuse soft masses. In addition, variable amounts of gypsum are almost 

ubiquitous in the more arid Vertosols (Isbell 1989; Ahmad 1996). The contributions of organic 

carbon and nitrogen vary considerably, e.g. Isbell (1989) quotes organic carbon contents of 2.2 % for 

Black Vertosols and 0.8 % for Grey, Brown and Red Vertosols. There are three pH trends in these 

soils; the alkaline soils (pH >6.5 at the surface), the alkaline/acid soils (pH >6.5 at the surface but 

strongly acid at depth) and the acid soils (pH <6.5 at the surface) (Isbell 1989). 

In Vertosols that do not contain large amounts of gypsum or carbonates, sodium chloride frequently 

dominates soluble salts (40–80 %) (Isbell 1989; Ahmad 1996). The cation exchange capacity (CEC) 

and exchangeable cation concentrations vary considerably. This depends on the clay mineral suite, 

the quantity of clay and the base status of parent materials. Generally, the CEC ranges from 10–80 

cmol(+) kg-1 (Murthy et al. 1984; Isbell 1989; Coulombe et al. 1996a; Singh and Heffernan 2002) and is 

usually dominated by calcium (Ca2+) in the upper horizons. In most Vertosols the exchangeable 

Ca2+:Mg2+ ratio may range between 3:1 and 1:1 (Blokhuis 1982) and occasionally exchangeable Mg2+ 

dominates, particularly at depth (Hubble 1984). A large proportion of Vertosols are classed as sodic 

with an Exchangeable Sodium Percentages (ESP) ([Na+
exch/CEC]×100) of >6 and large ESPs (>30) 

are not infrequent in the subsoil horizons of these soils (Jewitt et al. 1979; Ahmad 1996). 

1.1.5 Current landuse practices and their potential impact on Vertosol structure 

The availability of rainfall and/or irrigation water dictates current landuse practices. In many arid 

and semi–arid environments, Vertosols are widely utilized for native pastures in livestock production 

(Isbell 1989). In regions where rainfall is suitable (300–800 mm), dryland agriculture increases in 

prominence (Isbell 1989). Here winter crops (e.g. wheat or legumes) and summer crops (e.g. sorghum 

or soybeans) are grown, taking advantage of stored moisture and inherent soil fertility. In situations 

where water of good quality is available, e.g. low salinity (EC <1 dS m-1) and a small Na+ content, 

extensive irrigation is practised, particularly for the production of cotton (Singh and Heffernan 

2002). 

The cotton industry depends on the availability of good quality water supplies, but like other 

cultivated and/or irrigated activities, cotton production places a high demand on the soil 

environment. Irrigated cotton production often requires potentially damaging soil operations, 
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including field levelling and cut–and–fill activities (NSW Agriculture 1995). In addition, the crop 

requires large quantities of water but is sensitive to waterlogging and large soil strength (NSW 

Agriculture 1995). These soils need to have good porosity to promote adequate water infiltration 

and internal drainage (McKenzie 1998). These attributes are demonstrated in Figure 1.2, which gives 

the ‘ideal’ structural condition of a cotton–producing Vertosol. 

 

Figure 1.2  The ‘ideal’ structural condition of a Vertosol used in cotton production (McKenzie 1998). 

The introduction of certain cropping practices, e.g. tillage of or traffic across wet soil, have been 

shown to cause substantial damage to soil structural condition (i.e. compaction), with associated 

losses in crop production (Daniells 1989). This occurs primarily as a result of reduced porosity and 

increased bulk density, which restricts water movement and internal drainage (Dalal 1989; Daniells 

1989). Damage to soil structural condition can also lead to a substantial decrease in organic matter 

contributions and an increase in the pH and ESP of these soils (Dalal and Mayer 1986a, 1986b; 

McKenzie et al. 1991). In addition, McKenzie et al. (1991) identified reductions in soil solution 

electrical conductivity (EC) where Vertosols were irrigated, suggesting that the leaching of salts from 

the profile was occurring. This becomes an issue primarily because of the suppressive effect of 

soluble salts on the dispersive influence of exchangeable Na+. Complicating this problem is the 

prospect of increased use of irrigation water containing elevated levels of Na+ (Halliwell et al. 2001; 

Oster and Shainberg 2001). This has been brought about by the reduced availability of suitable 

5 
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irrigation waters. The increasing and continued use of Na+–rich irrigation water is likely to result in 

the ESP of some Vertosols being increased. This will have repercussions on the structural stability 

of these soils and affect the shrink–swell process, aggregate liberation and clay dispersion. 

1.2 The integrity of soil structure: definitions applicable to Vertosols  

Maintaining soil structural integrity is paramount for achieving sustainable agricultural production 

(McGarry 1993; Horn et al. 1994; Amézketa 1999), particularly as degradation of the structure results 

in reductions in moisture availability, root penetration and gas transport. Soil structure is defined in 

terms of structural form, structural stability and structural resilience (Kay 1990). 

1.2.1 Soil structural form 

The group of characteristics explaining the arrangement of soil solid and pore space is described by 

soil structural form (e.g. Nikiforoff 1941; Thomasson 1978; Black 1986; Brewer and Sleeman 1988; Kay 

1990; Kay et al. 1994; Miller and Donahue 1995; McGarry 1996; SSSA 1997). Frequently, however, 

definitions have not adequately accounted for the properties of vertic soils, and most current 

descriptions reflect individual areas of research. In this work the definition applied by Field (2000) is 

used. The structural form of Vertosols is described by the heterogeneous arrangement of solid and 

void space existing in a soil at a given time (ti); it refers to the total porosity, pore size distribution 

and the continuity of the pore system. It considers the arrangement of primary particles into 

hierarchical structural states that are identified on the basis of failure zones and which are bound by 

regions of differing strength. 

The structural form of Vertosols is dependent on soil physico–chemical properties, landuse and 

climatic conditions. Consequently, a number of descriptions have been applied and a generalised 

view of the structural form of Vertosols is widely understood (e.g. Blokhuis 1982; Hubble 1984; 

Dudal and Eswaran 1988; McGarry 1996). This was summarised by Dudal and Eswaran (1988). 

They divided a typical Vertosol profile into five distinct zones of pedogenic development. These are: 

Zone 1. 0–0.25 m, or to the depth of tillage: This zone is subject to cracking and the formation 

of large aggregates with prism lengths <0.3 m in size. Aggregates are hard to very hard 

when dry. These prismatic units can break giving secondary aggregates that are coarse 

and angular blocky. In zone 1, soil structural form is most complex and the development 

processes are more rapid than at greater depth (Warkentin 1982). This is the result of 



Chapter 1      Vertosols: A review of factors influencing soil structural condition 
 

 
7 

more complete drying and more rapid wetting. Subsequently, a ‘surface mulch’ 

frequently develops. In soils where less desirable physico–chemical conditions occur, a 

pale laminated seal of dispersed clay or a massive layer (Hubble 1984) is often evident. 

Zone 2. Beneath zone 1 a layer of 0.1–0.3 m thickness occurs. The aggregates of this zone are 

hard to very hard, coarse and angular blocky. They develop as the profile dries and in 

some cases discernable prisms are evident. 

Zone 3. Beneath zone 2, lies a zone with a thickness of <0.1 to >1.0 m. In this zone structural 

units form wedge–shaped peds (‘lenticular’ or ‘parallela’ peds) of 50–100 mm length. 

These ped structures have long axes tilted 10–60 ° from the horizontal and have ped 

faces that are smooth or striated. In soils where these striated faces are observed, strias 

generally occur in lines sub–parallel to the long axis. 

Zone 4. This is the zone of slickensides (0.25–1.0 m thick): the term ‘slickensides’ refers to a 

surface having a polished and shiny appearance, and which may be striated or grooved. 

Slickensides form the faces of lenticular peds, described in zone 3. This zone is 

differentiated by an increased size of peds (600–2000 cm2). 

Zone 5. Generally, zone 5 is found underlying zone 4, but it is common for this to occur directly 

below zone 3. There are only small variations of moisture content and structural form is 

most often massive. In this zone accumulations of carbonates and gypsum are observed, 

particularly in arid and semi–arid regions where the leaching of soluble salts occurs 

infrequently. 

1.2.2 Soil structural stability  

The terms soil structural stability and aggregate stability are largely synonymous. They differ only on point 

of scale and both have been discussed widely throughout the literature (e.g. Cass and Sumner 1982, 

1982; Matkin and Smart 1987; Barlow and Nash 2002). In this review the definition of Field (2000) 

will be used. Soil structural stability describes the resistance of soil structural form to change, where 

stress is applied; it is characterised for different types of stress and at different scales of structural 

form. 

Soil structural stability does not infer resistance to change (Lal 1998), but implies that a level of 

energy is required to alter the stability of a given system. As a result, characteristics of structural 

stability are often specific for particular soil types. These depend on soil physico–chemical 

properties and the applied stress (Kay et al. 1994). For example, the stability of a soil’s structural 
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form to an applied compressive stress will be different to the stability of that same soil if an osmotic 

stress were to be introduced (Kay, 1990). In this research, the imposition of osmotic stresses, rather 

than compressive stresses, is addressed. 

The dominant factors affecting the structural stability of Vertosols to osmotic stresses are soil 

physico–chemical properties such as texture, the clay mineral suite, exchangeable cation 

concentrations, the soil solution and organic carbon contributions. In particular, these soils are 

susceptible to changes in electrolyte concentration and in the increased presence of exchangeable 

Na+ and soil solution Na+. This was demonstrated by Mukhtar et al. (1974), who compared the 

effects of CaCl2 and NaCl treatments. They demonstrated that the stability of Vertosols was 

enhanced by increased electrolyte concentration, but that increasing the contribution of solution 

Na+ led to increased clay dispersion. Shainberg et al. (1997) support this finding by observing the 

formation of a surface seal as a result of two complementary mechanisms; (i), a rapid disintegration 

of surface aggregates brought about by rapid wetting and raindrop impact and, (ii), the dispersion of 

clay resulting from soil physico–chemical properties such as the EC of the soil solution and the 

exchangeable Na+ content. In addition, Reichert and Norton (1994) implicate the importance of 

expanding lattice clay minerals (e.g. smectite) in aggregate stability. They showed that stability was 

controlled by soil swelling and found that soils with larger CEC values were less stable than those 

soils with smaller CEC values. 

1.2.3 Soil structural resilience 

Associated with soil structural stability is the capacity of a system to recover structural form after 

disturbance, or the structural resilience (e.g. Kay 1990; Lal 1993; Kay et al. 1994; Hewitt and Shepherd 

1997; Herrick and Wander 1998; Lal 1998; Seybold et al. 1999). Soil structural resilience describes the 

ability of a soil to recover its structural form through natural processes when external disruptive 

forces are reduced or removed (Field 2000). Vertosols have a widely documented ability to resile 

structural form through swelling and shrinkage during intermittent periods of wetting and drying 

(Pillai and McGarry 1999). These processes combine with other soil properties (e.g. OC, EC and 

ESP) to influence the re–development of soil structural form (Figure 1.3). 
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Figure 1.3  The morphological changes associated with the development of the structural form of Vertosols 

(Dudal and Eswaran 1988). 

1.2.4 Soil structural vulnerability 

Soils which are least stable under a given stress and which do not recover when the stress is reduced 

or removed (or which recover very slowly) are said to be vulnerable. This occurs regardless of 

whether the stress applied is natural or anthropogenic (Kay 1998). The term structural vulnerability 

reflects the combined characteristics of structural stability and structural resilience (Hewitt and Shepherd 

1997). It relates to the distribution of bonding mechanisms and of failure zones (Kay 1990). Kay 

(1998) described this relationship and indicated that a soil with a large capacity for resilience and 

which is highly stable has low vulnerability. The characteristic properties of Vertosols make this soil 

class very resilient. However, their physico–chemical attributes do not instil stability. Consequently, 

these soils generally have intermediate vulnerability. 

1.3 Soil physical processes that influence the structural form of Vertosols 

The structural form of Vertosols is distinguished from that of other soil classes by the formation of 

distinctive characteristics such as deep, wide cracks and the ability to self–mulch (e.g. Dudal 1963, 

1965; Blokhuis 1982; Probert et al. 1987). The processes that contribute to this characteristic 

development are addressed throughout the literature (e.g. Jewitt et al. 1979; Probert et al. 1987; 

Wilding and Puentes 1988; Ahmad and Mermut 1996; McGarry 1996). In this review, processes that 

9 



SD Speirs / Structural stability and form characteristics of sodic cotton–growing soils 
 

 
10 

influence structural development over limited time scales (i.e. 1–5 years) are considered. Those 

pedogenic processes that generally require greater time periods to be significant (i.e. weathering and 

leaching) are not discussed.  

1.3.1 Swelling and shrinkage: the wet–dry process 

The development of structural form and the structural resilience of Vertosols relies on the swelling 

and shrinkage of phyllosilicate clays during alternate wet–dry cycles (Jewitt et al. 1979; Coughlan 

1984; Mermut et al. 1996; Favre et al. 1997; Hussein and Adey 1998; Pillai and McGarry 1999). The 

extent of swelling is determined by the clay mineral suite, particularly the type and proportion of 2:1 

expanding lattice clays. These minerals swell when water is adsorbed between clay structural layers 

and between individual clay particles through the process of osmosis, whereby water moves toward 

the greater salt concentration and results in expansion of the diffuse double layer (Blokhuis 1982). 

Consequently, this process depends not only on the proportions of phyllosilicate clay species but on 

the distribution of cations in the soil solution and at the exchange surface. In those Vertosols where 

2:1 expanding lattice clays are subordinate (e.g. Shiel et al. 1988), the wide–deep cracks that 

characterise the structural form of vertic soils also develop, but the frequency of cracking in these 

soils is much reduced and structural characteristics are expressed to a lesser degree. Regardless of the 

suite of phyllosilicate clays, all Vertosols have a structural form that appears massive when wet, but 

as the soil dries, stresses develop causing aggregates to fracture along zones of least resistance. This 

results in the development of the features characteristic of this soil class, e.g. lenticular peds, 

numerous deep–wide cracks and in many, an aggregate layer of surface–mulch. The development of 

a surface–mulch over repeated cycles of wetting and drying results in some Vertosols being 

described as self–mulching. 

1.3.2 Self–mulching 

Many Vertosols have the ability to self–mulch as a consequence of repeated wetting and drying 

phases (De Vos and Virgo 1969; Blokhuis 1982; Mermut et al. 1996) and this characteristic is of 

crucial importance to the structural form of these soils. It influences moisture infiltration and water–

holding properties (e.g. evaporation) (Probert et al. 1987) by reducing the frequency of large cracks at 

the soil surface and by decreasing the size of packing voids between aggregates. The process occurs 

during drying, when these Vertosols fragment to form a thin surface layer (<50 mm) of water stable 

aggregates less than 5 mm d. (McDonald and Isbell 1998). The formation of this layer is dependent 

on three factors: the mode of wetting (Hussein and Adey 1998), the number and extent of 

intermittent periods of wetting and drying (McGarry 1996) and the physico–chemical conditions of 
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the soil. These self–mulching soils generally have a very small ESP (<1), a very large Ca2+:Mg2+ ratio, 

small indices of dispersion and mineral suites dominated by clays with large exchange capacities 

(Pillai–McGarry and Collis–George 1990).  

1.3.3 Slaking of aggregates 

The process of slaking occurs where soil aggregates lack the strength to withstand introduced 

stresses brought about by wetting (Warkentin 1982; Chan and Mullins 1994). As soil aggregates are 

wetted, entrapped air and the differential swelling of clay minerals (Emerson and Greenland 1990) 

may cause soil aggregates to fragment explosively, giving a distribution of microaggregates. This 

reduces infiltration by impeding pore space (Chan and Mullins 1994) where liberated aggregates 

block the pore network. In most Vertosols, which possess a strong inherent ability to resile 

structural form through intermittent wetting and drying, this is a desirable process (McKenzie 1998). 

This is because after slaking, drying allows the development of a fine granular surface structure at 

the soil surface, comprising the self–mulched layer (Grant and Blackmore 1991). 

The slaking process is dependent on four principal soil factors; (i), the degree of desiccation prior to 

wetting, (ii), the rate of wetting, (iii), the proportion of clay present and, (iv), the size and suite of clay 

minerals (Warkentin 1982; Emerson and Greenland 1990; Chan and Mullins 1994; Curtin et al. 

1994c; Hussein and Adey 1998). The degree of desiccation and the rate of wetting determine the 

extent to which air pressure is increased within the pore structure of aggregates. The greater the 

degree of desiccation, the larger the proportion of pore space that is occupied by soil air. During 

wetting clay minerals swell as water moves to particle surfaces. This increases intra–aggregate air 

pressures and results in explosive aggregate breakdown. In the same way, increasing the rate of 

wetting increases the degree of slaking, as larger quantities of air are entrapped and microaggregates 

are forced apart once tensile strength is exceeded. The greater the contribution of clay–sized 

particles, the more susceptible are aggregates to the slaking process, while soils with increasingly fine 

clay mineral contributions have an even greater capacity to swell and thus, to slake during rapid 

wetting. The mineral suite is of primary importance, where clay contributes large proportions of the 

total particle size distribution. The rate of water entry into soil aggregates decreases as clay particles 

pack together more closely, and where intra–aggregate pressures increase during wetting, stresses 

can be relieved by the bending of clay particles. The ability of some clay species to deform in 

response to increased pressure was shown by Emerson and Greenland (1990) for aggregates of a 

fine Ca2+–illite and a fine Ca2+–smectite. However, kaolinite clay, which contained much larger 

packing voids than the previous systems, slaked readily as a result of entrapped air and its less 

flexible structure (Tessier et al. 1990). 
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1.3.4 Churning 

The theory of churning, or pedoturbation, is one model applied to describe the homogenisation of 

Vertosols (Figure 1.4). This process occurs where surface–connected cracks are filled to varying 

extents by aggregates, primarily from a surface–mulch, during dry seasons. This prevents cracks 

from closing completely as the soil adsorbs moisture and swells (Wilding and Tessier 1988; Mermut 

et al. 1996). Subsequently, pressure develops and swelling occurs along the path of least resistance 

and the subsoil pushes toward the soil surface. This leads to a cyclic inversion of the profile 

(Blokhuis 1982; Mermut et al. 1996). 

 

Figure 1.4  The churning or pedoturbation model describing the development of uniform structures in Vertosols 
(Wilding and Tessier 1988). 

This process of homogenisation has been used to account for the lack of clear or abrupt boundaries 

between the horizons of Vertosols (Mermut et al. 1996). However, it does not completely explain the 

development of these soils (Wilding and Tessier 1988). This is because churning contributes to the 

mixing of the profile and the development of zone 1 and zone 2, (part 1.2.1), but does not explain the 

formation of the lenticular structure or the occurrence of carbonate inclusions at specific depths. 

1.4 The physico–chemical soil properties that influence the structure of 
Vertosols 

The physico–chemical properties of Vertosols influence the development and vulnerability of soil 

structural form. These properties have been studied extensively and the physico–chemical properties 

12 
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that provide the basis for the structural condition of Vertosols are texture, clay mineral suite and the 

capacity for cation exchange. Different expression of form and stability then depends on the 

contributions of specific cations to the exchange complex and to the soil solution. Furthermore, the 

soil pH, organic contributions and inclusions, e.g. carbonates and oxides, can all impact on the 

structural form and stability to varying extents. 

1.4.1 The importance of clay content and the mineral suite 

The content and suite of clay minerals are the most significant contributors to the structural 

characteristics observed in Vertosols, e.g. swelling is attributed primarily to the rate of wetting and to 

the clay mineral suite. Consequently, extensive research has characterised the clay fraction and the 

activity of the phyllosilicate suite of minerals.  

1.4.1.1 Clay content and size 

The clay content of Vertosols is important to their structural characteristics; increased total clay is 

associated with greater cohesive strength and larger ped structures (Warkentin 1982; McGarry 1996), 

it imparts an increased water–holding capacity and contains the phyllosilicate minerals that 

determine shrink–swell capacity. The clay fraction is composed of an array of different sized 

particles congregated during sedimentation and/or weathering. Of this fraction, fine clay (<0.2 µm) 

can constitute more than 80 % of total clay (<2 µm) (Ahmad 1983). This contribution differs 

according to the mineral suite and the depositional environment, e.g. Vervoort et al. (2003) found a 

Black Vertosol from the Darling Downs, Queensland, to contain 60 % fine clay in the <2 µm 

fraction, but this compares with 44 % fine clay in a Grey Vertosol from the lower Gwydir region of 

NSW. 

The capacity of Vertosols to shrink and swell has been linked to the proportions of fine clay by 

Anderson et al. (1973). They found that smaller clay particles have a greater surface area relative to 

volume, allowing particles to fit more closely after desiccation and giving a greater potential for the 

adsorption of water. Furthermore, increasingly fine phyllosilicate particles have greater flexibility 

which allows them to distort during intermittent periods of applied pressure; this increases aggregate 

stability (Quirk 1994) and influences slaking and swelling activity. As a consequence, soils which 

contain large proportions of fine clay have a greater capacity to swell than those soils with increased 

proportions of coarse phyllosilicates. This is critical in determining the stability and the extent of 

structural development in Vertosols (Anderson et al. 1973).  
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1.4.1.2 Clay mineral suite 

The phyllosilicate suite in Vertosols is frequently dominated by the smectites, and in general, illites 

and kaolinites are of lesser abundance (e.g. Hubble 1984; Shainberg and Letey 1984; Wilding and 

Tessier 1988; Hussein and Adey 1995). This is not absolute, and in Australia all three of these clay 

mineral species (smectites, illites and kaolinites) have been shown to dominate different Vertosols 

(e.g. Norrish and Pickering 1977; Stannard and Kelly 1977; Sarmah et al. 1996; Singh and Heffernan 

2002). This relates principally to differences in parent materials and to alternate rates of mineral 

weathering (Ahmad 1983; Hubble 1984). Vervoort et al. (2003) determined the clay mineral suites of 

several Vertosols from eastern Australia and demonstrated the large variation in clay mineral 

contributions (Table 1.1). 

Table 1.1 
Clay mineral suite composition of Vertosol topsoils from eastern Australia (Vervoort et al. 2003) 

Abundance of the individual clay minerals is indicated by the number of (+) signs 

  
Darling 

Downs, QLD 
Lower Gwydir 
valley, NSW 

Lower Namoi 
valley, NSW 

Macquarie 
valley, NSW 

Lachlan 
valley, NSW 

Total clay fraction (<2 μm) 
Illite + Trace ++ ++ ++ ½ 

Kaolinite + + ++ ++ + ½ 
Smectite  +++  Trace  
Other 2:1 
mineralsa 

++ + +++ ++ + 

Fine clay fraction (<0.2 μm) 
Illite Trace Trace Trace + ½  + 

Kaolinite + + +/ Trace ++ + ½ 
Smectite + +++ +++ ++  
Other 2:1 
mineralsa 

++ + ++ ++ ++ ½ 
 

a Mineral thought to be interstratified mica smectite or another smectite intergrade 

The differences in mineral suite and the size of clay particles impacts on the exchange capacity and 

the ability of Vertosols to swell during wetting events. However, there exists conjecture regarding 

the relationship between mineral species and the way in which the clay size distribution affects 

physical behaviour, e.g. Yerima et al. (1985, 1987) and Wilding and Tessier (1988). These authors 

report similarities between the physical activity of smectite–based systems and of smectite–kaolinite 

systems. Two examples of Vertosols from Queensland (Stace et al. 1968) show how soils with 

different phyllosilicate clays have similar structural form. These soils have different contributions of 

smectite and of kaolinite, but according to profile descriptions have a similar soil surface structure, 

with structural similarities decreasing with depth.  
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Example 1:  

A Brown Vertosol from the Chinchilla district, clay content of 55–65 % in the top metre of 

the profile, where the clay mineral suite consists of 40–50 % kaolinite and 30–40 % 

montmorillonite. At the surface this profile had a thin surface crust overlying strong granular 

to polyhedral aggregates. At depths >0.4 m structure is strongly blocky and grading to 

polyhedral aggregates (size: 0.05 m) (from Stace et al. 1968). 

Example 2:  

A Black Vertosol from the Darling Downs, clay content of 35–55 % in the top metre of the 

profile, where the clay mineral suite consists of 20–30 % kaolinite and 50–65 % 

montmorillonite. This soil had a very minimal surface crust and at depths less than 0.45 m 

structure was very similar to that of example 1. However, characteristic lenticular peds 

became apparent (size: 0.15 m) at depths >0.45 m (from Stace et al. 1968). 

1.4.1.3 The swelling of clay minerals 

Clay systems swell in two ways: (i), crystalline swelling (e.g. intra–crystal), or (ii), osmotic or extensive 

swelling (Churchman et al. 1993). In general, the hydration and swelling of smectite results in water 

molecules penetrating into both interparticle pores and interlayer space (McGarry 1996). This causes 

the separation of mineral sheets and the expansion of lattice structures. The extent of this expansion 

depends on the proportions of exchangeable cation species and on the electrolyte concentration of 

the soil solution (Shainberg and Letey 1984).  

It is generally accepted that clays with greatest negative charge have the highest degree of hydration, 

the most complete interlayer exchange, the most flexible clay particles and the greatest shrink–swell 

potential (Wilding and Tessier 1988). Wilding and Tessier (1988) described two modes of activity; 

the first addresses the activity of Na+–smectites, and the second, the activity of Ca2+– and Mg2+–

smectites (Figure 1.5). 

Na+–smectites: 

The microstructure of Na+–smectites consists of interparticle pores (<1 µm d.) that are filled 

with water. The walls of interparticle pores consist of laterally extensive and overlapping 

quasicrystals. The individual quasicrystals are composed of 5–10 layers of clay particles 

stacked face–to–face to form a structure of approximately 500 nm in size. The individual clay 

particles have a d–spacing of 3.5–10 nm (35–100 Å), and have a hydrated interlayer space 
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where the diffuse double–layer structure is formed. The layer charge is balanced by 

exchangeable cations and as negative charge approaches zero, the water content decreases and 

the number of clay layers comprising each of the quasicrystals increases. This results in a less 

flexible and less extensive structure. These structures combine to form more rigid 

microstructures that are less conducive to shrink–swell activity. In addition, these require 

greater energy input to open and close microstructures (Wilding and Tessier 1988).  

Ca2+and Mg2+–smectites: 

There are three important differences between the Ca2+– and Mg2+–smectites and the Na+–

smectite system at electrolyte concentrations <0.3 M. The interparticle pores of the divalent 

system are much larger (1–2 µm d.). In this model, the diffuse double layer of Ca2+– and 

Mg2+–smectites is absent, and therefore less interlayer water adsorption occurs and leads to a 

reduced interlayer space of 1.86 nm (18.6 Å). Thirdly, the number of layers comprising 

individual quasicrystals is much larger, generally >50, resulting in less flexible systems than for 

Na+–smectite  (Wilding and Tessier 1988).  

 

Figure 1.5 The schematic representation of the microstructure of Na+–smectites (A) and Ca2+–smectites (B) at 
near saturation (–0.032×105 Pa) and prepared in low electrolyte concentrations of chloride solutions 
(10-3 M) (Wilding and Tessier 1988). 
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The example in Figure 1.5 compares clay microstructures in small electrolyte concentrations, i.e. less 

than 0.3 M. The ability of electrolyte concentrations above 0.3 M to limit swelling in smectites was 

later presented by Tessier (1990). In these systems microstructures of Na+–smectite acted in a 

similar way to microstructures of Ca2+– and Mg2+–smectites. Alternatively, microstructures of illite 

and kaolinite clay minerals act differently to the smectite systems (Alperovitch et al. 1985; Wilding 

and Tessier 1988). These clays have been described as being brittle, forming rigid domains of illite 

and large crystallites of kaolinite. The formation of these structures is not favourable for the 

development of the flexible, extensive and overlapping quasicrystals described by Wilding and 

Tessier (1988) in Figure 1.5, and they concluded by showing that the resulting volume change during 

shrink–swell activity for illite and kaolinite clays is about 1⁄2 –1⁄5 that of the smectite systems (Figure 

1.6). 

The expanded microstructure of smectite clays can collapse completely as matric potential is 

increased (Wilding and Tessier 1988). This allows smectite systems to occupy less volume per given 

mass than illite or kaolinite clays, which maintain a minimum level of porosity (Figure 1.6). The 

shrink–swell properties of these different systems can therefore be ranked: smectites have the 

greatest ability to shrink–swell and kaolinite has the least (Na+–smectites > Ca2+ and Mg2+–smectites 

> illites > kaolinites). These conditions describe the activity of pure clay systems. In soil 

environments, heterogeneous mineral arrangements will reduce the expression of specific species 

activity. This is because clay particles exist in an arrangement of macromolecules consisting of 

different mineral species. In addition to these mineral associations, bonding occurs between clay 

particles and organic molecules and/or polymers, which will further influence the expression of 

mineral activity. 
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Figure 1.6 Schematic representation of relative swelling and consolidation volumes of different clay minerals as a 
function of matric potential (e = void ratio – volume of pore space to solid particle volume) (Wilding 
and Tessier 1988). 

1.4.2 The cation exchange complex 

The term ‘charge’ is applied throughout this discussion to represent excess negative charge on the 

lateral face of clay particles brought about by isomorphous substitution (e.g. substitution of Si4+ by 

Al3+ and of Al3+ by Fe2+ and Mg2+). The excess negative charge is compensated by the adsorption of 

cations onto layer surfaces, because cations are too large to be accommodated in the interior lattice 

structure (van Olphen 1963). In the presence of water, the compensating cations on this layer 

surface are easily exchanged by other cations from solution; thus these are exchangeable cations (van 

Olphen 1963). Vertosols frequently have a much larger cation exchange capacity (CEC) than other soils. 
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This ranges from approximately 10 to greater than 80 cmol(+) kg-1 (Murthy et al. 1984; Isbell 1989; 

Coulombe et al. 1996a; Singh and Heffernan 2002) and depends on the mineral suite and on organic 

contributions. 

Irrespective of CEC, the cations Ca2+, Mg2+, K+ and Na+ generally dominate the exchange complex  

of Vertosols (SSSA 1997). The strongly structured Vertosols usually exhibit an exchange complex 

dominated by Ca2+. This contrasts with soils containing elevated concentrations of exchangeable 

Mg2+ and exchangeable Na+; these soils tend to have poor structural stability and undesirable 

structural form (Hubble 1984). This acknowledgement implicates the importance of exchangeable 

cation contributions in the development of soil structure (Coughlan 1984). The basic cations exert 

an influence in two ways: (i), through the affect of cation valence, i.e. whether monovalent or divalent 

species dominate and, (ii), through the different impacts of monovalent cations (i.e. Na+ or K+) and 

of divalent cations (i.e. Ca2+ or Mg2+) (Kanwar and Kanwar 1968; Chen et al. 1983; Levy and van der 

Watt 1990).  

1.4.2.1 The principles of double layer theory and the influence of ionic state 

Electronic double layer theory is discussed by van Olphen (1963, 1987) and by Quirk (1994, 2001). 

This theory describes the activity of charged matter (e.g. clay surfaces, cations or anions) at the lateral 

face of clay minerals and is summarised by Sumner (1993) and by Halliwell et al. (2001). The 

electrical double layer is composed of two individual layers. The surface charge of clays (–ve charge) 

provides the first layer. A layer of compensating charge (counter–ions) then accumulates in the 

solution near this surface layer (Shainberg and Letey 1984). The counter–ions are electrostatically 

attracted by the oppositely–charged surface. These form a distribution of ions at equilibrium in 

solution, and the concentration of ions decreases with increasing distance from the charged surface 

(Figure 1.7). This theory proposes that divalent ions are attracted to the surface with a force twice 

that of monovalent ions. As a result, the diffuse double layer in a divalent system has much greater 

compression towards the layer surface (Shainberg and Letey 1984). This was shown by Wilding and 

Tessier (1988), who suggested that a diffuse double layer is absent from Ca2+– and Mg2+–smectites 

(Figure 1.5). In addition, the extent or thickness of the counter ion layer is determined by the charge 

neutral difference of this layer with the outside solution (Quirk 2001). The result is that the greater 

the ionic concentration, the more compressed the diffuse double layer becomes. 
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Figure 1.7  Schematic distribution of charges in the diffuse electrical double layer surrounding clay particles 
according to the Gouy-Chapman model (adapted from van Olphen 1963). The charge of clay particles 
is represented by (–) and (+) and the charge of ions in solution by (–) and (+). This model 
demonstrates the attraction of ions in solution toward opposite charge at the surface of clay particles. 

In Vertosols, the counter–layer is formed by an abundance of cations and a deficit of anions. The 

difference between the cations and anions is therefore representative of the surface charge of a 

particular mineral. Thus, when two clay particles approach each other in solution, a consequence of 

Brownian motion, diffuse double layers overlap and repulsion occurs. This repulsion of particles is 

suppressed by the addition of electrolytes to the soil solution. An increased electrolyte concentration 

reduces the tendency of ions to move outward from the charged surface by compressing the double 

layer. This reduces the range at which clay particles can repel each other and as a result, influences 

the colloidal stability of suspensions, the potential for osmotic swelling and the ion exchange 

process. 

The speciation of ions is significant for the formation of the diffuse double layer. The valence and 

the hydrated radius of each cation influences the extent of double layer compression; the greater the 

proportion of ions of larger valence (e.g. Ca2+ or Mg2+, rather than Na+ or K+) the greater the 

compression of the double layer. In the same way, the smaller the hydrated radii (Table 1.2) of 

cations present, the greater the compression of the diffuse double layer. The hydrated radius 

represents the effective size of an ion or molecule in solution, so includes associated water molecules 

attracted by the imbalance in ionic charge. Therefore, unlike ionic radius, which is dependent only 

upon the attractive force of an atom’s nuclei, hydraulic radius is dependent also upon the valence of 

the ion considered (Rengasamy 1982). Thus, increasing the size of a cation’s radius will lead to more 

diffuse electrical charge and subsequently the attraction of fewer water molecules. This led some 
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early researchers to discount the difference between ions of the same valence (i.e. Ca2+ and Mg2+, or 

Na+ and K+) (e.g. Quirk and Schofield 1955; van Olphen 1963). Currently, estimators of potential 

instability, such as ESP ([Na+
exch/CEC]×100) and ESI (EC1:5/ESP) do not discriminate ionic size or 

hydrated radii, with both Ca2+ and Mg2+ having often been considered together despite recognition 

of their different activity in soils. Similarly, K+ was rarely given any consideration as a contributor to 

stability. Later research supported the theory that different cations exhibit different effects on the 

exchange complex (e.g. Emerson and Chi 1977). For example, Ca2+ is widely recognised as being 

more beneficial for structural development than Mg2+, and K+ less detrimental to structural stability 

than Na+. This was supported by Emerson and Bakker (1973), who found that for illitic red–brown 

earths in Victoria, the ESP required for dispersion was approximately halved when Mg2+ replaced 

Ca2+ as the complementary ion. The effects of K+ were summarised by Levy and van der Watt 

(1990), who found that K+–saturated soils have larger aggregates with greater aggregate stability than 

Na+–saturated soils. Although K+ has an additional shell of electrons (e–) and a larger ionic radius 

than Na+, the more diffuse electrical charge observed in K+ results in a hydraulic radius 

approximately 2⁄3 that of Na+ (Table 1.2). Therefore, hydrated K+ ions pack together more closely 

against the negative layer charge than hydrated Na+ ions. 

Table 1.2 
The ionic and hydrated radii of the four common exchangeable cations 

in Vertosols 

 Cation a Ionic Radius (nm) Hydrated Radius b (nm) 

Na+   (22.99) 0.190 0.40–0.45 

K+       (39.10) 0.266 0.30 

Mg2+ (24.31) 0.130 0.8 

Ca2+   (40.08) 0.198 0.6 
a  In brackets is the atomic mass of each cation 
b  Hydrated radii obtained from Narawimha and Mathew (1995). 

In contrast to the ionic activity at the lateral face of minerals, activity along edges is quite different. 

At these edge surfaces, charge occurs as a result of broken bonds and can be either +ve or –ve. This 

variable charge is determined by the activity of H+ and OH- in solution. In these soils, pH determines 

the expression of charge; in acid and neutral solutions the edges of variably charged clays carry a 

positive double layer, but this becomes negative with an increasingly alkaline soil solution. 

Subsequently, the stability of some clay systems will be influenced by the presence of variable 

charge, particularly those soils containing large proportions of highly weathered clay minerals, e.g. 

kaolinite. 
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1.4.2.2 The role of exchangeable Na+ in determining structural characteristics 

More than 28 % of the total land area of Australia is classed as sodic and more than 50 % of arable 

land is potentially influenced by sodicity–related problems (Keren and Ben–Hur 2003). Contributing 

to this, many Australian Vertosols fall into this sodic soil class with ESP values greater than 6 

(Northcote and Skene 1972). Consequently, the distribution of Vertosols across NSW (Figure 1.8a) 

(Isbell 1996) tends to be reflected by the distribution of uniformly–textured, sodic, alkaline soils 

(Map unit AS1) (Figure 1.8b) (Northcote and Skene 1972). The classification units used in Figure 

1.8b are described in Table 1.3. 

Generally, Vertosols that have large proportions of exchangeable Na+, e.g. ESP >6, swell more 

extensively when wetted and are susceptible to spontaneous dispersion (Sumner 1993). These soils 

are described as sodic. A sodic soil is a non-saline soil containing exchangeable Na+ at levels that 

adversely affect crop production and soil structure in most soil conditions and for most plant 

species (Sumner 1993; SSSA 1997). The US Salinity Laboratory Staff (1954) give the critical ESP 

value of 15 to delineate non–sodic soils from the sodic soils. In Australia, Northcote and Skene 

(1972) and later Isbell (1996), define sodic soils as those that have an ESP >6. Northcote and Skene 

(1972) qualified this definition by assigning three classes of sodicity; (i) the non–sodic (ESP< 6), (ii), 

the sodic (ESP 6–14) and, (iii), the strongly sodic (ESP >15). In cotton–producing Vertosols, 

McKenzie (1998) encourages the use of an ESPcrit of 5 to delineate the non–sodic soils from the 

sodic systems. This was qualified with the understanding that ESPs as low as 2 can have detrimental 

effects on the structural condition of some Vertosols (e.g. Cook et al. 1992). The extent of instability 

expression is therefore determined by the ESP and other physico–chemical properties, in particular 

the electrolyte concentration of the soil solution. As a consequence  numerous authors have 

accounted for clay dispersion using exchangeable Na+ or ESP in conjunction with the electrical 

conductivity of the soil solution (e.g. Blackwell et al. 1991; Hulugalle and Finlay 2003). 
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(a) 

(b)

Figure 1.8  The distribution of Vertosols (Isbell 1996), (a), and the distribution of sodic and saline soils in NSW 
including various intergrades of sodic–saline soils according to Northcote and Skene 1972 (from 
McKenzie et al. 1995), (b). 

Table 1.3 
Classification units based on the map of Northcote and Skene 

(1972) (from McKenzie et al. 1995) 

Map unit Soil categorya 

SS Saline soils (dominated by chlorides either in at the 
soil surface, in the subsoil or throughout) 

AS1 Alkaline soils with ESP >6, clay textures and uniform 
texture profiles 

AS2 Alkaline soils with ESP >6, sandy/loamy textures and 
uniform/gradational texture profiles 

AS3 Alkaline soils with ESP >6 and duplex texture profiles 

NS1 Sodic and strongly sodic, pH 6.5–7.9 and duplex 
profile form 

NS2 Sodic and strongly sodic, pH <6.5 and duplex profile 
form 

a  Saline soil defined as NaCl >0.1 % (soil texture class of loam or 
more  coarse) or >0.2 % (clay loam and clay soils) at the surface 
(0–0.2 m) and/or >0.3 % below 0.2 m depth. Sodic soil defined as 
having an ESP 6–14 within depth of 1 m; strongly sodic defined as 
having an ESP >15 within depth of 1 m. Alkaline pH1:5 (soil:water) 
8.0–9.5 within depth of 1 m; strongly alkaline pH1:5 (soil:water) 
>9.5 within depth of 1 m. 
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Regardless of definitions applied to describe sodicity, the exchangeable Na+ content is conceivably 

the most important of all physico–chemical properties influencing the stability of Vertosols. It is 

arguably the most intensively studied and frequently discussed exchangeable cation from the soil 

environment (e.g. Fireman and Bodman 1939; Shainberg and Letey 1984; Chiang et al. 1987; Levy et 

al. 1993; Rengasamy and Naidu 1993; Naidu et al. 1995; Sumner et al. 1998). Its detrimental influence 

on soil systems is widely recognised (e.g. Chang and Dregne 1955; Chen and Banin 1975; Curtin et al. 

1994a, 1994c) and it affects soil moisture retention, soil swelling and the dispersion of clay (Oster et 

al. 1980). Increasing the contribution of Na+, relative to Ca2+ and Mg2+, is a dominant factor 

contributing to increased dispersion. This was demonstrated by So and Cook (1993) who showed a 

significant relationship between dispersed clay and exchangeable Na+ using two Vertosols (Figure 

1.9). The impact of Na+ is particularly evident in soils that have low electrolyte concentrations in the 

soil solution (Wilding and Tessier 1988), as a large electrolyte concentration reduces the thickness of 

the diffuse double layer. As the proportion of Na+ is increased the thickness of the counter layer 

increases and the clay particles begin to separate (Figure 1.10) resulting in accentuated swelling 

during hydration. Furthermore, hydration dilutes the soil solution (e.g. rainfall or irrigation) and 

where the electrical conductivity is sufficiently low, soils with large ESPs undergo spontaneous 

dispersion (Rengasamy and Naidu 1993; Sumner 1993). 
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Figure 1.9  The relationship between exchangeable Na+ and dispersible clay for two Australian Vertosols; Waco 
( ), Langlands ( ) (from So and Cook 1993). 
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Figure 1.10 Comparison of particle arrangements in a homeoionic Na–smectite (right) with that in a Ca–Na 
system (left) illustrating the formation of ‘tactoids or Quasi-crystals’ with ‘de–mixing’ of Na+ and Ca2+ 
(Sumner 1993). 

1.4.2.3 The role of exchangeable Ca2+ and Mg2+ in determining structural characteristics 

Vertosols that have good structure and which are strongly self–mulching have an overwhelming 

dominance of exchangeable Ca2+ throughout. They contain only small to moderate quantities of 

exchangeable Mg2+ and have a very small amount of exchangeable Na+ (Hubble 1984). In contrast, 

soils that swell excessively, disperse spontaneously and which develop undesirable structure contain 

Mg2+ as a co–dominant cation with Ca2+. These soils can contain significant exchangeable Na+ at or 

close to the soil surface (Hubble 1984). 

An alternate view is that exchangeable Ca2+ and Mg2+ affect soil structural condition in similar ways 

(e.g. Ahmed et al. 1969). For example, Rengasamy (1982) studied homeoionic systems free of 

solution electrolytes. Here there was no difference in the dispersion of three Mg2+– and Ca2+–

saturated clays; (i), Wyoming bentonite, (ii), Grundy illite, and (iii), Shepparton fine sand loam (30 % 

kaolinite, 55 % illite and 15 % smectite). However, most research has tended to show that 

exchangeable Mg2+ is less beneficial than Ca2+ in maintaining soil structural condition. This was first 

shown by the early permeability studies of Quirk and Schofield (1955) where they separated the 

effect of valence and related permeability to the hydrated radius of ionic species (Table 1.2). Many of 

these studies were carried out using homeoionic clays and clays equilibrated using either Ca2+ or 
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Mg2+ in combination with Na+ (e.g. Emerson and Smith 1970). Later, Emerson and Chi (1977) 

investigated illite clays and found that for a given exchangeable Na+ content the Ca2+–Na+ clay had 

greater aggregate stability and dispersed less than Mg2+–Na+ clay. They related this to the lower 

repulsive force present in the Ca2+–Na+ system. Then they compared these clays to homeoionic 

systems. They found that approximately 10 times as much exchangeable Mg2+ was required to 

disperse a Ca2+–illite than exchangeable Na+. These findings are supported by Curtin et al. (1994b) 

who investigated a clay fraction dominated by smectitic clay. Here they found that the ability of the 

soil to resist swelling and dispersive pressures in the presence of Na+ was greater in Ca2+–systems 

than in Mg2+–systems. In addition, they showed that the exchangeable Ca2+:Mg2+ ratio affected 

dispersion even in the absence of Na+, and that Mg2+–systems had greater susceptibility to surface 

sealing caused by aggregate disintegration and clay dispersion. More recently, Dontsova and Norton 

(2002) began by questioning whether any significant difference between Mg2+ and Ca2+ occurred in 

relation to swelling. However, they concluded that Mg2+ had less flocculating effect on clays than 

Ca2+ and observed minor decreases in the hydraulic conductivity of some soils saturated with Mg2+ 

rather than Ca2+. They attributed this to the smaller ionic radius of Mg2+ and its larger hydrated 

radius. 

1.4.2.4 The role of exchangeable K+ in determining structural characteristics 

In contrast to the enormous store of literature describing the effect of exchangeable Na+ and Ca2+, 

and to a lesser extent Mg2+, very little research has focused on the activity of exchangeable K+. In 

addition, the results of many K+ studies are conflicting. Consequently, the influence of exchangeable 

K+ on soil structure is much less understood. For example, Levy and Torrento (1995) studied the 

extent of dispersion in two soils dominated by smectite clays. They found that 10–15 % 

exchangeable K+ had no effect on the dispersion of clay. This is broadly reflected in the work of 

Chen et al. (1983), who investigated the effect of K+ on the permeability of three soils dominated by 

smectite clays. They showed for two of these soils that increasing exchangeable K+ from 0 toward 

20 % increased relative hydraulic conductivity. However, increasing K+ beyond 20 % led to a 

decrease in the hydraulic conductivity of these soils. In contrast, their third soil, which had 10 % less 

smectite, showed decreasing relative hydraulic conductivity as exchangeable K+ was increased from 

0 %. The reasons for these differences did not correlate to the other soil properties in their study. A 

third study by Levy and van Der Watt (1990) looked at three soils dominated by illite and kaolinite 

clay mineral suites. They found that exchangeable K+, while not as efficient as exchangeable Ca2+ in 

maintaining high permeability, did not reduce permeability to the extent observed in Na+ systems. 
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Current work is inconclusive, but results generally relate to the method of study and to the soil 

mineral suite. Further, while elevated exchangeable K+ does not always positively influence soil 

structural condition, it is clear that its effect does not cause soil to swell and disperse to the same 

extent as soils containing similar contributions of Na+. 

1.4.3 The soil solution 

The soil liquid phase, the soil solution, contains all liquid phase electrolytes in equilibrium with 

exchangeable ions and precipitate compounds. The electrolyte concentration increases as moisture 

loss occurs (e.g. evaporation) and is diluted by moisture additions (e.g. rainfall or irrigation) (Oster 

and Shainberg 2001). This, and the effects of ion valence and size (Le Bissonnais 1996), influences 

the extent of flocculation or dispersion, particularly where the soil Na+ content is large 

(exchangeable and solution Na+) (Shainberg et al. 1981; Rengasamy et al. 1984; Mullins et al. 1991). 

Furthermore, increasing or decreasing the concentration and composition of ions in solution can 

increase precipitation or cause preferential exchange for the dominant cations. This was shown by 

Loveday (1984), where increasing the Na+ content of applied water led to an increased ESP of the 

soils used. 

1.4.3.1 The concentration of the soil solution 

The concentration of ions present in the soil solution is described by the electrical conductivity (EC, 

dS m-1). In soils containing excessive soluble salts, the term saline is applied. Saline soils tend to 

contain large concentrations of Cl– and SO4
2– salts of Ca2+, Mg2+, Na+ and K+ (Sumner et al. 1998). 

In cotton–growing Vertosols, a ‘very highly saline’ medium clay soil has an EC1:5 >1.33 dS m-1 (1:5, 

soil:de–ionised water extraction) and a ‘very highly saline’ heavy clay soil has an EC1:5 >1.72 dS m-1 

(McKenzie 1998). This is the salt content above which crop plants are adversely affected (SSSA 

1997), resulting in reduced plant production.  

The concentration of the soil solution, specifically the Total Cation Concentration (TCC) and the 

Sodium Adsorption Ratio (SAR), are of greater relevance to soil structural condition than 

descriptions of salinity. These attributes are described by equation 1 (TCC is approximately 10 times 

the value of EC1:5) and equation 2: 
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In soils containing large ESPs the concentration of the soil solution is particularly important. The 

importance of the TCC was demonstrated by Rengasamy et al. (1984), who derived a model 

describing the stability of red–brown earths (Chromosols and Sodosols). In their model, increasing 

the TCC was shown to benefit structural stability and increasing SAR was shown to increase 

instability. This model reveals a number of characteristics of the soils they investigated, including a 

propensity for clay dispersion at very low values of SAR (Wilding and Tessier 1988) when TCC is 

small. Shainberg et al. (1989) summarized a number of works that had applied ‘tap water’ to soil for 

the study of hydraulic conductivity. Different sources of ‘tap water’ contained different solute 

concentrations; when water with a TCC of 3.13 mmol(+) L-1 was applied, there was no reduction in 

the hydraulic conductivity of prepared soils for all but the very sodic systems. In contrast, the use of 

‘tap water’ containing 0.7 mmol(+) L-1 of soluble salts resulted in large reductions in hydraulic 

conductivity, even at small ESPs. Finally, Hulugalle and Finlay (2003) recently compared ESP, 

Electrochemical Stability Index (ESI) (EC1:5/ESP) and EC1:5/Na+
exch as predictors of soil dispersion. 

The ESI and EC1:5/Na+
exch values obtained show a significantly better relationship with dispersion 

than ESP alone. 

The extent to which the electrolyte concentration influences the stability of soils is dependent on the 

mineral suite (Figure 1.11); for example, as the SAR of kaolinite clay solutions is increased, small 

increases in TCC are required to maintain flocculation. In contrast, small increases in the SAR of 

smectite clay solutions require large increases in TCC to maintain flocculation. In addition to the 

impact of phyllosilicate species, the influence of electrolyte concentration also depends on the 

dominant exchangeable cations in a soil. Rengasamy et al. (1986) showed that preserving an adequate 

electrolyte concentration maintained clays in a flocculated state, but that Mg2+–Na+ systems require 

more electrolyte than the Ca2+–Na+ systems. Oster et al. (1980) looked at the flocculation of smectite 

systems and observed that; (i), the flocculation rate increased with increasing electrolyte 

concentration, except for systems of very large ESP (40 %), (ii), the rate of flocculation decreased 

with increasing ESP, (iii), the rate of flocculation depended on the concentration of clay in 

suspension, but this did not influence the flocculation value (TCC required to initiate flocculation) 

and, (iv), the rate of flocculation decreased exponentially with time. 
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Figure 1.11 The general relationship of dispersion and coagulation for kaolinite, illite and smectite as affected by 
SAR and TCC (from Field 2000). 

1.4.3.2 The speciation of cations in the soil solution 

The TCC influences soil structural form through the impact of cations held in, and associated with, 

the double layer. Subsequently, increasing the contribution of a particular cation to the TCC, e.g. 

through the application of gypsum (CaSO4.H2O), will cause a new equilibrium to develop between 

the solution and the exchange complex. For example, raising the concentration of a particular index 

cation (e.g. Na+) in solution causes a decrease in the solution concentrations of Ca2+ and Mg2+. This 

leads to an increase in the index cation (Na+) on exchange sites (Fireman and Bodman 1939; 

Kanwar and Kanwar 1968; Lieffering and McLay 1996) and the contributions of exchangeable Ca2+ 

and Mg2+ become less. In the case of infiltrating solutions where the concentration of salts 

approaches zero, the soil solution becomes more dilute. This will lead to an increase in the size of 

the diffuse double layer and the result is decreasing stability as charged particles move apart and the 

soil swells. In situations where the repulsion force is large enough to overcome attraction, soil 

dispersion occurs and clay particles move into suspension. For example, Felhendler et al. (1974) used 

hydraulic conductivity (HC) as a measure of the structural condition of two swelling soils; a sandy 

loam and a silty loam. They found that reductions in HC were minimal provided the electrolyte 

concentration of the percolating solution exceeded 10 mmol(+) L-1. Similar results were obtained by 

Shainberg et al. (1981) using solutions with low SAR. Here, they demonstrated that raising the SAR 

resulted in a requirement for increasing the TCC of solution so as to maintain structural condition. 
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1.4.4 Soil pH 

The pH of any soil system develops predominantly from the parent material (Coulombe et al. 1996a; 

Coulombe et al. 1996b). It influences the solubility of ionic species (e.g. Al3+) and the charge balance 

of variably–charged sites. In general, acidic Vertosols develop from acidic parent material, while 

neutral and alkaline Vertosols develop from calcareous or base–rich parent materials (Coulombe et 

al. 1996a).  

The physico–chemical properties of Vertosols are most stable at pH values approaching neutral. In 

Vertosols that become either increasingly acid or increasingly alkaline, degradation of the physico–

chemical properties may occur. In soils where acidic conditions prevail the stability of clay 

phyllosilicates is compromised. This results in the gradual formation of highly weathered products, 

and kaolinites form as smectite clays are degraded (Coulombe et al. 1996a). 

In alkaline Vertosols, the large pH is the result of the increasing presence of Na+ and carbonates in 

solution (Kanwar and Kanwar 1968; Coulombe et al. 1996b; Barzegar et al. 1997). This results in the 

decreased solubility of CaCO3 (Ahmad 1996) and thus the precipitation of  Ca2+ occurs. 

Furthermore, increased pH (7–9) leads to an increase in the net negative charge of variably–charged 

minerals (iron and aluminium oxides and kaolinite clay) and organic material binds increasing 

amounts of OH-. Structural stability is compromised (Emerson 1983; Coulombe et al. 1996b) 

through swelling and the dispersion of both clay and organic material (Coulombe et al. 1996a). This 

was demonstrated by Suarez et al. (1984) using three soils (20–30 % clay). They studied the effect of 

increasing pH (6–9) and found reductions in the saturated hydraulic conductivity to be primarily the 

result of changes in dispersive forces. The conclusion they reached was that the sensitivity of soils to 

changes in pH is dependent on the quantity of variable charge present. Therefore, in soils with large 

quantities of variable charge the structural conditions are more susceptible to increasing pH than 

soils that contain smaller quantities of variably–charged materials.  

1.4.5 Soil organic material 

Organic matter is highly regarded for its beneficial effect on soils both as a source of plant nutrition 

and for its influence on soil physical properties. However, many Australian Vertosols have quite 

small organic contributions, generally containing <2 % organic matter (Hulugalle and Entwistle 

1997; Hulugalle et al. 2001; Vervoort et al. 2003). Consequently, several authors have questioned the 

importance of organic material to the structural stability and form of Vertosols (e.g. Jewitt et al. 1979; 

Coughlan 1984; Lu et al. 1998). The general view opposes this observation (e.g. Mukhtar et al. 1974; 
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Hubble 1984; Lal 1993; Coulombe et al. 1996a). The effects of organic matter on Vertosols was 

investigated by Warkentin (1982), who proposed that organic matter is important at a finer scale in 

swelling soils than in the non–swelling soil types. He suggested that organic matter was important at 

two scales; primarily to soil clusters (1–50 µm), and to a lesser extent, to soil micropeds (50–500 

µm). This is contrary to the scale of influence in other soil types, where organic matter impacts on 

aggregates in the 500–5000 µm range. The absence of significant contributions of organic material to 

the >500 µm scale in Vertosols is associated with self–mulching behaviour. In the same way that 

tillage increases the loss of organic constituents, so to the self–mulching behaviour of Vertosols 

increases the rate of organic mineralisation.  

Organic matter in Vertosols is frequently found on both external and internal clay surfaces. It forms 

clay–organic complexes strongly bound to small aggregates (Blokhuis 1982). However, the different 

organic fractions influence the formation of stable aggregates differently. Roots and fungal hyphae 

have an important role in stabilizing microaggregates and preventing dispersion. The importance of 

these in stabilizing aggregates, irrespective of the exchange cations present, was suggested by 

Barzegar et al. (1997). Furthermore, they found that the presence of organic matter in general, had a 

positive influence on the water stability of aggregates irrespective of clay type or sodicity. Chenu 

(1989) showed that the polysaccharide scleroglucan decreased the size of clay quasi-crystals of a 

smectite. This led to improved stability but increased the extent of soil swelling, thereby increasing 

the soil’s void ratio and raising the moisture holding capacity. Kaolinite clays were affected 

differently; in these soils, the size of quasi-crystals was not affected, but stability was improved. 

Piccolo and Mbagwu (1989) found humic acids to generally be successful in improving stability of 

soil micro–aggregates and macro–aggregates, but they noted that excessive humic acid (>1 %) 

decreased the stability of micro–aggregates. This they attributed to the displacement of weakly 

bound clay particles by strongly chelating divalent and trivalent cations in complexes. 

1.4.6 Sulfates, carbonates and oxides 

In many Vertosols, carbonates (particularly lime), gypsum, and oxides act as binding agents and 

assist in buffering the soil system (Hubble 1984). In addition, these soils contain an array of silicates 

(e.g. Ca2+, Na+ and K+ feldspars) other than the phyllosilicates, which are particularly sensitive to soil 

moisture and environmental conditions. Coulombe et al. (1996b) indicated that mineral dissolution, 

translocation, and precipitation due to wet–dry cycles, and the subsequent redistribution of various 

mineral phases in a soil profile, can impact on soil structure. 
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The Ca2+ and Na+ carbonates (CaCO3 and Na2CO3) and gypsum (CaSO4.H2O) strongly influence 

the structural condition of soil. The solubility of these salts depends on pH and solution 

composition, with lime (CaCO3) commonly present as concretions (Jewitt et al. 1979) in alkaline 

Vertosols (Ahmad 1996). Consequently, the rate of release of these soluble salts influences the 

ability of a soil to buffer changes in the soil solution from water applications (Shainberg et al. 1981). 

In solution CaCO3 donates Ca2+, which assists in reducing soil pH and in maintaining the TCC; this 

then, suppresses chemical dispersion forces (e.g. excessive ESP). Lime also acts as a binding agent 

(Keren and Ben–Hur 2003), cementing soil mineral material in soils with an alkaline pH. Gypsum is 

a common feature of the more arid Vertosols reflecting its relatively high solubility. Consequently, 

the depth of gypsum in a soil profile provides a guide to the depth of leaching under applied 

moisture (Jewitt et al. 1979; Ahmad 1996). The Na+ carbonates are also highly soluble and are readily 

leached. In soils, the presence of these carbonates is an indicator of very alkaline conditions (pH 

>9.5) (Coulombe et al. 1996b); such soils will have very large contributions of exchangeable Na+ and 

as a result, very poor structural stability. 

The sesquioxides of Fe3+ and Al3+ act as binding or cementing agents of soil fabric (Wilding and 

Tessier 1988), but soils rich in iron oxides are generally acidic (e.g., Oxisols and Krasnozems) 

(Mullins et al. 1991). The clay mineral suite of Vertic soils is degraded where abundant H+ is present; 

subsequently, oxides play a less significant role in alkaline Vertosols, particularly those dominated by 

smectitic phyllosilicates. The more reddish, better drained and more weathered Vertosols containing 

moderate amounts of kaolinite have relatively high contents of free iron oxide; these have greater 

structural stability and smaller aggregates. Free iron oxides reduce the ability of Vertosols to swell 

and consequently the characteristic properties of these soils are less pronounced (Blokhuis 1982). 

1.5 The structural degradation of Vertosols 

Soil structural failure occurs as soils undergo cycles of swelling and shrinkage. This is dependent on 

the texture and mineral suite and on the contributions of particular cations to the exchange complex 

and the soil solution. However, failure does not necessarily imply degradation. Soil degradation is 

defined as a loss or a reduction of actual or potential productivity, and is equal to a loss or reduction 

of soil structural function (Blum 1998; Lal 1998). There are two main forces involved in the 

degradation of Vertosols; the natural, due to soil forming factors and the anthropogenic, due to 

agricultural activities. These contribute to two principal forms of structural degradation: physical 

degradation and chemical degradation. The processes of physical disintegration (Ben-Hur et al. 1992) 
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and chemical dispersion result in clay dispersion, its migration (Felhendler et al. 1974; Levy and van 

der Watt 1988) and the plugging of soil pores (McIntyre 1956; Agassi et al. 1981). This is a major 

cause of decreased hydraulic conductivity in montmorillonitic, vermiculitic, and kaolinitic soils at 

ESP values less than 20 (Frenkel et al. 1978). In addition, Abu–Sharar et al. (1987) showed that in 

some cases dispersion has to be associated with slaking to reduce hydraulic conductivity because 

dispersed clay particles are mobile, easily illuviated and not able to clog large conducting pores. 

1.5.1 The physical disintegration of Vertosols 

It is well established that soil structural form will remain completely stable if an applied stress is less 

than the strength of the soil failure zones (Kay 1990). However, when attractive forces are 

overcome, aggregates fail (Kemper and Rosenau 1984). The deformation of structural form takes 

place where stress is applied, and where the weakest zones of the structural matrix fail. Thus, the 

application of increasing disruptive energy will result in the failure of aggregates of increasing 

strength (Kay 1990). This pattern implies a hierarchy of aggregates (Oades and Waters 1991); smaller 

aggregates are most resistant to disruption, and subsequently the ability of aggregates to resist failure 

reflects the arrangement of strength within this hierarchy. This hierarchical organisation exists in 

soils where the stability of aggregates is controlled by organic materials, but is of less relevance 

where cementing agents bind aggregates to one another (Oades and Waters 1991). 

Physical degradation can be caused by the slaking of aggregates, the infilling of shrinkage cracks 

during wetting or by excessive overburden pressures (during tillage) that cause soil compaction (Yule 

and Willcocks 1996). This degradation results in a compacted soil structural form with an increased 

density and less porosity. The resulting structural arrangement is increasingly difficult to resile, and 

the work of Pillai and McGarry (1999) shows the importance of shrink–swell cycles in the structural 

repair of a physically degraded Vertosol. In addition to shrink–swell activity, soil moisture assists in 

maintaining aggregate strength. However, once water pressure becomes equal to or greater than the 

air pressure (Kemper and Rosenau 1984) aggregate coherence is no longer supported. The 

consequence of this is that freshly cultivated and weakly structured soils can slump or settle (Levy 

and van der Watt 1990). This reduces the distribution of soil porosity and impacts on water 

movement and the exploration and function of plant roots. Aggregate breakdown by water results 

from a variety of physico–chemical interactions (e.g. mineral suite and cation composition) and 

physical mechanisms (e.g. rainfall or tillage). It involves different scales of soil structure, from the 

interaction of clay particles to the macroscopic behaviour of aggregates (Tisdall and Oades 1982; 

Elliott 1986; Oades and Waters 1991). Coughlan (1979) studied 12 cracking clay soils and found that 

aggregate breakdown increased rapidly with wetting rate and reached a maximum at a rate equivalent 
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to rainfall of 50 mm hr-1. Later, Loch (1982) found surface sealing to occur in a cracking clay soil at a 

rainfall intensity of 75 mm hr-1. Raindrop impact releases a disruptive force and, where applied force 

exceeds cohesive force, aggregates break apart forming an array of microaggregates and individual 

particles (Quirk and Schofield 1955). In solution, these microaggregates and soil particles block near 

surface porosity (Le Bissonnais 1996). This results in increased bulk density of surface soils and 

reduced water infiltration (Rengasamy et al. 1984). 

1.5.2 The chemical degradation of Vertosols 

In Vertosols, chemical degradation occurs through two primary processes; either the pH becomes 

too acidic or to alkaline, or the contribution of exchangeable Na+ increases sufficiently to cause 

excessive mineral swelling and clay dispersion. Halliwell et al. (2001) discussed increased soil sodicity 

that occurred through the application of irrigation waste waters containing elevated concentrations 

of Na+. The mechanisms by which Na+ contributes to degradation have already been discussed at 

length; increased swelling and clay dispersion lead to reductions in hydraulic conductivity and 

increases the soil bulk density. However, these processes rarely occur in the absence of mechanical 

stress. For example, Le Bissonnais (1996) described clay dispersion as a function of the physical 

force imparted by raindrop impact and the rate of wetting, and of the soil chemical attributes; 

exchangeable Na+ content and EC. 

1.6 Methods for determining the relative importance of structure–affecting 
soil attributes  

Since the work of Fireman and Bodman (1939) and of Quirk and Schofield (1955), there has been a 

strong research emphasis aimed at studying the effect of water quality on soil structural 

characteristics. This has generally focused on the effects of water quality on the hydraulic 

conductivity of soils, providing an initial understanding of the way in which Na+ influences swelling 

and dispersion. Consequently, hydraulic conductivity has sometimes been used as a surrogate 

measure of stability and desirable structural condition (e.g. Rengasamy et al. 1986; Keren and Ben–

Hur 2003). More direct measures of structural stability and structural form are now widely applied. 

The determination of the stability of aggregates is generally based on three principles: (i), the 

availability of simple procedures, (ii), the ability to correlate results of stability measurements with 

aggregate–size distributions and field phenomena and, (iii), the limitations of the method applied 

(Kemper and Rosenau 1986; Nimmo and Perkins 2002). The quantification of structural form for 

assessing the effects of management practices initially proved more elusive. Procedures commonly 
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involved surrogate measures to describe total porosity (e.g. bulk density) and effective pore size 

distributions (e.g. the moisture characteristic). However, in the last 20 years advances in computing 

power and stereological techniques have improved capabilities in this area. This has provided the 

ability to quantify structural form based on the differentiation of pore and solid phase components. 

1.6.1 Determining the structural stability of Vertosols 

Methods for determining the stability of soil aggregates were discussed by Kemper and Rosenau 

(1986). Two primary forces hold aggregates together in moist soils; the surface tension of the air–

water interface and the cohesive tension in the liquid phase. These two forces pull adjacent particles 

of an aggregate together with increasing force as a soil dries and as drying continues, solute 

molecules and ions precipitate as inorganic semicrystalline compounds or amorphous organic 

compounds around particle–particle contacts, cementing particles to one another. Once the 

cohesive forces of the liquid phase no longer assist in maintaining aggregate stability (humidity <30 

%) cementation maintains the structural arrangement. However, this cementation is crystalline and 

generally brittle, and once acted upon by mechanical force, will not re–form without the wetting and 

drying process.  

Measuring the stability of soil aggregates is important for the development of diagnostic and 

management principles for different Vertosols. Consequently, a diversity of methods have been 

undertaken to characterise aggregate liberation (e.g. Rowell et al. 1969; Emerson and Chi 1977; 

Rengasamy 1982; Kemper and Rosenau 1984; Rengasamy et al. 1984; Raine and So 1993; Levy and 

Torrento 1995; Dontsova and Norton 2002). These methods were summarised by Field (2000) into 

six categories; (i), immersion wetting techniques, (ii), wet–sieving procedures, (iii), end–over–end 

(EOE) shaking, (iv), ultrasonic agitation, (v), raindrop impact simulations and, (vi), the assessment of 

surrogate soil properties. These all involve the wetting process, which itself is highly disruptive, 

where ion hydration and osmotic swelling forces pull water into inter–clay spaces. This forces layers 

apart and causes aggregates to swell (Kemper and Rosenau 1986). If the rate of wetting causes 

uneven swelling of individual aggregates, then shear planes develop and aggregates disintegrate. 

The methods used to determine the stability of wet aggregates are classified into two types: (i), those 

studying the macro–aggregate distribution (e.g. Emerson 1954, 1967; Matkin and Smart 1987) and, 

(ii), those studying the micro–aggregate distribution (e.g. Quirk 1950). The micro–aggregate 

distribution is classed as particles <250 μm (Tisdall and Oades 1982; Oades and Waters 1991; Field 

and Minasny 1999), which consist chiefly of clay complexes, polyvalent cations and organic materials 

(Field and Minasny 1999). North (1976) describes the study of the micro–aggregate distribution as 
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being potentially more realistic in the study of surface soils where mechanical forces are prevalent. 

Three methods have been broadly adapted to study this size fraction: spontaneous dispersion 

(Rengasamy et al. 1984; Rengasamy et al. 1987), end–over–end disruption (Middleton 1930; Quirk 

1950; So and Cook 1987; Field et al. 1997; Raine and So 1997; So et al. 1997; Field 2000) and 

ultrasonic agitation (North 1976; Raine and So 1994, 1997; Field and Minasny 1999; Field 2000). 

The use of spontaneous dispersion determines the quantity of clay–sized particles in suspension 

after minimal disruptive force (e.g. Rengasamy et al. 1984). This reflects the behaviour of surface soils 

during rainfall events where the soil is effectively protected by organic material, but where rapid 

wetting takes place. The EOE–disruption technique (e.g. So et al. 1997) and the ultrasonic agitation 

procedure are similar in that both apply disruptive energy to soil aggregates in water solutions in 

order to determine the proportion of liberated material or the particle size distribution of soils (e.g. 

Edwards and Bremner 1967). The level of aggregate disruption occurring after either EOE–

disruption or ultrasonic agitation depends on the total energy applied and the uniform mixing of the 

soil suspension. Thus, Raine and So (1993) asserted that differences in dispersive energy consumed 

would represent differences in the quantity and type of bonding mechanisms in a soil. However, the 

application of these methods contain a number of inherent difficulties (North 1976). Currently, 

there is no standard method of assessment (e.g. Quirk 1950; So et al. 1997; Field 2000). This means 

that stability tests from different studies are not easily compared to each other, and that comparing 

structural stability assessments to field conditions is difficult. 

To rank the stability of a number of soils for a given activity, in this case cotton production, soils 

must be considered on the same basis. In some cases this will involve ranking the various size 

fractions assessed in order of their importance e.g. in agricultural soils it is generally considered that a 

specific weight of large aggregates is more indicative of good structure than an equal weight of small 

aggregates (Kemper and Rosenau 1986). This is characterised by the mean weight diameter, which was 

summarized by Kemper and Rosenau (1986). The mean weight diameter is equal to the sum of 

products of the mean diameter of each size fraction and the proportion of the total sample weight 

occurring in the corresponding size fraction. This method of estimating stability is not suitable 

where a single or very few particle size fractions are sampled. Consequently, the comparison of soils 

is frequently conducted by determining a stability index. The stability index represents the quantity 

of a particular size fraction (e.g. dispersed <20 µm g g-1), after aggregate liberation, as a percentage of 

the total original mass of that fraction (e.g. total soil mass <20 µm g g-1). Hulugalle and Finlay (2003) 

determined a dispersion index for soil material less than 20 μm: 

100
20

(%) ×
<

20<
=

mparticlessoilofweighttotal
DI

μ
mparticlessoildispersedofweight μ  [3] 
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Despite the extent of work in this area there remain three primary concerns: (i), the lack of a 

standard method of assessment has meant that much information cannot be compared between 

different studies and particularly between the work of different laboratories, (ii), the evaluation of 

surrogate soil properties have not been strongly associated with observed differences in structural 

stability for different soil types, i.e. linking predictors with observed properties (e.g. Field et al. 1997; 

Surapaneni et al. 2002) and, (iii), there has been limited comparison of laboratory measures of 

aggregate stability with the structural activity of Vertosols in the field; this has sparked much debate 

of the management applications of stability assessments. 

1.6.2 Determining the structural form of Vertosols 

The physical condition of soils can be determined from their structural form; for example, where the 

soil surface has been exposed to rain, any disintegration of aggregates can be used as an indicator of 

structural instability (Batey 2001). The structural form of soil profiles has historically been described 

in the field using visual assessment to give structure grade, ped shape and size, the soil fabric and 

soil macroporosity characteristics. For example, Ringrose–Voase and Sanidad (1996) used the 

intercept method ‘in field’ to measure the development of cracks in two puddled Vertosols of the 

Philippines as drying occurred. This was done by moving along a 7 m transect using a semi–cycle (1 

m r.) to sample crack size either side of the transect and to gain an understanding of the 

development of cracks during drying. Descriptions of structural form are qualitative or semi–

quantitative and can be used to detect hardsetting surfaces, plough layers, cracking patterns or soil 

compaction (e.g. Batey 2001). 

Other methods provide a quantitative measure of the total porosity and the pore size distribution. 

Total porosity has often been obtained from bulk density determinations. However, such 

measurements provide no knowledge of the pore size distribution; this can be obtained from 

hydraulic conductivity studies (e.g. Cass and Sumner 1982) or the soil moisture characteristic. As an 

example, Barlow and Nash (2002) compared the moisture characteristics of an intact Ferrosol and 

an intact Dermosol. After repeated wet–dry cycles using different water quality treatments they were 

able to characterise small changes in structural condition. This technique has the obvious advantages 

of being rapid and descriptive, but the disadvantage of not allowing pore shape characteristics to be 

determined. 

The quantitative assessment of soil structural form can be accomplished using image analysis. The 

application of various algorithms assist in determining the characteristics of binary images of soil 

sections (see Serra 1982). Currently this is conducted using image analysis software (e.g. Cattle et al. 
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2001), where structural attributes are defined using pixel counting procedures that characterise the 

pore space, solid space and the pore–solid interface. The problem, however, has remained the 

collection of images representative of soil structural form at a desired scale. 

There are three broad methods of image analysis: (i), the use of thin sections, (ii), the increasingly 

popular application of X–ray computed tomography (CT–scanning) and, (iii), the impregnation of 

soil columns with fluorescent resin. Thin sections have been used for many years to identify 

structural attributes and soil morphological characteristics. The advent of quantitative analysis has 

led to the reinvention of micromorphology as a procedure for identifying structural characteristics at 

a fine resolution. For example, Lebron et al. (2002) used thin sections and scanning electron 

microscopy to identify changes in the characteristics of porosity and aggregation of two soils, a silty 

loam and a fine sandy loam. Later, Fox et al. (2004) used thin sections to quantify changes in soil 

porosity with depth in a soil crust, and Nordt et al. (2004) used thin sections in their study of the 

genesis of Vertisols in humid climates. The process of image acquisition using micromorphology 

provides well–defined structural components. However, sample preparation and image acquisition 

can be laborious. In comparison, CT–scanning is a rapid and non–destructive method of identifying 

structural characteristics. This procedure has been applied predominantly in studies of soil–plant 

interactions (e.g. Heeraman et al. 1997; Hamza et al. 2001; Pierret et al. 2003; McNeill and Kolesik 

2004). For example, Mooney (2002) and Pierret et al. (2002) used CT–scanning to describe root 

growth in soils by preparing 3D visualisations of pore structure. This technique has many 

advantages, e.g. it is neither labour intensive nor time consuming. However, equipment expenses, 

resolution limits (greater than ≈200 µm) and sample size limitations currently restrict its application. 

These problems are being rapidly overcome, e.g. Gregory et al. (2003) report on a prototype 

instrument being developed to assess samples up to ≈120 mm d. at resolutions greater than ≈50 µm. 

Consequently, CT–scanning is likely to provide a significant method of determining structural form 

in the near future. This will depend on equipment costs or availability of suitable medical scanners. 

The alternative to CT–scanning is the use of resins to impregnate soil columns or blocks. Using an 

epoxy–based fluorescent resin Moran et al. (1989), McBratney and Moran (1990) and McBratney et 

al. (1992) developed a relatively rapid and inexpensive method of obtaining images of soil sections. 

They applied stereological techniques to describe and estimate soil structural attributes from large 

soil samples. Similar techniques have been applied throughout the research community for the 

determination of structural characteristics (e.g. Ringrose–Voase 1996) and are described by Roesner 

(2003). These methods have used an array of different resin compounds to prepare soils for image 

acquisition and subsequent image analysis. In general, these procedures involve irrigating soil either 

in the laboratory or in the field with a resin mixture. Soil samples are sectioned in the horizontal or 
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vertical orientation and images obtained using film or digital media. Then each image is prepared 

and analysed for an array of pore and solid space descriptors. 

The structural form obtained using image analysis procedures depends on the arrangement of soil 

aggregates and the distribution of void space. Currently there are two inherent problems in applying 

this procedure to Vertosols: (i), in Vertosols, which shrink and swell, the development of cracking 

patterns is determined by differences in cohesion and cohesion is influenced by soil water content 

(Warkentin 1982) and, (ii), the moisture content at sampling which most suitably represents the 

structural form is unknown. These concerns are well documented, e.g. Ringrose–Voase and Sanidad 

(1996). Recently, Pierret et al. (2003) studied the water content around developing roots using CT–

scanning. This method is likely to provide a means by which crack development and changing soil 

moisture content can be monitored in Vertosols.  

1.7 Predicting structural changes in Vertosols 

Many authors have attempted to describe the roles of different soil physico–chemical properties in 

determining soil hydraulic properties, aggregate breakdown and clay dispersion. This has led to the 

use of several descriptive comparisons of observed soil behaviour. Descriptors have been developed 

in two ways; (i), by addressing the critical levels of exchangeable Na+, ESP or SAR in combination 

with electrical conductivity and, (ii), by considering multifactorial relationships observed for different 

soil classes. 

1.7.1 Critical levels of Na+ and the relationship between exchangeable Na+ and electrical conductivity 

In comparing observations of structural stability, the majority of research has historically focused on 

the relationship between aggregate breakdown/dispersion and exchangeable Na+, ESP or SAR. 

Subsequently, ESP has been widely used as a descriptor of potential instability and several critical 

levels have been proposed. However, the impact of electrical conductivity in reducing the affect of 

exchangeable Na+ has been well established e.g. Quirk and Schofield (1955). This has led to the use 

of ESP or exchangeable Na+ in combination with electrical conductivity as descriptors of potential 

stability. These are not the only important properties pertaining to aggregate stability and clay 

dispersion. Much work has investigated relationships between structural stability and the soil mineral 

suite, organic carbon content and exchange/solution chemistry. The relationships between organic 

matter and aggregate stability in different soil types were summarised by Tisdall and Oades (1982). 
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However, the physical behaviour of Vertosols has meant that the importance of organic material to 

structural stability is not well understood. In addition, descriptors of potential instability have 

avoided the inclusion of Vertosols, or have compared Vertosols alone as a soil class. 

Vertosols with an ESP above a specific level, i.e. 5 (McIntyre 1979; McKenzie 1998) are described as 

sodic and are often considered to be potentially unstable. However, the principle of ESP was 

developed on the basis of the exchangeable Na+ loading and not as a function of clay dispersion. 

Consequently, the use of a specific ESP as a single descriptor of dispersive behaviour is a flawed 

practice. This was demonstrated by Cook et al. (1992), who showed that Vertosols with ESP values 

as low as 2 can be dispersive if other soil properties are inadequate e.g. soils with small values of 

electrical conductivity are dispersed more readily, even at small exchangeable Na+ contents, than 

soils with larger electrolyte concentrations. Consequently, in a review of knowledge gaps in current 

sodicity research, Surapaneni et al. (2002) cited the need for determination of the ‘best’ predictors of 

clay dispersion in Vertosols. Attempts have been made to overcome the use of ESP alone by 

considering ESP or exchangeable Na+ relative to the EC1:5 e.g. the ESI value (Blackwell et al. 1991; 

McKenzie 1998; Hulugalle and Finlay 2003). This was a response to the observation that increasing 

the electrical conductivity of solution assisted in suppressing expansion of the diffuse double layer of 

phyllosilicate clays. ESI was introduced by Blackwell et al. (1991) to facilitate comparisons between 

the macropore space and the electrochemical status of treated red–brown earths. These comparisons 

were based on the observed association between SAR–TCC and soil saturated hydraulic 

conductivity. They suggested that an increase in SAR (or ESP) or a decrease in TCC (or electrical 

conductivity), or changes in both, would cause changes in the extent of macroscopic swelling of clay 

phyllosilicate minerals, thereby influencing permeability, macroporosity and spontaneous dispersion. 

More recently, Hulugalle et al. (2003) compared ESP, ESI and EC1:5/Na+
exch to describe observations 

of dispersed <20 µm soil particles. Using EC1:5/Na+
exch, they discounted the influence of CEC in an 

attempt to improve the ESI descriptor for predictions of dispersive behaviour in several Grey 

Vertosols. They found that the EC1:5/Na+
exch and the ESI had greater correlation with dispersion 

than the ESP. However, they made no account for other soil physico–chemical properties such as 

the clay mineral suite or the contributions of exchangeable Ca2+ or Mg2+. 

1.7.2 Multifactorial relationships 

Relationships between soil physico–chemical attributes (e.g. exchangeable cations, soil solution, 

organic carbon and mineral suites) have often been considered in defining the stability of soils. Yet 

currently there exists a dearth of information relating these characteristics, in combination, to the 

observed patterns of soil structural stability in Vertosols. In an early attempt at predicting the 
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stability of soils, Rengasamy et al. (1984) developed a scheme for the classification of dispersive 

potential in red–brown earths (Chromosols and Sodosols). Initially, they had included seven 

Vertosols (black earths) and the dispersion of all the soil samples did not show a significant 

correlation with the SAR or TCC. However, they found a significant correlation between the 

dispersion of only the red–brown earth samples and values of TCC and SAR. As a result, they 

restricted their model to soils with similar clay mineral suites. This model compares the dispersion of 

red–brown earths at different intervals of SAR and TCC (Figure 1.12). A description of classification 

terms used in Figure 1.12 is given in Table 1.4. 

 

Figure 1.12 A model describing the stability of clay in red–brown earths (Rengasamy et al. 1984). 

This work provided the basis for the future development of predictive indices of structural stability. 

However, there are deficiencies in this classification scheme that prevent its application across all 

soil types; the most significant of these being that clay mineral suites are not considered in the 

scheme. Unlike the red–brown earths used by Rengasamy et al. (1984), there is significant variation 

in the clay phyllosilicate suites of Vertosols (e.g. Shiel et al. 1988; Hussein and Adey 1995; Vervoort et 

al. 2003), which will affect the propensity for dispersion. A predictive tool for determination of the 

structural stability of Vertosols must include this parameter or a surrogate estimate of the 

phyllosilicate suite, e.g. CEC. In addition to these considerations, the role of organic matter in 

Vertosols is poorly understood, and subsequently the total organic contribution is often used to 

describe wet–aggregate stability (e.g. Tisdall and Oades 1982). However, more consideration must be 

given to the contribution of organic materials in determining the stability of Vertosols. 

41 
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Table 1.4 
Classes applied by Rengasamy et al. (1984) in their structural stability classification scheme 

for red–brown earths 

Class Description 

1. Dispersive soils  Soils that undergo spontaneous dispersion where TCC <0.16 SAR + 0.14. The 
stability of such soils is generally controlled by Na+ and these soils have severe 
problems associated with crusting and reduced porosity.  

2. Potentially dispersive soils 
(soils which disperse after shaking)

(a) Soils from the A–horizon with a SAR <3, requiring a TCC >1.21 SAR + 3.3 to 
maintain structural stability.  Therefore these soils will have problems when in 
contact with water of low TCC and can form surface crusts 

  (b) Soils from the A–horizon with a SAR >3, requiring a TCC >1.21 SAR + 3.3 to 
maintain flocculation. Unlike 2a, these soils have the potential to disperse 
spontaneously when leached without the addition of Ca2+ compounds. 

3. Flocculated soils  (EC large 
enough to maintain flocculation) 

(a) Soils in which the SAR >3 and where TCC exceeds flocculation value are 
deemed saline–sodic.  

 (b) Soils in which the SAR <3 and where TCC exceeds flocculation value are 
deemed saline and are dominated by non–Na+ salts. These soils have no 
physical problems, and leaching requirements depend on the salt tolerance of 
prospective crops.  

 

 

(c)  Soils in which the SAR <3 and where TCC is ideally similar to the flocculation 
value. These soils are neither saline nor sodic. 

During the early 1990s, Quirk and Murray (1991) reviewed the structural stability literature with a 

focus on swelling pressures and interparticle forces present at the surfaces of clay mineral species, in 

relation to double layer theory and both exchangeable Ca2+ and Na+. They discussed the micro–

aggregate environment and gave brief consideration to organic material and its various components. 

However, they remained focussed on the concept of threshold concentration for describing solution 

constraints that limit clay dispersion, as defined by Quirk and Schofield (1955). The threshold 

concentration represents the concentration of an electrolyte solution which results in a 10–15 % 

reduction in soil permeability, or the concentration at which there is a drastic increase in aggregate 

breakdown, swelling and dispersion. This will vary according to other soil physico–chemical 

characteristics. Subsequently, current predictors of structural stability in Vertosols are incomplete 

and this was highlighted by Surapaneni et al. (2002). They cited the need for the modelling of 

sodification processes in relation to irrigation water composition and identified a requirement for the 

development of a more suitable understanding of salinity–sodicity interactions, specifically in 

relation to clay mineralogy, organic carbon and ionic chemistry. 

1.8 Current knowledge deficiencies regarding the structural condition of 
Vertosols 

Maintaining or improving soil structural condition is important to agricultural producers using 

Australian soils. Currently, there is a vast body of work focusing on the structural condition of many 

of these soil types, particularly red–brown earths (Chromosols, Sodosols and Kurosols). However, 
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there is significant conjecture as to the relevance of the various indicators currently applied to 

predict structural instability. It is also apparent that much of the existing information is not 

applicable to Vertosols and there appears to be a lack of work characterising the structural condition 

of this soil type. Specifically, there is a dearth of descriptive information relating the combined 

effects of sodicity, salinity and soil physico–chemical properties to the structural form and structural 

stability of Vertosols. In cases where this information is available, from moisture characteristics or 

surrogate measures of porosity, this has not been directly compared with other measures of 

structural form such as pore/solid descriptors obtained from image analysis. McGarry (1996) 

indicated that the present challenge with research into the structural condition of Vertosols is not to 

discuss the range of soil structures possible, but to investigate the interaction between physico–

chemical properties, external influences and soil forming processes in order to explain the difference 

between ‘good structure’, desirable physical properties, inherent agricultural potential and 

sustainability. 

Furthermore, the availability of good quality water is potentially a serious constraint for future 

irrigated agricultural production in Australia (Ashton and Hanna 2002). This is particularly applicable 

in regions where river waters are already showing a trend of increasing EC, e.g. the Darling River 

(Bourke) or the Lachlan River (Hillston) (Jolly et al. 2001). Subsequently, it is anticipated that water 

supplies of decreasing quality will become more important for the irrigation of Vertosols. This will 

influence the structural condition of this soil type and the potential effects should be estimated to 

assist in sustainable soil management. A predictive tool of the sort required was proposed by 

Rengasamy et al. (1984), but it is not directly transferable to the characterisation of dispersion in 

Vertosols. Consequently, a similar prediction describing the stability of irrigated Vertosols is 

required. To develop such a model a database must be prepared containing a description of the 

structural stability of different Vertosols used in irrigated agriculture. The stability of these soils must 

be assessed using different disruptive forces and using different increments of water quality. Then, 

the effect of irrigating Vertosols with different levels of water quality can be compared to determine 

the effect of increased solution Na+ on the soil chemical properties (e.g. exchangeable cations), 

structural stability, structural form and water retention attributes. 
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CCOOTTTTOONN  PPRROODDUUCCTTIIOONN  
~ 

Profile: ōis līmeāmenta (L): a formal summary or analysis of data representing 
descriptive features or characteristics 

~ 

2.1 Introduction 

Vertosols are widely distributed across central and western regions of eastern Australia and typically 

occur in close proximity to various river systems. The parent materials of these soils are usually 

alluvial deposits transported from higher positions in each catchment. The depositional 

environments of the various valleys each have significant climatic variation, influencing soil 

formation and rates of mineral weathering. Consequently, Vertosols in NSW tend to have different 

physico–chemical properties and cotton production practices must account for a variety of soil 

attributes. This chapter describes the basic physico–chemical attributes and the mineral composition 

of a number of Vertosols sampled for this work from various cotton–producing regions distributed 

throughout NSW. 

2.2 Sampling regions 

Soil was collected from nine cotton–producing Vertosol profiles across four regions of NSW; from 

the Bourke and Hillston cotton–growing regions and from the lower Gwydir (Moree) and lower 

Namoi (Narrabri) catchments. Figure 2.1 shows the distribution of sampling regions across the 

irrigated cotton–producing regions of eastern Australia, the topographic and geological maps are 

given for each site in appendix 1. Table 2.1 details the average temperatures and rainfall of each 

region. The Köppen system classifies these climatic regimes as semi–arid grasslands (Bourke), as 

temperate (Hillston) and as subtropical (Gwydir and Namoi) (Australian Department of Trade and 

Resources 1982). 
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Figure 2.1 Cotton–producing regions of eastern Australia, including the nine soil sampling locations; three 

cotton–fields from Bourke (●) and two cotton–fields each from Hillston (●), Moree (●) and Narrabri 
(●) (Odeh et al. 2004). 

Table 2.1 
The average annual rainfall and temperature for each sampling region 

Valley Annual Rainfalla Annual Temperaturea (°C) 

 (mm) Minimum Maximum 

Darling River Bourke 355 13 28 

Lachlan River Hillston 366 11 24 

Lower Gwydir Valley Moree 579 12 28 

Lower Namoi Valley Narrabri 643 12 27 
a Obtained from the Australian Government, Bureau of Meteorology (www.bom.gov.au/climate/averages). 

2.3 Soil profiles 

In each region, soil profiles were sampled to reflect different degrees of sodicity; this generally 

involved the sampling of one field with desirable structural condition and one field with undesirable 

structural condition, where undesirable conditions were thought to be the result of soil sodicity. 

Each soil profile was sampled by vertically inserting a hydraulically driven corer into a planting ridge 

at the tail drain end of an irrigated cotton field and away from any wheeled furrows. Soil cores were 

obtained according to the techniques described by McIntyre (1974).  
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The soil cores (50 mm d.) were collected to a depth of 1.0–1.2 m, and each core was segmented to 

give a series of soil samples at increments of 0.2 m from the soil surface. The soil was characterised 

in this way as smearing was evident at the outer surface of each core and this made it difficult to 

distinguish each horizon. 

In the field, an array of soil attributes were described for each depth increment (Tables 2.2–2.5); the 

Munsell® soil colour, soil texture, Raupach pH, the presence of carbonates (using HCl) and/or 

inclusions and soil dispersion by immersion of aggregates in water.  At sampling each soil profile 

was strongly structured and several had a surface mulch of aggregates. These soils were classified as 

Vertosols according to the Australian Soil Classification scheme (Isbell 1996), and range in colour 

class from red to grey and black. In Australia, the suborder classes of Red, Grey and Black are 

thought to represent 10 %, 27 % and 41 % of all assessed Vertosols respectively (Isbell et al. 1997). 

The texture grade of these Vertosols varied between light and medium clays at the soil surface, to 

between light–medium and heavy clays in the subsoil. They had surface pH values of 7–9 and 

exhibited increasing alkalinity with depth. In general, the surface samples did not disperse when 

immersed in water, but dispersion tended to increase with depth. 

2.3.1 The Bourke cotton–producing region 

In the Bourke cotton–growing region three irrigated cotton fields were sampled; B001 (0391759 m 

E, 6675838 m N) (Figure 2.2a), B002 (0387008 m E, 6672194 m N) and B003 (0382867 m E, 

6674031 m N) (Figure 2.2b). The surface of each of these profiles is self–mulching, and they are 

classified as Grey Vertosols. These profiles, on inspection, are similar and there was little evidence 

from field observation of differences in soil characteristics (Table 2.2). A uniform increase in clay 

content occurs with depth, increasing from light and medium clay textures at the soil surface to 

medium and heavy clay texture groups in the subsoil. Using hand texturing, profiles B002 and B003 

both show fluctuations in texture class, generally becoming 3–4 texture grades heavier between the 

surface soil and subsoil. This characteristic may be attributed to variations in the alluvial deposits 

that formed the soil parent material. An alkaline reaction is evident at the soil surface of each profile 

using Raupach reagent (pH 8.0–8.5), and only slight increases in pH are observed as depth increases. 

Dispersion tests indicate moderate to serious dispersion for all depths when aggregates from B001 

and B003 are placed in de–ionised water. The only exception for these soils is the 0.0–0.2 m depth 

of profile B002, where negligible dispersion was observed. This site is situated approximately 100 m 

from an irrigation storage facility and at distances less than 50 m from this facility, a thin surface 

crust of salt is evident, suggesting surface salination. This appears to have affected the growth of 

cotton plants at B002, which at sampling were visibly smaller than plants at greater distances from 
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the storage facility. This salt crust is not observed at sites B001 or B003. At these sites inclusions are 

evident; B001 contained visible gypsum crystals at depths greater than 0.6 m, and B003 contained 

visible inclusions of CaCO3 at depths greater than 0.4 m. 

   

(a) (b)

Figure 2.2 Cotton fields B001 (a) and B003 (b). These were sampled from the Bourke cotton–growing area. 
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Table 2.2 
Field description of three soil profiles from the Bourke cotton–growing region 

 
B001 B002 B003 

0.0 m 
Dark greyish brown light clay (10 
YR 4/2moist, 7.5 YR 4/2dry) with 
a pH of 8.0 and moderate 
dispersion 

Dark greyish brown medium clay 
(10 YR 4/2moist, 10 YR 5/2dry) 
with a pH of 8.5 and negligible 
dispersion 

Greyish brown light medium 
clay (2.5 Y 5/2moist, 2.5 Y 5/2dry) 
with a pH of 8.5 and moderate 
dispersion 0.2 m 

Dark greyish brown medium clay 
(10 YR 4/2moist, 10 YR 5/2dry) 
with a pH of 8.5 and serious 
dispersion 

Brown light medium clay (7.5 
YR 5/3moist, 10 YR 5/2dry) with a 
pH of 8.5 and negligible to 
moderate dispersion 

Greyish brown medium clay (2.5 
Y 5/2moist, 2.5 Y 5/2dry) with a 
pH of 8.0 and serious dispersion 

0.4 m Greyish brown light clay (10 YR 
5/2moist, 10 YR 6/2dry) with a pH 
of 8.0 and serious dispersion 

Brown light medium clay (10 YR 
5/3moist, 10 YR 6/2dry) with a pH 
of 8.5, serious dispersion but 
with small infrequent carbonate 
inclusions 

Greyish brown medium clay (10 
YR 5/2moist, 10 YR 5/2dry) with a 
pH of 9.0, serious dispersion and 
gave a minor reaction for 
carbonates 

 
 
 

0.6 m 
Light brownish grey heavy clay 
(10 YR 6/2moist, 10 YR 6/2dry) 
with a pH of 8.0, serious 
dispersion but with gypsum 
crystals present 

Brown medium clay (10 YR 
5/3moist, 10 YR 6/3dry) with a pH 
of 8.5 and serious dispersion 

Greyish brown medium clay (10 
YR 5/2moist, 10 YR 6/2dry) with a 
pH of 9.0, serious dispersion and 
visible carbonates  

 
0.8 m Brown heavy clay (10 YR 

5/3moist, 10 YR 6/3dry) with a pH 
of 8.0, serious dispersion but 
with gypsum crystals present 

Brown light medium clay (10 YR 
5/3moist, 10 YR 6/3dry) with a pH 
of 8.5 and serious dispersion 

Greyish brown heavy clay (10 
YR 5/2moist, 10 YR 6/3dry) with a 
pH of 8.5, serious dispersion and 
visible carbonates 

1.0 m 
Brown heavy clay (10 YR 
5/3moist, 10 YR 6/3dry) with a pH 
of 8.0, serious dispersion but 
with gypsum crystals present 

Brown heavy clay (10 YR 
5/3moist, 10 YR 6/3dry) with a pH 
of 8.5 and serious dispersion 

Brown medium clay (10 YR 
5/3moist, 10 YR 6/3dry) with a pH 
of 8.5, serious dispersion and 
visible carbonates 1.2 m 

      

 

2.3.2 The lower Gwydir cotton–producing region 

Two cotton fields were sampled from the lower Gwydir valley; G001 (0770426 m E, 6740299 m N) 

(Figure 2.3a) and G002 (0756000 m E, 6767307 m N) (Figure 2.3b). These soils have a self–

mulching surface and are classified as Black Vertosols (Table 2.4). These profiles are uniformly 

clayey throughout; with depth, G001 becomes slightly lighter in texture, while G002 becomes 

slightly heavier. These soils exhibit a neutral topsoil pH, and are increasingly alkaline with depth. 

The topsoils are not dispersive in de–ionised water, but at increasing depth serious dispersion 

occurs. All layers of soil profile G001 at depths greater than 0.4 m show serious dispersion. This 

contrasts with the intermediate surface layers (<0.8 m) of G002; in these layers only negligible to 

slight dispersion occurs. Carbonate inclusions are not observed in any layer of profile G001. These 

are evident near the soil surface of G002, but are not observed at depths greater than 0.4 m. 
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(a) (b)

Figure 2.3 Cotton fields G001 (a) and G002 (b). These were sampled from the lower Gwydir cotton–growing 
area. 

Table 2.3 
Field description of two soil profiles from the lower Gwydir cotton–growing region 

  
G001 G002 

0.0 m Very dark brown light medium clay (10 YR 
2/2moist, 10 YR 3/2dry) with a pH of 7.5 and 
negligible dispersion 

Black light medium clay (7.5 YR 2.5/1moist, 10 
YR 3/1dry) with a pH of 8.0, negligible dispersion 
and carbonates to 3 mm d. 0.2 m 

Black light medium clay (7.5 YR 2.5/1moist, 10 
YR 3/1dry) with a pH of 8.0 and negligible 
dispersion 

Very dark grey medium clay (2.5 Y 3/1moist, 2.5 Y 
4/1dry) with a pH of 8.5, negligible dispersion 
and carbonates to 2 mm d. 0.4 m 

Very dark greyish brown light medium clay (2.5 
Y 3/2moist, 2.5 Y 4/2dry) with a pH of 8.5, some 
carbonates and serious dispersion 

Very dark grey medium clay (10 YR 3/1moist, 2.5 
Y 3/1dry) with a pH of 8.5 and negligible 
dispersion 0.6 m 

Very dark greyish brown light medium clay (2.5 
Y 3/2moist, 2.5 Y 4/2dry) with a pH of 8.0 and 
serious dispersion 

Dark grey light medium clay (10 YR 4/1moist, 2.5 
Y 4/1dry) with a pH of 8.0 and negligible to 
moderate dispersion 0.8 m 

Dark yellowish brown light clay (10 YR 3/4moist, 
10 YR 5/4dry) with a pH of 8.0, some carbonates 
and serious dispersion 

Dark grey light medium clay (10 YR 4/1moist, 2.5 
Y 4/1dry) with a pH of 8.5 and serious dispersion

1.0 m 
Very dark greyish brown light clay (10 YR 
3/2moist, 10 YR 4/2dry) with a pH of 8.5 and 
serious dispersion 

Dark grey medium clay (10 YR 4/1moist, 2.5 Y 
4/1dry) with a pH of 9.0 and serious dispersion 

1.2 m 
    

 

2.3.3 The Hillston cotton–producing region 

Two irrigated cotton fields, H001 (0355195 m E, 6304641 m N) (Figure 2.4) and H002 (0360751 m 

E, 6319373 m N) were sampled in the Hillston cotton–growing region. Profile H001 has a strongly 

structured epipedal surface horizon. This contrasts with the H002 profile, which appeared massive 
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at the time of sampling due to a recent irrigation application. These profiles are classified as Red and 

Grey Vertosols respectively (Table 2.4).  

The H001 soil profile contains a rapid colour change, from red in the upper soil layers, to a 

yellowish brown (0.6–0.8 m) and then to a light olive brown (>0.8 m). This is associated with a 

decrease in clay content at these depths. The upper layers (<0.6 m) show serious dispersion when 

aggregates are placed in de–ionised water. In contrast, the soil layers >0.6 m do not disperse and 

carbonate inclusions are present in these layers. 

The H002 profile has a grey colour class in the upper soil layers, but like H001 this profile becomes 

yellowish brown at depths >0.8 m. Similarly, this soil has less clay in soil layers greater than 0.6 m 

depth, than nearer the surface. Like H001, where pH increases with depth, H002 shows increasing 

alkalinity with depth, but is more alkaline than H001. Carbonate inclusions are present at all depths 

in this profile. Surface aggregates of the H002 profile are not dispersive when immersed in de–

ionised water. However, as depth increases from the topsoil layer, aggregates are increasingly 

dispersive. 

 

Figure 2.4 Cotton field H001 sampled from the Hillston cotton–growing area. 
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Table 2.4 
Field description of two soil profiles from the Hillston cotton–growing region 

  
H001 H002 

0.0 m Dark reddish brown light medium clay (5 YR 
3/4moist, 5 YR 4/4dry) with a pH of 7.5, visible 
quartz grains to 2 mm d. and moderate to serious 
dispersion 

Dark greyish brown light clay (10 YR 4/2moist, 10 
YR 5/2dry) with a pH of 9.0, carbonate inclusions 
and negligible dispersion  

0.2 m 
Dark reddish brown light medium clay (5 YR 
3/4moist, 7.5 YR 4/4dry) with a pH of 8.5 and 
serious dispersion 

Dark greyish brown light medium clay (10 YR 
4/2moist, 10 YR 5/2dry) with a pH of 9.5, 
carbonate inclusions and negligible to moderate 
dispersion 

 
0.4 m 

Reddish brown light medium clay (5 YR 4/4moist, 
7.5 YR 4/6dry) with a pH of 9.0, carbonates to 2 
mm d. and serious dispersion 

Brown heavy clay (10 YR 4/3moist, 10 YR 5/3dry) 
with a pH of 9.5, carbonate inclusions and 
serious dispersion  

0.6 m 
Yellowish brown medium clay (10 YR 5/4moist, 
2.5 Y 6/4dry) with a pH of 9.0, carbonates to 2 
mm d., slight mottling and negligible dispersion 

Dark yellowish brown light medium clay (10 YR 
4/4moist, 10 YR 5/4dry) with a pH of 9.5, 
carbonate inclusions and serious dispersion  

0.8 m 
Light olive brown light clay (2.5 Y 5/4moist, 2.5 Y 
6/4dry) with a pH of 9.0, carbonates, slight 
mottling and negligible dispersion 

Yellowish brown light medium clay (10 YR 
5/4moist, 10 YR 6/4dry) with a pH of 9.5, 
carbonate inclusions and serious dispersion  

1.0 m 
Light olive brown light clay (2.5 Y 5/4moist, 5 Y 
7/4dry) with a pH of 8.5, slight mottling and 
negligible dispersion 

Yellowish brown light clay (10 YR 5/4moist, 10 
YR 6/4dry) with a pH of 9.5, carbonate inclusions 
and negligible dispersion  

1.2 m     

 

2.3.4 The lower Namoi cotton–producing region 

Two irrigated cotton fields were sampled from the lower Namoi valley; N001 (0731394 m E, 

6684351 m N) (Figure 2.5) and N002 (0750001 m E, 6655992 m N). Profiles N001 and N002 are 

Black Vertosols, and have largely uniform Munsell® colour throughout (Table 2.5). Profile N001 

had, at the time of sampling, a self–mulched surface layer. The second profile (N002) had a strongly 

structured topsoil, but was not self–mulching. Both of these Vertosols have a consistent texture 

grade; N001 has a light medium clay texture, while N002 has a medium clay texture throughout. The 

pH values of both profiles are strongly alkaline. The layers of N002 are not dispersive at depth, 

where aggregates are immersed in de–ionised water. In comparison, N001 is moderately to seriously 

dispersive in all the soil layers sampled. 
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Figure 2.5 Cotton field N001 sampled from the lower Namoi cotton–growing area. 

Table 2.5 
Field description of two soil profiles from the lower Namoi cotton–growing region 

  
N001 N002 

0.0 m Very dark grey light medium clay (10 YR 
3/1moist, 10 YR 4/1dry) with a pH of 9.5, 
carbonate inclusions and moderate dispersion  

Very dark grey medium clay (5 YR 3/1moist, 7.5 
YR 3/2dry) with a pH of 9.5, few carbonates and 
negligible dispersion 0.2 m 

Dark brown medium clay (7.5 YR 3/2moist, 10 
YR 3/2dry) with a pH of 9.0, carbonate inclusions 
and moderate dispersion 

Very dark brown medium clay (7.5 YR 2.5/2moist, 
10 YR 3/2dry) with a pH of 9.0, carbonates and 
negligible dispersion 0.4 m 

Very dark greyish brown light medium clay (10 
YR 3/2moist, 10 YR 4/2dry) with a pH of 9.0, 
carbonate inclusions and serious dispersion 

Very dark brown light medium clay (7.5 YR 
2.5/2moist, 10 YR 3/3dry) with a pH of 8.5, 
carbonates and negligible dispersion 0.6 m 

Very dark greyish brown medium clay (10 YR 
3/2moist, 10 YR 3/3dry) with a pH of 9.5, 
carbonate inclusions and serious dispersion 

Very dark brown light medium clay (7.5 YR 
2.5/2moist, 10 YR 3/2dry) with a pH of 8.5, 
carbonates and negligible dispersion 0.8 m 

Dark brown light medium clay (7.5 YR 3/3moist, 
7.5 YR 3/4dry) with a pH of 9.5, carbonates and 
moderate dispersion 

Very dark greyish brown medium clay (10 YR 
3/2moist, 10 YR 4/2dry) with a pH of 9.0, 
carbonates and negligible dispersion 1.0 m 

    

2.4 The physico–chemical properties of the nine Vertosols 

Sampled soil profiles were transported to the laboratory and prepared for analysis by grinding air–

dry aggregates to pass through a 2 mm sieve. Prior to grinding small quantities of air–dry soil 

aggregates were retained for specific tests. Soil samples from each field were assessed for an array of 

soil physico–chemical characteristics; soil organic carbon content, the particle size distribution, 

Aggregate Stability in WATer (Field et al. 1997), soil pH and a number of attributes describing the 

soil solution and the exchangeable cations. Following are the methods used to determine these 
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characteristics and the average values of these properties for each soil depth increment of the nine 

soil profiles. 

2.4.1 Physico–chemical methods 

The organic carbon content was determined for each soil sample according to an adjusted method of 

Walkley and Black (McLeod 1975). Two grams of air–dry soil were ground to pass through a 200 

μm sieve and digested in K2Cr2O7. The resultant soil solution was titrated against FeSO4 and the 

organic carbon content was determined according to the quantity of K2Cr2O7 consumed in reaction 

with FeSO4. Soil organic carbon content is presented as an oven–dry percentage of total soil mass. 

The particle size distribution (PSD) was determined by adapting the pipette method of Gee and Bauder 

(1986). Thirty grams of air–dry soil were placed on an end–over–end shaker for 48 hrs after 50 ml 

sodium hexa–metaphosphate solution (HMP) and 300 ml of de–ionised water were added. The 

resultant soil solution was transferred to a 50 μm sieve and after wet sieving, the coarse sand fraction 

(>50 μm) was retained. The remaining soil solution was transferred to a measuring cylinder, filled to 

1 L using de–ionised water, homogenised and after appropriate sedimentation periods, the silt (20–2 

μm) and the total clay (<2 μm) fractions were sampled using a 25 ml pipette. All fractions were oven 

dried (105 °C) and the fine sand fraction was determined by difference. The contribution of each of 

the four size fractions was determined as a percentage of the total soil oven–dry mass: >50, 50–20, 

20–2, <2 μm (%). In general, no pre–treatments were applied, but where flocculation occurred 

during sedimentation, soils were treated to remove soluble salts. This was done by placing the 

required quantity of air–dry soil into 40 mm dialysis tubing after soil was dispersed in 50 ml sodium 

hexa–metaphosphate solution (HMP) and 300 ml of de–ionised water on an end–over–end shaker 

for 48 hrs. The soil solution filled dialysis tubing was placed in a bucket of de–ionised water. The 

de–ionised water was changed at intervals of three days over a period of three weeks, giving 

successive dilution of soluble soil salts. An estimate of each size fraction (>50, 50–20, 20–2, <2 μm) 

was obtained, after each soil solution was transferred to a 1 L measuring cylinder, using the pipette 

method described. 

After the particle size distribution was determined for each soil sample, 0.1 L of each clay 

suspension was obtained from each measuring cylinder after the appropriate settling period. The 

clay fraction was separated using centrifugal force (Jackson 1956) to give the coarse clay fraction (2–0.2 

μm) and the fine clay fraction (<0.2 μm). The sedimentation time (T) for a particle of radius r (0.2×10-3 

cm) to fall a specified depth was determined as: 
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where, η is the viscosity of solution at 20 °C, R is the radius (cm) of rotation at the desired sampling 

depth, S is the radius (cm) of rotation at the surface of the solution, ΔS is the difference in specific 

gravity (i.e. that between clay and water), and N is the number of revolutions per second. 

The Aggregate Stability in WATer (ASWAT) test was carried out according to Field et al. (1997). Three 

air–dry soil aggregates (2–5 mm) were gently placed in a Petri dish filled with de–ionised water. The 

degree of dispersion was assessed after 10 mins and after 2 hrs and a qualitative score between 0 and 

4 assigned at each time step; a score of 0 represents no dispersion and that of 4 corresponds to 

maximum dispersion. If aggregates had not dispersed after 2 hrs, soil was worked at its plastic limit 

to remove soil structure; 3 re–moulded soil units (2–5 mm) were then placed in de–ionised water 

and the dispersion assessment was repeated as for soil aggregates. A final ASWAT score was derived 

according to the observed dispersion. If aggregates dispersed after 10 mins, 12 was added to the 

score, and where aggregates dispersed after 2 hrs, 8 was added to the score. This gave a range of 

values of 9–16 for air–dry aggregates. If re–moulded soil dispersed after 10 mins, 4 was added to the 

score and where re–moulded samples dispersed after 2 hrs this score was recorded, giving values 

between 0 and 8 for re–moulded soils. This gives a final ASWAT score of between 0 and 16: scores 

0–1 are representative of soils with negligible dispersion, scores 2–6 are representative of soils with 

moderate dispersion on re–moulding and scores 7–16 are representative of soils with the potential 

for serious dispersion (McKenzie 1998). 

The soil pH was determined for each soil sample using a 1:5 (soil:CaCl2) ratio. To five grams of air–

dry soil, 25 ml of 1 M CaCl2 solution was added. Soil solutions were shaken for 1 hr and pH was 

determined at 20 °C using a combined glass electrode. 

The soil solution was extracted for each soil using a ratio of 1:5 (soil:de–ionised water) (Rhoades 

1982). Soil solutions were shaken end–over–end for 1 hr and then a clear supernatant was obtained 

by centrifugation at 10,000 rpm (15 mins). The supernatant solution was used for measurement of 

EC (dS m-1) using a conductivity cell. Then each supernatant was diluted to the appropriate level and 

an ionising suppressant added, containing 2222 μg ml-1 CsCl and 1650 μg ml-1 SrCl2. The prepared 

dilutions were used to determine the contributions of Ca2+, Mg2+ and Na+ (mmol(+) L-1) to the soil 

solution using the air–acetylene flame of an Atomic Absorption Spectrometer. The concentrations 

of each cation were used to determine the SAR ((mmol(+) L-1)1/2) (equation 2) of each soil solution. 
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The suite of exchangeable cations was determined for each soil using a 1 M NH4Cl displacing solution 

prepared in 60 % ethanol at pH 8.5 according to Rayment and Higginson (1992). For the Vertosols 

studied here, 2.5 g air–dry soil were mixed with 5 g acid–washed sand and placed in a syringe barrel 

lined with 32–17 grade filter pulp. Using a mechanical leaching device (Holmgren et al. 1977) soluble 

salts were removed by washing each soil sample in 3×1 hr time steps using 50 ml of 60 % ethanol 

solution. In the same way, exchangeable cations were displaced by leaching the prepared samples for 

10 hrs with 60 ml of the 1 M NH4Cl displacing solution. To each extract, 40 ml of 0.5 M HCl was 

added and solutions made to 100 ml using the NH4Cl solution. Extract preparations were diluted to 

the appropriate level and an ionising suppressant added, containing 2222 μg ml-1 CsCl and 1650 μg 

ml-1 SrCl2. These dilutions were passed through the air–acetylene flame of an Atomic Absorption 

Spectrometer to quantify the contributions of Ca2+, Mg2+, Na+ and K+ (cmol(+) kg-1). The effective 

Cation Exchange Capacity (CECeff cmol(+) kg-1) was calculated as the sum of Ca2+, Mg2+, Na+ and K+ 

(cmol(+) kg-1) and the ESP determined. 

2.4.2 Physico–chemical properties of cotton–producing Vertosols 

The soils sampled for this investigation contain small quantities of organic carbon and none of the 

topsoils have more than 1 % organic carbon. The sand, silt and clay contributions to the soil mineral 

fraction vary according to region. In general, the sand contribution to the surface soils increases in 

the order G00i<N00i<B00i<H00i, while silt decreases in the same order. The total clay content of 

the soils increases according to region in the order H00i<G00i<N00i<B00i and the contribution of 

fine clay (to the total clay content) is between 60 and 70 % for all soils. The ASWAT dispersion 

technique broadly shows the surface soils to have negligible dispersion, but with increasing soil 

depth, aggregates tend to be seriously dispersive. 

The nine soils have neutral pH values at the soil surface and become increasingly alkaline with 

depth. These profiles generally have small values of electrical conductivity in the topsoil, but EC 

increases at depth. This appears to be strongly influenced by the presence of carbonate inclusions 

observed in some of the field descriptions. In soils that do not contain carbonates, the SAR 

increases with soil depth. The CECeff values are generally between 40 and 60 cmol(+) kg-1. The 

exception is the H00i sites; these have the smallest values of total clay and smaller CECeff values than 

the other Vertosols. Commonly, Ca2+ dominates the exchange complex of these nine, and the 

surface layers are generally not sodic. These profiles all have sodic subsoils (ESP >5). 
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2.4.2.1 Three profiles from the Bourke region 

The fundamental physico–chemical attributes of profiles B001, B002 and B003 are given in Tables 

2.6 and 2.7. The small organic carbon contents decrease with depth from an average of 0.37 % in 

the topsoil of planting ridges to 0.08 % in the 1.0–1.2 m soil layer. These three soil profiles generally 

have similar particle size fractions. They contain an average of 38 % sand (>20 µm), 10 % silt (20–2 

µm) and 52 % clay (<2 µm) at the soil surface. Of the clay fraction in these topsoils, approximately 

69 % is fine clay. For each of these soil profiles, the silt content is generally consistent throughout 

the sampling depth. The contribution of total clay increases with depth, but the proportion of fine 

clay is less in the subsoils of B001 and B002 than in their topsoils. In the subsoil (1.0–1.2 m), the 

sand content is largest for B003 and least for B001. This negatively correlates to the clay content, 

which is greatest at this depth for B001 and least for B003. The ASWAT dispersion procedure 

describes all three subsoils (0.4–1.2 m) as having the potential for serious dispersion. In addition, 

B001 and B003 have the potential for moderate–serious dispersion in the topsoil layers (0.0–0.4 m), 

while profile B002 is unlikely to have dispersion problems in these layers. This reflects field–

observed characteristics and the influence of a large electrical conductivity value (Table 2.7) in the 

top soil layer of this profile. 

The electrical conductivity values of soil profiles B001 and B003 are small for the surface layers but 

increase with depth. In B003 the carbonates described during field analysis do not appear to 

influence soluble salt contents, but in the subsoil layers of B001 substantial soluble salt 

concentrations are indicated by the very large values of electrical conductivity. Soil B002 contrasts 

with the other soils, as it is saline in the top soil layer (EC 2.8 dS m-1) (see McKenzie 1998). All other 

B002 soil layers have electrical conductivity values in the range 1.1–1.8 dS m-1 and are non–saline. 

The general trend for larger values of electrical conductivity at depth is frequently accompanied by 

larger SARs for these B00i soils. However, the effect of soluble salts, including CaCO3 observed 

during field description, on the subsoil SAR of profile B001 led to similar SARs in the topsoil and 

subsoil layers except between 0.6 and 0.8 m depth. In this region of the profile the EC is much less 

than that observed between depths of 0.8 and 1.2 m and as a result it is expected that soluble salts 

are not contributing to the EC value obtained for the 0.6–0.8 m depth. 
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Table 2.6 
Physical properties of profiles B001, B002 and B003 

Depth 
(m) 

Organic 
carbon 

Coarse sand 
(>50 μm) 

Fine sand 
(50–20 μm) 

Silt         
(20–2 μm) 

Coarse clay 
(2–0.2 μm) 

Fine clay    
(<0.2 μm) 

ASWAT 
score 

 (%) (%) (%) (%) (%) (%)  

Site B001 
 0.0–0.2  0.39  22.0       15.5  11.4  14.6  36.5 3  
 0.2–0.4  0.31  23.0  14.3  11.5  14.5  36.7 9  
 0.4–0.6  0.20  18.5  15.7  11.1  17.0  37.7 12  
 0.6–0.8  0.11  11.9  16.7  12.5  20.2  38.7 12  
 0.8–1.0a  0.08  11.7    7.8  13.7  26.0  40.8 12  
 1.0–1.2a  0.08    9.9    9.0  13.9  27.7  39.5 12  

Site B002 
 0.0–0.2 a  0.34  19.8  17.3  11.2  16.2  35.5 0  
 0.2–0.4  0.18  18.3  18.2    8.4  19.2  35.9 2  
 0.4–0.6  0.11  16.8  14.6  13.1  19.1  36.4 12  
 0.6–0.8  0.11  18.8  14.5  11.4  20.0  35.3 12  
 0.8–1.0  0.10  16.1  17.7  11.4  19.6  35.2 12  
 1.0–1.2  0.08  13.5  13.2  12.9  23.2  37.2 12  

Site B003 
 0.0–0.2  0.38  23.2  15.6    8.0  17.3  35.9 5  
 0.2–0.4  0.22  20.7  17.2    9.2  15.1  37.8 9  
 0.4–0.6  0.12  20.6  17.7    8.9  19.2  33.6 12  
 0.6–0.8  0.11  18.3  17.7  11.9  18.5  33.6 12  
 0.8–1.0  0.10  18.4  19.7    8.2  18.0  35.7 12  
 1.0–1.2  0.08  17.0  18.1  10.5  17.3  37.1 12  
 
a  Soil samples requiring pre–treatment for soluble salts 

The CECeff of each sampled layer is relatively constant throughout each of these profiles. The B001 

and B003 profiles have similar exchange capacities of between 35 and 40 cmol(+) kg-1 throughout, 

whereas B002 has a larger CECeff (44–47 cmol(+) kg-1). The subsoil layers of B001 (0.8–1.2 m) have 

CECeff values approximately 5 cmol(+) kg-1 larger than the overlying layers. This is potentially a 

consequence of some soluble Ca2+ contributing to exchangeable Ca2+ content, thereby increasing the 

summation of CECeff. The ESP of these soils is commonly larger than the prescribed delineator of 

sodicity in Vertosols (ESP 5, McIntyre 1979). In all sampled layers the ESP is above 2; this is 

described as a potential lower threshold of dispersion in Vertosols with certain physico–chemical 

properties (McKenzie 1998). Soil B002 has a particularly high ESP in the topsoil layer (ESP 10.8), 

but this soil does not have the large ESP values (>20) observed in the subsoils (0.4–1.2 m) of 

profiles B001 and B003. ASWAT dispersion is strongly associated with the ESP values described. In 

all three soil profiles, where moderate to serious dispersion is evident, ESP values are above the 

critical level for ‘sodic’ soils. An exception is the topsoil layer of profile B002. In this layer, the ESP 

is more than 10 but the potential for dispersion is negligible according to the ASWAT test. In this 

soil layer it is likely that the saline conditions are limiting excessive expansion of the diffuse double 

layer and restricting the capacity of this soil to disperse. 
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Table 2.7 
Chemical properties of profiles B001, B002 and B003 

Depth pH1:5 EC1:5 SAR1:5 CECeff Exchangeable cations ESP 
 CaCl2 dS m-1 (mmol(+) L-1)1/2 cmol(+) kg-1 cmol(+) kg-1  

     Ca2+ Mg2+ K+ Na+  

Site B001 
0.0–0.2 6.9 0.41 4.24  35.86 21.46 11.01 1.85 1.55 4.3 
0.2–0.4 7.3 0.28 5.16  35.12 20.45 10.28 1.42 2.98 8.5 
0.4–0.6 7.3 0.41 4.63  32.43 14.31 9.70 0.91 7.50 23.1 
0.6–0.8 7.2 0.84 22.20  35.04 14.93 10.59 1.13 8.38 23.9 
0.8–1.0 7.0 3.54 5.23  40.27 20.63 10.84 1.05 7.77 19.3 
1.0–1.2 7.0 3.72 5.84  40.47 20.16 11.62 1.02 7.67 19.0 

Site B002 
0.0–0.2 7.5 2.76 13.55  45.00 28.34 9.30 2.43 4.84 10.8 
0.2–0.4 7.7 1.19 11.42  44.02 28.83 9.66 1.43 4.10 9.3 
0.4–0.6 7.7 1.11 21.23  43.56 24.51 9.86 1.65 7.54 17.3 
0.6–0.8 7.9 1.31 25.47  44.80 24.61 10.35 1.79 8.06 18.0 
0.8–1.0 7.7 1.29 22.85  46.77 27.75 9.82 1.84 7.35 15.7 
1.0–1.2 7.8 1.78 19.30  44.50 25.80 9.78 1.64 7.27 16.3 

Site B003 
0.0–0.2 7.2 0.10 1.71  37.15 24.94 9.59 1.85 0.76 2.1 
0.2–0.4 7.3 0.10 1.70  37.03 24.21 9.43 1.36 2.03 5.5 
0.4–0.6 7.8 0.36 4.26  36.64 17.43 9.62 1.12 8.46 23.1 
0.6–0.8 8.1 0.51 8.04  38.75 18.05 9.73 1.27 9.70 25.0 
0.8–1.0 7.9 0.61 14.97  37.39 17.55 9.37 1.24 9.23 24.7 
1.0–1.2 8.0 0.81 19.78  38.76 18.44 9.69 1.22 9.41 24.3 

 

2.4.2.2 Two profiles from the lower Gwydir valley 

The fundamental physico–chemical properties of profiles G001 and G002 are given in Tables 2.8 

and 2.9. The organic carbon content of both profiles decreases with depth. In the topsoil, the 

organic carbon content of G001 is approximately double that of G002, and in all subsequent soil 

layers the G001 soil has much larger organic carbon values. The coarse mineral fraction (>20 µm) is 

the same for these two soils. However, profile G001 has 10 % more silt throughout, while G002 has 

a 10 % larger clay fraction. The fine clay fraction of both these soils is approximately 64 % of total 

clay. The silt–clay difference between these soils reflects different positions in the current landscape 

(appendix 1). Site G002 is situated at a greater distance from the Gwydir River, indicating 

sedimentation of a finer size fraction during deposition of alluvial material.  
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Table 2.8 
Physical properties of profiles G001 and G002 

Depth 
(m) 

Organic 
carbon 

Coarse sand 
(>50 μm) 

Fine sand 
(50–20 μm) 

Silt         
(20–2 μm) 

Coarse clay 
(2–0.2 μm) 

Fine clay    
(<0.2 μm) 

ASWAT 
score 

 (%) (%) (%) (%) (%) (%)  

Site G001 
0.0–0.2  0.99    7.2  15.8  28.7  18.1  30.2 0  
0.2–0.4  0.72    5.2  12.9  30.6  17.0  34.3 0  
0.4–0.6  0.62    4.3  15.2  32.1  15.7  32.7 9  
0.6–0.8  0.43    5.7  22.0  32.0  13.5  26.8 8  
0.8–1.0  0.40    6.2  20.2  34.8  13.5  25.3 8  
1.0–1.2  0.55    4.8  14.4  37.8  17.2  25.8 9  

Site G002 
0.0–0.2  0.48    9.7  11.9  19.6  21.0  37.8 0  
0.2–0.4  0.39    9.4  11.9  20.4  18.9  39.4 1  
0.4–0.6  0.36  10.7  12.2  20.7  19.6  36.8 0  
0.6–0.8  0.32  10.3  12.6  21.8  18.6  36.7 3  
0.8–1.0  0.29  10.5  13.8  21.1  17.1  37.5 10  
1.0–1.2  0.27    9.1  12.4  22.4  18.1  38.0 7  

 

Table 2.9 
Chemical properties of profiles G001 and G002 

Depth pH1:5 EC1:5 SAR1:5 CECeff Exchangeable cations ESP 
 CaCl2 dS m-1 (mmol(+) L-1)1/2 cmol(+) kg-1 cmol(+) kg-1  

     Ca2+ Mg2+ K+ Na+  

Site G001 
0.0–0.2 7.0 0.11 2.56  48.31 36.63   9.76 1.28 0.65   1.3 

0.2–0.4 6.9 0.10 4.50  50.13 37.20 10.81 0.68 1.44   2.9 

0.4–0.6 6.9 0.09 5.46  48.51 35.22 10.33 0.57 2.39   4.9 

0.6–0.8 7.2 0.09 7.67  48.09 34.76   9.70 0.48 3.15   6.6 

0.8–1.0 7.5 0.10 7.40  43.32 30.21   9.07 0.49 3.55   8.2 

1.0–1.2  7.3 0.12 8.47  48.94 33.99   9.80 0.63 4.52   9.2 

Site G002 
0.0–0.2 7.3 0.23 2.17  54.56 40.10 12.11 1.69 0.66   1.2 

0.2–0.4 7.4 0.15 4.47  52.84 38.02 12.04 1.33 1.45   2.7 

0.4–0.6 7.4 0.14 7.32  50.62 35.04 12.13 1.13 2.33   4.6 

0.6–0.8 7.5 0.17 9.87  48.35 30.40 12.75 1.22 3.98   8.2 

0.8–1.0 7.9 0.23 10.93  47.23 28.94 12.17 1.09 5.03 10.6 

1.0–1.2 7.6 0.24 10.17  45.09 26.73 11.87 1.14 5.35 11.9 
 

The ASWAT dispersion test categorises G001 as being seriously dispersive at depths 0.4–1.2 m. In 

contrast, soil profile G002 is seriously dispersive only in the 0.8–1.2 m layers. The electrical 

conductivity values are very small throughout these soil profiles. However, the SAR increases with 

depth; SARs of 2.6 and 2.2 occur in G001 and G002 topsoils and increase to values of 8.5 and 10.2 

in subsoil layers (1.0–1.2 m). The CECeff of profile G001 is generally constant (48–50 cmol(+) kg-1) 

throughout. In contrast, the CECeff of G002 decreases with sampling depth; 55 in the topsoil to 45 
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cmol(+) kg-1 in the subsoil. For both profiles, the ESP of soil layers above 0.6 m are less than 5, but 

with the exception of each topsoil layer, all soil layers have ESPs greater than 2. The lower layers 

(0.6–1.2 m) of these soils are sodic. 

2.4.2.3 Two profiles from the Hillston region 

The fundamental physico–chemical properties of profiles H001 and H002 are given in Tables 2.10 

and 2.11. The organic carbon content is approximately 0.5 % for these two topsoils and is less at 

depth; approximately 0.05 % in subsoils (1.0–1.2 m). These profiles, particularly H002, have large 

sand contents throughout, but have small silt contents. The clay contents for the surface soil layers 

of H001 and H002 are 50 and 44 % respectively. 

In H001, the contribution of clay decreases with depth, but the clay content of H002 tends to be 

constant throughout. Contributions of fine clay are approximately 70 % of total clay throughout 

each of these soils. The ASWAT procedure describes soil H001 as moderate–seriously dispersive in 

the topsoil layers (0.0–0.6 m). Below 0.6 m the ASWAT test indicates that this soil is not dispersive. 

Conversely, the H002 profile has ASWAT values for surface layers suggesting little or no dispersion, 

but at depths of 0.4–1.0 m, H002 has the potential for serious dispersion. Like H001, this soil is not 

dispersive in the 1.0–1.2 m layer. This layer, according to field description, appears to have similar 

characteristics to the 0.6–0.8 m depth of H001. 

Table 2.10 
Physical properties of profiles H001 and H002 

Depth 
(m) 

Organic 
carbon 

Coarse sand 
(>50 μm) 

Fine sand 
(50–20 μm) 

Silt         
(20–2 μm) 

Coarse clay 
(2–0.2 μm) 

Fine clay    
(<0.2 μm) 

ASWAT 
score 

 (%) (%) (%) (%) (%) (%)  

Site H001 
0.0–0.2  0.48   22.3   18.0  10.3  14.1  35.3 6  
0.2–0.4  0.30   21.5   17.1  10.4  14.2  36.8 9  
0.4–0.6  0.18   18.7   22.2  11.8  22.6  24.7 9  
0.6–0.8  0.10   20.6   18.3  17.7  15.6  27.8 0  
0.8–1.0  0.07   24.3   19.8  17.0  18.1  20.8 0  
1.0–1.2  0.04   33.0   25.1    8.5  14.1  19.3 0  

Site H002 
0.0–0.2  0.54   30.5   20.5    4.8  13.4  30.8 0  
0.2–0.4  0.38   32.4   18.1    4.7  13.6  31.2 3  
0.4–0.6  0.21   30.6   18.3    6.6  13.9  30.6 9  
0.6–0.8  0.10   28.8   16.5    6.9  14.5  33.3 9  
0.8–1.0  0.08   25.6   19.9    7.9  15.3  31.3 9  
1.0–1.2  0.06   26.5   17.7    8.3  16.8  30.7 1  

 

The electrical conductivity values are very small in the surface layers of these soils, but increase 

substantially with depth. In the subsoil layers of H001 (0.6–1.2 m) and in the 1.0–1.2 m layer of 
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H002 electrical conductivity values are greater than 1 dS m-1. The SAR tends to increase between the 

surface and the 0.6 to 0.8 m depth for the H001 and H002 profiles, but then decreases in the lower 

soil layers where the EC values are ≥0.9 dS m-1. These electrical conductivity and SAR values reflect 

the possible presence of soluble salts, e.g. CaCO3 (lime) or CaSO4.2H2O (gypsum), which were 

evidenced during the field examination of these soils. The CECeff of H001 is generally constant for 

all soil layers in the 0.0–0.8 m depth, but is less for the subsoil layers (0.8–1.2m). This reflects the 

smaller contribution of fine clay in this zone of the H001 profile. In contrast, the CECeff of profile 

H002 increases with sampling depth; 25 cmol(+) kg-1 at the soil surface increasing  to 34 cmol(+) kg-1 

at 1.0–1.2 m, reflecting a small increase in the total clay content. These profiles are sodic throughout 

with ESPs ranging from 6 in the topsoil layer to greater than 10 at depth. The ESPs and the 

electrical conductivity values of each soil layer are reflected in the determined ASWAT estimates, 

where soil layers tend to be dispersive at EC <1 dS m-1, and non–dispersive at larger values of 

electrical conductivity, irrespective of the extent of soil sodicity. 

Table 2.11 
Chemical properties of profiles H001 and H002 

Depth pH1:5 EC1:5 SAR1:5 CECeff Exchangeable cations ESP 
 CaCl2 dS m-1 (mmol(+) L-1)1/2 cmol(+) kg-1 cmol(+) kg-1  

     Ca2+ Mg2+ K+ Na+  

Site H001 
0.0–0.2 6.7 0.24 4.20  29.87 19.20    7.76 1.11 1.79   6.0 

0.2–0.4 7.7 0.26 5.10  32.88 19.64    9.12 0.77 3.35 10.2 

0.4–0.6 7.8 0.18 5.82  30.50 16.97    8.87 0.69 3.96 13.0 

0.6–0.8 7.8 1.41 3.82  31.03 18.87    8.10 0.60 3.46 11.1 

0.8–1.0 7.6 1.99 2.31  25.29 15.93    6.30 0.40 2.65 10.5 

1.0–1.2  7.4 2.37 1.95  22.36 14.03    5.77 0.46 2.10   9.4 

Site H002 
0.0–0.2 7.7 0.17 3.07  24.51 13.02    8.82 1.24 1.43   5.8 

0.2–0.4 7.8 0.24 5.12  32.68 18.91  10.34 0.87 2.55   7.8 

0.4–0.6 8.1 0.40 8.26  30.06 13.00  10.50 0.69 5.86 19.5 

0.6–0.8 8.2 0.50 14.21  33.14 15.15  10.62 0.78 6.60 19.9 

0.8–1.0 8.2 0.90 8.98  35.65 17.24  11.49 0.89 6.03 16.9 

1.0–1.2 8.2 1.39 5.93  33.68 15.74  11.35 0.81 5.78 17.1 
 

2.4.2.4 Two profiles from the lower Namoi valley 

The fundamental physico–chemical properties of the N001 and N002 profiles are given in Tables 

2.12 and 2.13. The contribution of organic carbon at the soil surface is small in these soils. These 

two Namoi soils contain approximately 29 % sand at the soil surface, 20 % silt and 52 % clay. The 

fine clay fraction is approximately 65 % of the clay fraction. These profiles are texturally uniform 

and the subsoils (0.8–1.0 m) have sand, silt and clay contents that are similar to the topsoil. The 
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ASWAT test categorises soil N001 as moderately to seriously dispersive throughout. In contrast, the 

N002 soil layers <0.6 m tended to be non–dispersive, while at increased depth (0.6–1.0 m) soil layers 

have the potential for serious dispersion. 

The electrical conductivity values are generally very small in both surface soils, but increase with 

depth. This attribute increases sufficiently in N001 (0.8–1.0 m) that the EC (2.26 dS m-1) is much 

larger than the limit for a ‘very highly saline’ medium clay (McKenzie 1998). The SAR of the soil 

solution increases with sampling depth for both sites N001 and N002, and the N001 soil also has 

the largest values of SAR of all nine Vertosols studied. The CECeff of profile N001 is generally 

constant throughout the profile. This is different to the N002 profile, which has decreasing values of 

CECeff with depth; CECeff of 50 cmol(+) kg-1 in the topsoil and 42 cmol(+) kg-1 in the subsoil (0.8–1.0 

m). This decrease is indicative of the smaller clay content in the subsoil of this profile. The large 

SAR of N001 is reflected in the ESP of this soil. N001 is sodic in the surface layer (McIntyre 1979) 

and strongly sodic in all other soil layers. In comparison, the topsoil layers (0.0–0.6 m) of N002 are 

non–sodic. The subsoil layers of N002 (0.6–1.0 m) are sodic (ESP of 7.8 at depth interval 0.8–1.0 

m), and this is broadly reflected by ASWAT dispersion, where scores of 5 or greater occur for the 

sodic layers of these soils. 

Table 2.12 
Physical properties of profiles N001 and N002 

Depth 
(m) 

Organic 
carbon 

Coarse sand 
(>50 μm) 

Fine sand 
(50–20 μm) 

Silt         
(20–2 μm) 

Coarse clay 
(2–0.2 μm) 

Fine clay    
(<0.2 μm) 

ASWAT 
score 

 (%) (%) (%) (%) (%) (%)  

Site N001 
0.0–0.2  0.59   17.9   11.1   18.5  17.2  35.3 5  
0.2–0.4  0.44   19.8   11.6   16.8  16.7  35.1 5  
0.4–0.6  0.49   17.4   10.8   16.6  18.8  36.4 9  
0.6–0.8  0.38   16.0   13.0   14.9  17.7  38.4 7  
0.8–1.0  0.26   13.5   12.3   17.2  17.3  39.7 3  

Site N002 
0.0–0.2  0.80   17.2   11.1   21.1  18.4  32.2 0  
0.2–0.4  0.51   14.4   10.9   23.5  17.5  33.7 0  
0.4–0.6  0.47   14.0   11.8   22.4  17.2  34.6 2  
0.6–0.8  0.34   14.2   11.4   23.9  16.2  34.3 6  
0.8–1.0  0.32   13.6   17.1   22.1  16.8  30.4 7  
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Table 2.13 
Chemical properties of profiles N001 and N002 

Depth pH1:5 EC1:5 SAR1:5 CECeff Exchangeable cations ESP 
 CaCl2 dS m-1 (mmol(+) L-1)1/2 cmol(+) kg-1 cmol(+) kg-1  

     Ca2+ Mg2+ K+ Na+  

Site N001 
0.0–0.2 7.9 0.32 9.74  54.46 37.13 10.78 1.97   4.58   8.4 

0.2–0.4 8.1 0.42 14.52  53.85 31.74 13.04 1.24   7.84 14.6 

0.4–0.6 8.3 0.62 18.49  54.52 27.81 14.33 1.10 11.29 20.7 

0.6–0.8 8.2 0.87 23.69  53.18 25.52 14.46 1.32 11.89 22.4 

0.8–1.0  7.8 2.26 14.40  51.77 24.59 14.60 1.51 11.08 21.4 

Site N002 
0.0–0.2 7.6 0.17 2.17  50.46 38.33   9.90 1.58   0.66   1.3 

0.2–0.4 7.8 0.19 2.67  44.62 31.85 10.91 0.98   0.87   2.0 

0.4–0.6 7.9 0.22 4.35  43.32 28.41 12.25 0.99   1.68   3.9 

0.6–0.8 7.8 0.22 6.85  40.95 25.52 11.97 0.98   2.48   6.0 

0.8–1.0 8.0 0.23 8.71  41.53 25.41 11.88 1.01   3.25   7.8 
 

2.5 The soil mineral suite 

The mineral composition of each soil provides information describing parent materials and the 

potential for structural development in Vertosols. To identify the mineral components of each soil 

profile, X–ray diffraction (XRD) techniques were used to characterize soil minerals from two 

sampling intervals; the second topsoil layer (0.2–0.4 m) and the subsoil, either the 0.8–1.0 m or the 

1.0–1.2 m increment. These procedures are described by Brindley and Brown (1984) and by Whittig 

and Allardice (1986). 

The primary minerals of each soil were determined from a random–powder arrangement of soil 

material. To prepare these samples, air–dry soil was ground to <50 μm and placed into a well at the 

centre of an aluminium holder backed with a glass slide. Each sample was placed in a Siemens 

Diffraktometer D5000 coupled with a Siemens Kristalloflex 710D X–ray generator, and the 

diffraction pattern obtained. The measurement criteria for this analysis are presented in Table 2.14. 
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Table 2.14 
Measurement criteria applied during the use of XRD techniques for the identification of the soil mineral suite 

and for the identification and quantification of the clay phyllosilicates 

Treatment 
Particle size fraction 

(μm) 
Step size 

(°2θ) 
Step time 

(sec) 
mA kV °2θ range 

Mg2+ salt 2–0.2 0.02 2 40 40 2–30 

 <0.2 0.02 2 40 40 2–30 

K+ salt 2–0.2 0.02 2 40 40 2–15 

 <0.2 0.02 2 40 40 2–15 

Random–powder <50 0.02 2 40 40 15–70 

Once the primary minerals were identified, the clay phyllosilicate suite was determined using the 

Siemens Diffraktometer from preparations of orientated clay. The measurement criteria for this 

series of analyses are given in Table 2.14. The coarse (2–0.2 μm) and fine (<0.2 μm) clay fractions 

were prepared for XRD analysis by placing a 10 mm band of clay solution onto a ceramic tile. 

Duplicate clay tiles were prepared for each clay solution; one was saturated with 2 M KCl solution, 

and the other was saturated using 2 M MgCl2 solution. Diffraction patterns were obtained from the 

K+ treated clay tiles in air–dry condition and then after successive heat treatments (100, 300 and 550 

°C), while diffraction patterns were obtained for the Mg2+ treated clay tiles in air–dry condition and 

after saturation with glycerol. The proportions of smectite, vermiculite, illite and kaolinite 

contributing to the fine and coarse clay phyllosilicate fractions were estimated according to Bullock 

and Loveland (1974). Using this method the proportion of illite is determined as the peak area of the 

1.0 nm peak determined from the XRD–diffractogram of the glycerated Mg2+ treatment. The same 

trace is used to determine the proportion of kaolinite; this is determined as the peak area of the 0.7 

nm peak divided by three. The proportion of expansive clay (smectite and vermiculite) is determined 

by subtracting the peak area of the 1.0 nm peak (glycerated Mg2+) from the peak area of the 1.0 nm 

peak determined from the XRD–trace of the 550 °C K+ treatment and then dividing this value by 

two. The presence of smectite and vermiculite was then assigned proportionally depending on the 

presence or absence of these minerals in diffractograms for each clay tile. 

2.5.1 The primary mineral suite of each Vertosol 

The primary mineral suites of each of the nine Vertosols are given in Table 2.15. Figures 2.6 and 2.7 

give the diffraction patterns of all soil minerals from soil profiles G001 and H001 at each of the two 

depth intervals (0.2–0.4 m and 1.0–1.2 m). The diffraction patterns of all soil minerals for the seven 

remaining Vertosols are presented in appendix 2 (Figures A2.1–A2.7). 
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Table 2.15 
The primary mineral suite for each of the nine Vertosols investigateda 

 Profile 

 B001 B003 B002 G001 G002 H001 H002 N001 N002 

Quartz          

Plagioclase      ½    

Alkali–feldspars          
a Dominant soil minerals were similar at both depths investigated for each of the nine Vertosols 
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Figure 2.6 The suite of primary soil minerals from site G001 at depths of 0.2–0.4 and 1.0–1.2m. The labels 

identify the basal spacings (nm) corresponding to the minerals quartz (Q), feldspars (F), plagioclase 
feldspars (P–F), alkali–feldspars (A–F), smectite clay (Sm) and kaolinite clay (Ka). 

The primary mineral suites of the nine Vertosols are generally the same for soil profiles from the 

same cotton–producing region e.g. all B00i soils generally have the same primary mineral suite. This 

presumably reflects differences in differing depositional conditions and in weathering and/or in 

parent material. The predominant primary mineral in each soil is quartz, a mineral almost ubiquitous 

in soils and which is the most common component of the sand and silt fractions (Allen and Hajek 

1989). The soil profiles B001, B002 and B003 do not show other primary silicates in quantities 

detected using this XRD technique. The other six soils contain varying contributions of plagioclase 

and/or alkali–feldspars. The feldspars are the most common mineral in the earth’s crust, but are less 

stable than quartz (Allen and Hajek 1989), and therefore suggest a measure of the degree of mineral 
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weathering. Consequently, the B00i soils appear to contain more highly weathered primary minerals 

than the G00i or N00i soils. The H00i soils appear to contain primary minerals that are less 

weathered than those of the B00i soils, but are more highly weathered than those minerals of the 

G00i and N00i soils. The N00i soils appear to contain primary minerals which show least 

weathering. 
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Figure 2.7 The suite of primary soil minerals from site H001 at depths of 0.2–0.4 and 1.0–1.2m. The labels 

identify the basal spacings (nm) corresponding to the minerals quartz (Q), plagioclase feldspars (P–F), 
smectite clay (Sm) and kaolinite clay (Ka). 

2.5.2 The phyllosilicate suite of each Vertosol 

The contribution of secondary phyllosilicates to the coarse clay (2–0.2 μm) and the fine clay (<0.2 

μm) fractions of the Vertosols investigated are given in Tables 2.16 and 2.17. The Figures 2.8, 2.9, 

2.10 and 2.11 give the diffractograms of clay tiles after treatment with K+ (air–dry, 100, 300 and 550 

°C) and Mg2+ (air–dry and glycerol) for profiles G001 and H001. The diffraction patterns for the 

seven remaining Vertosols are presented in appendix 2 (Figures A2.8–A2.14). 
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Table 2.16 
The contribution of various secondary phyllosilicates to the coarse clay fraction (2–0.2 μm)a   

  Profile 

  B001 B002 B003 G001 G002 H001 H002 N001 N002 
 

Smectite Trace + ½ +½ +++  + ++½ ++½ 

Vermiculite    +      

Kaolinite +½ +½ +½ + ½ ½ +++½ + ½ 
Surface 

soilb 

Illite +++½ ++½ +++ +½ +½ ++++½ ½ +½ ++ 

Smectite ++½ ++½ +½ +++ ++½ ++ ++ + +++ 

Vermiculite    +  Trace   Trace 

Kaolinite ½ + +½ ½ ½ Trace + +½ ½ 
Subsoilc 

Illite ++ +½ ++ ½ ++ ++½ ++ ++½ +½ 
 

a Number of (+) symbols represent approximate proportions of particular minerals present in the 2–0.2 μm clay fraction 
b Surface soil represents the depth interval 0.2–0.4 m 
c Subsoil represents the greatest depth interval sampled; either  0.8–1.0 m or 1.0–1.2 m 

Generally, the phyllosilicate suite of the coarse clay fraction of each of these nine Vertosols is 

dominated by either smectite or illite. The B00i and H00i soils have larger contributions of illite, 

while G00i and N002 soils tend to have coarse fractions dominated by expanding lattice 

phyllosilicates (smectite and vermiculite). These soils all contain various contributions of kaolinite, 

but with the exception of the H002 profile, this is less common than either smectite or illite in each 

coarse fraction. In addition, the G001 soil is the only soil to contain vermiculite in the topsoil layer. 

The topsoil layers of the B00i and H001 profiles are dominated by illite and they contain small 

proportions of kaolinite. The H002 surface layer is dominated by kaolinite and contains only small 

proportions of smectite and illite minerals. The G001 soil contains similar amounts of smectite, 

vermiculite, kaolinite and illite in the upper part of the profile. In contrast, the G002 and N00i soils 

are all either dominated by smectite or have co–dominant quantities of smectite and illite in the 

topsoil. The subsoil layer of most of these soils tends to be dominated by larger amounts of smectite 

clay rather than that at the surface, which is indicative of different rates of mineral weathering 

between the topsoil and subsoil. The N001 soil has much less smectite in the subsoil and is 

dominated by illite in the coarse fraction. The B003 soil has similar contributions of smectite, 

kaolinite and illite in the coarse clay fraction. 

The fine clay fraction (<0.2 μm) generally contributes 30–40 % of the total particle size distribution 

in all these Vertosols; this is approximately 60–70 % of all clay. All nine of these Vertosols generally 

have a fine clay fraction dominated by smectites, but contain small amounts of kaolinite and illite at 

both depths. Two of the soils investigated have clay mineral suites that are different to the other 

soils. The Red Vertosol, H001, is dominated by illite in the topsoil. The field characteristics of this 

soil and its physico–chemical attributes indicate that the topsoil layers (0.0–0.6 m) are different to 

the subsoil layers (0.6–1.2 m) (e.g. Munsell® colour). In the subsoil layer, the secondary mineral suite 
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of this soil is dominated by smectite clays. The Black Vertosol, N002, is dominated in the topsoil 

layer by smectite clays, however in the subsoil; illitic clay is the dominant phyllosilicate. 

The nine Vertosols can be distinguished on the basis of 2:1 expanding phyllosilicate contributions 

(smectite and vermiculite) to the surface soil and subsoil layers of either the coarse or fine clay 

fractions. In the coarse fraction, the 2:1 expanding phyllosilicate content increases in the order: B00i 

≈ H00i < N00i ≈ G001 < G002 (topsoil) and N001 < H00i ≈ B003 < B001 ≈ B002 ≈ G002 < N002 < 

G001 (subsoil). In the fine fraction, the 2:1 expanding phyllosilicate content increases in the order: 

H001 < N002 < H002 < B00i ≈ G002 ≈ N001 < G001 (topsoil) and N002 < B001 ≈ N001 < B003 ≈ G001 

< H001 < B002 ≈ G002 ≈ H002 (subsoil). 

Table 2.17 
The contribution of various secondary phyllosilicates to the fine clay fraction (<0.2 μm)a   

  Profile 

  B001 B002 B003 G001 G002 H001 H002 N001 N002 
 

Smectite ++++ ++++½ ++++ +++++ ++++½ +½ +++½ ++++½ +++ 

Vermiculite Trace         

Kaolinite ½ Trace Trace Trace ½ + ½ Trace ½ 
Surface 

soilb 

Illite ½ Trace +   ++½ + ½ +½ 

Smectite +++ ++++½ ++++ ++++ ++++½ ++++ ++++½ +++ + 

Vermiculite          

Kaolinite ½ Trace ½ ½ Trace ½ Trace ½ + 
Subsoilc 

Illite +½ Trace ½ ½ Trace ½ Trace +½ +++ 
 

a Number of (+) symbols represent approximate proportions of particular minerals present in the <0.2 μm clay fraction 
b Surface soil represents the depth interval 0.2–0.4 m 
c Subsoil represents the greatest depth interval sampled; either  0.8–1.0 m or 1.0–1.2 m 
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Figure 2.8 The secondary suite of soil minerals of the fine clay (▬) and the coarse clay (▬) fractions of site 

G001 at depths of 0.2–0.4 and 1.0–1.2m and using 2 M KCl to treat samples. The labels identify the 
basal spacings (nm) corresponding to smectite clay (Sm) (d(air–dry)=1.25–1.80 nm, d(100–550 °C)=1.00 nm), 
illite clay (Ill) (d=1.00 nm) and kaolinite clay (Ka) (d=0.71 nm). 
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Figure 2.9 The secondary suite of soil minerals of the fine clay (▬) and the coarse clay (▬) fractions of site 

G001 at depths of 0.2–0.4 and 1.0–1.2m and using 2 M MgCl2 to treat samples. The labels identify the 
basal spacings (nm) corresponding to smectite clay (Sm) (d(air–dry)=1.51 nm, d(Gly.)=1.78 nm and 
d=0.35), vermiculite (Vm) (d=1.45 nm), illite clay (Ill) (d=1.00 nm) and kaolinite clay (Ka) (d=0.71 
nm), quartz (Q) (d=0.42 nm, d=0.33) and mica (Mi) (d=0.48 nm). 
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Figure 2.10 The secondary suite of soil minerals of the fine clay (▬) and the coarse clay (▬) fractions of site 

H001 at depths of 0.2–0.4 and 1.0–1.2m and using 2 M KCl to treat samples. The labels identify the 
basal spacings (nm) corresponding to smectite clay (Sm) (d(air–dry)= 1.25–1.80 nm, d(100–550 °C)=1.00 nm), 
illite clay (Ill) (d=1.00 nm) and kaolinite clay (Ka) (d=0.71 nm). 

 

0.30.40.50.60.70.80.91.01.11.21.31.41.51.61.71.81.92.02.12.22.32.42.5

d  (nm)

1.0–1.2 m

Air–dry

Glycerated

Ill

0.2–0.4 m

Air–dry

Glycerated

Ka Sm
Q

Mi
Q

Sm (Gly) Sm (air–dry)

Vm

 
Figure 2.11 The secondary suite of soil minerals of the fine clay (▬) and the coarse clay (▬) fractions of site 

H001 at depths of 0.2–0.4 and 1.0–1.2m and using 2 M MgCl2 to treat samples. The labels identify the 
basal spacings (nm) corresponding to smectite clay (Sm) (d(air–dry)=1.51 nm, d(Gly.)=1.78 nm and 
d=0.35), vermiculite (Vm) (d=1.45 nm), illite clay (Ill) (d=1.00 nm) and kaolinite clay (Ka) (d=0.71 
nm), quartz (Q) (d=0.42 nm, d=0.33) and mica (Mi) (d=0.48 nm). 
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2.6 Classification of the nine soils  

The field descriptions were used to classify each of the nine soils, using the Australian Soil 

Classification scheme (ASC), as either Red, Grey or Black Vertosols (Isbell 1996). To classify these 

nine Vertosols, it was assumed that slickensides and/or lenticular peds were present within 1 m of 

the soil surface. These attributes are used to give evidence of shrink–swell behaviour. The sampling 

regime imposed made it impossible to identify these characteristics, but for these soils shrink–swell 

activity was demonstrated by the extensive large cracks that were evident at the soil surface, and in 

the case of the H002 soil, in nearby soil not recently irrigated. Then, the soil surface condition at the 

time of sampling was used to describe the great groups to which each of these Vertosols belonged. 

The physico–chemical attributes, determined in the laboratory, were used to assign each of these 

nine soils to appropriate subgroups (Isbell 1996). The nine Vertosols were then classified to 

subgroups of Soil Taxonomy (Soil Survey Staff 2003) and to soil reference groups of the World 

Reference Base for soil resources (FAO 1998). The classes assigned to each of these Vertosols using 

the three classification schemes are given in Table 2.18. 

The G00i soils could not be distinguished at the subgroup level using the ASC scheme. However, 

using the ASC the profiles of each of the other cotton–growing regions could be distinguished at the 

subgroup level. The B001 and B003 soils are both described as soils with large ESPs at depths 

greater than 0.5 m (Endohypersodic), whereas the B002 soil is an Episodic soil, with an ESP greater than 

6 occurring in the uppermost soil layer. This soil also exhibits Salic characteristics, where a seasonal 

saline watertable (EC >2 dS m-1) is present in the upper 0.5 m of the profile. The very large electrical 

conductivity of the uppermost soil layer appeared to result from leakage occurring from an irrigation 

storage facility in close proximity to this site and salic properties were not observed beyond the 

upper most soil layer; it was consequently concluded that this did not represent a saline watertable. 

Overall, three of the nine Vertosols are described as Endohypersodic soils (B001, B003 and H002), 

three are described as Episodic (B002, H001 and N001), while three are Haplic Vertosols (G00i and 

N002). These soils commonly have self–mulching topsoils (B00i, G00i and N001), but both H001 and 

N002 have an epipedal surface structure, and H002 has a surface structure that appeared massive at 

the time of sampling. In the case of H002, the surface structure described is a reflection of the soil 

moisture content at the time of sampling. 

Soil Taxonomy and the World Reference Base for soil resources (WRB) did not tend to delineate 

differences between these soils as clearly as the ASC scheme. Soil Taxonomy delineated between the 

different types of Vertisols using the climatic regimes and the average temperature and rainfall 
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attributes of each region (Table 2.1). Consequently, the B00i soils were considered Torrerts, the 

H00i soils as Xererts, and the G00i and N00i soils Usterts. There is no further delineation between 

the B00i soils or the G00i soils, but the H00i and N00i soils are described differently. These H00i 

and N00i soils are classed based on their different levels of sodicity. For example, using Soil 

Taxonomy H002 is classed as a Sodic Vertisol, while H001 is a Typic Vertisol. Likewise, N001 is 

sodic throughout, with ESP values for most soil layers (0.0–1.0 m) much larger than 15, while the 

N002 soil has no distinguishing descriptive features and is described as a Typic Vertisol. Using the 

WRB, all nine of these soils are characterised according only to different levels of sodicity. 

Table 2.18 
Classification of the nine Vertosols using the Australian Soil Classification (Isbell 1996), Soil 

Taxonomy (ASSS 2003) and World Reference Base for soil resources (FAO 1998) 

Profile Australian Soil Classification 
(subgroups)a 

Soil Taxonomyb 
 

WRB reference 
groupsc 

B001 Endohypersodic Self–mulching Grey Vertosol         Sodic Haplotorrert      Hypersodic Vertisol 

B002 Episodic Self–mulching Grey Vertosol         Sodic Haplotorrert      Hypersodic Vertisol 

B003 Endohypersodic Self–mulching Grey Vertosol         Sodic Haplotorrert      Hypersodic Vertisol 

G001 Haplic Self–mulching Black Vertosol         Typic Haplustert      Haplic Vertisol  

G002 Haplic Self–mulching Black Vertosol         Typic Haplustert      Haplic Vertisol 

H001 Episodic Epipedal Red Vertosol         Typic Haploxerert      Hypersodic Vertisol 

H002 Endohypersodic Massive Grey Vertosol         Sodic Haploxerert      Hypersodic Vertisol 

N001 Episodic Self–mulching Black Vertosol         Sodic Haplustert      Sodic Vertisol 

N002 Haplic Epipedal Black Vertosol         Typic Haplustert      Haplic Vertisol 
a In the ASC, Endohypersodic refers to soils with an ESP of at least 15 in some subsoil horizon below 0.5 m depth. 

Episodic refers to soils with an ESP of at least 6 in upper 0.1 m of a soil profile. Haplic soils are those soils in which 
the major part of the upper 0.5 m of a profile is whole coloured. 

b In Soil Taxonomy, Sodic refers to soils with an ESP of at least 15 % in the upper 1 m of a soil profile, Typic refers to 
other soils not characterised by specific attributes. The denotation Haplo refers to soils not characterised by given 
criteria. The terms torrert (i), xerert  (ii) and ustert  (iii) refer to Vertisols that have either, (i), cracks closed for 60 days or 
less consecutive days during a period where the soil temperature at 0.5 m depth is at least 8 °C, (ii), a thermic (annual 
soil temperature 15–20 °C at 0.5 m with a minimum of 6 °C change) or mesic (annual soil temperature 8–15 °C at 
0.5 m with a minimum of 6 °C change) temperature regime, and cracks that open at least 5 mm wide and to at least 
0.25 m depth for 60 or more days of a 90 day period following the summer solstice but which are closed for 60 days 
or more of a 90 day period following the winter solstice, and (iii), other Vertisols not described by the diagnostic 
criteria.  

c In the WRB reference groups, Sodic refers to soils with an ESP of at least 15 % within 0.5 m of the soil surface, 
Hypersodic refers to soils with an ESP of at least 6 % within 1 m of the soil surface, and Haplic refers to Vertisols with 
no special characteristics. 
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2.7 Comparing these Vertosols with other cotton–producing Vertosols   

According to the ASC classes applied to these nine Vertosols, they are delineated based primarily on 

the levels of sodicity they exhibited, on surface structure and according to dominant colours. Soil 

Taxonomy and the WRB for soil resources highlighted the differences between the variations in 

climate between the sampling regions and the sodicities of these soils. To further demonstrate the 

differences between these nine Vertosols, the physico–chemical properties and phyllosilicate suites 

were compared with those Vertosols described by Vervoort et al. (2003). In Table 2.19 the physico–

chemical properties of the Vertosols they studied are given, while in Table 1.1 the phyllosilicate 

minerals of these soils are shown.   

Table 2.19 
Mean physico–chemical soil properties of surface samples (0.0–0.2 m) from five cotton–growing Vertosols of 

eastern Australia (adapted from Vervoort et al. 2003) 
To determine these mean values 12 soils were assessed; 2 soils from the Lachlan valley, 4 soils from the Gwydir valley 

and 6 soils from the Namoi valley. The average subsoil values (depth >0.4 m) were determined from 5 soils; 2 soils from 
the Gwydir valley and 3 soils from the Namoi valley. Average values were taken directly from Vervoort et al. (2003). 

 By cotton–growing valley  By soil depth 

 Gwydir Namoi Lachlan  Average surface Average subsoil 

Organic carbon (%) 0.8 0.8 0.6  0.8 0.5 
Coarse sand (>50 μm) (%) 10.2 18.0 22.5  15.7 7.4 
Fine sand (50–20 μm) (%) 4.6 5.8 9.6  5.5 4.9 
Silt (20–2 μm) (%) 23.9 18.5 13.7  20.0 19.6 
Coarse clay (2–0.2 μm) (%) 34.1 27.1 18.7  29.1 33.2 
Fine clay (<0.2 μm) (%) 27.2 30.6 35.5  29.6 34.9 
EC1:5 (dS m-1) 0.07 0.16 0.15  0.13 0.50 
CECeff (cmol(+) kg-1) 38.4 38.2 26.9  33.3 38.3 
Ca2+exch. (cmol(+) kg-1) 23.9 23.9 16.4  21.1 23.9 
Mg2+exch. (cmol(+) kg-1) 12.5 11.6 8.3  9.8 11.8 
Na+exch. (cmol(+) kg-1) 0.9 1.1 0.9  0.9 1.1 
K+exch. (cmol(+) kg-1) 1.1 1.5 1.4  1.5 1.4 
ESP (%) 2.6 3.2 3.6  2.6 2.9 

The surface soil properties of the nine Vertosols used in this work are similar to those determined 

for twelve Vertosols by Vervoort et al. (2003). However, there are differences between the laboratory 

measured attributes given by Vervoort et al. (2003) and those of the nine Vertosols studied. For 

example, the fine clay content, CECeff and the Ca2+:Mg2+ ratios of the nine topsoils are different. The 

fine clay fractions of the soils investigated by Vervoort et al. (2003) are smaller than those 

determined for the nine Vertosols. Specifically, their Gwydir and Namoi soils only had 40–50 % fine 

clay, which is much less than that determined for the G00i and N00i soils in study. The total clay 

contents of the nine surface soils are similar (for each region) to clay contents presented by Vervoort 
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et al. (2003). The CECeff values and Ca2+:Mg2+ ratios they present for the Gwydir and Namoi soils are 

also smaller than those of the G00i and N00i soils. The sodicities of the Gwydir and Namoi soils are 

similar to those of the G00i and the N002 soils, but are much lower than those of the H00i and 

N001 soils. However, the soils in this work were selected to show different ESPs and this is 

highlighted by the classes applied to each soil using the three classification schemes. 

The average subsoil characteristics of the soils Vervoort et al. (2003) studies tend to be similar to 

those of the G00i and N00i soils investigated in this study, with the exception being the quantities of 

fine clay and the ESPs. The fine clay contributions to the Vervoort et al. (2003) subsoils are 

approximately 50 % of total clay; this is between 10 and 20 % less than those of the G00i and N00i 

soils investigated in this study. Furthermore, the average subsoil ESPs of the profiles used by 

Vervoort et al. (2003) do not suggest subsoil sodicity. This may be a function of sampling depth, but 

here the G00i and N00i soils both tend to show some level of subsoil sodicity. In addition to these 

soils, the B00i and H00i soils all have subsoil ESPs indicative of sodicity. 

The phyllosilicate minerals determined for the clay fraction by Vervoort et al. (2003) tend to be 

similar for each region to those identified for the nine Vertosols. In their study, the Gwydir and 

Namoi soils tend to be dominated by 2:1 expanding lattice phyllosilicates, while the Lachlan soils 

contain much larger contributions of illite and kaolinite clays. 

2.8 Summary  

The nine soils represent a spectrum of Vertosol textures; the G002 soil has greatest clay content, the 

B00i and N00i soils have clay contents of approximately 50 %, while the G001 and H00i soils tend 

to have lightest texture, with clay contents of approximately 45 %. All of these soils have very small 

amounts of organic carbon. However, there is a clear distinction in organic carbon contributions for 

the climatic regions from which soils were sampled. For example, the B00i soils have organic carbon 

contributions of 0.35–0.40 % in the topsoil, the G002, H00i and N001 soils, of approximately 0.50 

%, while the G001 and N002 soils have the largest contribution of organic carbon (0.99 % and 0.80 

% respectively). These small contributions of organic carbon are expected for the Red and Grey 

Vertosols, but are less than anticipated for the Black Vertosols (Isbell 1989). Only one of the soils 

has a saline topsoil layer (B002), but the B00i, H00i and N001 soils all have very large values of 

electrical conductivity in the subsoil. The differences in clay content tend to be reflected by 

differences in CECeff. For these soils, the G00i and N00i soils tend to have exchange capacities of 
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approximately 50 cmol(+) kg-1, whereas the B00i and H00i soils generally have exchange capacities of 

30–40 cmol(+) kg-1. All profiles exhibit subsoil sodicity, and according to the criteria of McIntyre 

(1979), the B002, H00i and N001 Vertosols are sodic throughout. The soils from B00i and H00i 

appear to be more highly weathered than the soils from G00i and N00i. This conclusion is based on 

the presence of felsic minerals and the larger contributions of smectite to the G00i and N00i soils. 

All of these profiles tend to be dominated by 2:1 expanding lattice clays (smectite and vermiculite), 

but the B00i, H00i and N002 soils (particularly H001) appear to have greater contributions of 

kaolinite and illite than the G00i and N001 soils. In these nine Vertosols, the contributions of 

smectite, or other expanding phyllosilicates, tend to increase in the order H00i ≈ B00i ≈ N002 < N001 

≈ G00i (surface soil) and H00i ≈ N00i < B00i < G00i (subsoil). Consequently, these nine profiles, 

according to their physico–chemical properties and mineral suites, appear to represent a wide range 

of Vertosols found across eastern Australia. 
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DDEETTEERRMMIINNIINNGG  TTHHEE  SSTTRRUUCCTTUURRAALL  SSTTAABBIILLIITTYY  OOFF  NNIINNEE  

SSUURRFFAACCEE  SSOOIILLSS  
~ 

Disperse: dispergere (L): to distribute (particles) evenly throughout a medium. 
~ 

3.1 Introduction 

The propensity of soil aggregates to breakdown with the addition of disruptive force has been 

recognised since early last century. For example, Ellison (1947) documented the effect of raindrop 

impact on increasing ‘muddiness’ at the soil surface. Since this time a large body of research, 

focusing on the identification and alleviation of structural instability across all soil types, has 

accumulated. The structural stability of soils is determined according to the force required to break 

aggregates or peds into smaller units or individual particles. This occurs when sufficient mechanical 

stress is applied to overcome the attractive forces between two or more particles. The stability of an 

aggregate in the presence of an applied force then depends on the strength of bonding mechanisms 

operating within that aggregate (Raine and So 1997). If these mechanisms are not sufficient to 

maintain stability, aggregates begin to break apart. 

The structural stability of soil is influenced by physico–chemical characteristics and extensive 

research has explored the complex relationships between structural stability, exchangeable Na+, 

electrical conductivity, clay content, clay phyllosilicate suite and soil hydraulic conductivity (e.g. 

Quirk and Schofield 1955; Cass and Sumner 1982). Australian Vertosols are particularly prone to 

structural instability; this is because these soils have large volumes of expansive phyllosilicate clays 

and often contain large quantities of exchangeable Na+. However, the current understanding of soil 

physico–chemical properties has not been linked unequivocally with measures of structural stability 

in Vertosols. Consequently, the inability to determine associations between physico–chemical 

properties and structural instability remains a key difficulty in the management of Vertosols. As a 

result, a soil’s ESP has historically been applied as a guide to potential instability (e.g. USSL Staff 

1954; McIntyre 1979; Isbell 1996). 

The critical ESP proposed for use in Australian cotton–producing Vertosols is 5; this delineates non–

sodic from sodic Vertosols (McKenzie 1998). However, soil ESP does not wholly describe the 

dispersive potential of this soil class, and Cook et al. (1992) showed that some Vertosols disperse 

with ESP values as low as 2 where the electrical conductivity is sufficiently small. This discrepancy 
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has led to the introduction of other critical predictors of stability, e.g. ESI (EC/ESP) and 

EC1:5/Na+
exch. (Blackwell et al. 1991; Hulugalle and Finlay 2003), to accommodate the effects of soil 

solution electrical conductivity in combination with the soil exchangeable Na+ content. 

In this chapter, the structural stability of topsoil from each of the nine sampling sites, described in 

chapter 2, is compared and critical dispersion classes are discussed. To do this, soil was sampled 

from an irrigation furrow of each of the B00i, G00i, H00i and N00i soils, where an irrigation furrow is 

the region between two adjacent cotton rows down which irrigation water flows. The stability of 

these soils is compared in two ways: (i), using three methods of aggregate liberation (spontaneous 

dispersion, EOE–disruption and ultrasonic agitation) when soil is immersed in clean water (de–

ionised water) and, (ii), using EOE–disruption to compare structural stability when soil is immersed 

in solutions of varying total salt content and increasing sodium content. 

3.2 Methods  

Bulk soil was excavated from an irrigation furrow (0.0–0.2 m), which did not appear to have 

undergone trafficking, adjacent to each of the nine Vertosol profiles characterised in chapter 2. This 

topsoil layer represents the interface between the soil environment and applied irrigation water.  

All topsoil samples from the nine sites (B00i G00i, H00i and N00i) were air–dried and ground to 

pass through a 2 mm sieve. The ground fraction was placed into a 0.1 mm sieve and later the <0.1 

mm soil fraction was discarded. The 2.0–0.1 mm fraction was retained for the analysis of a series of 

fundamental soil properties and for the assessment of soil structural stability attributes using 

immersion techniques. For all physico–chemical and structural stability attributes determined, the 

analyses were performed in triplicate and the mean values are presented. 

3.2.1 Fundamental soil physico–chemical properties 

The fundamental soil properties were determined for the 0.0–0.2 m layer of each irrigation furrow in 

the same way as the physico–chemical properties of soil layers assessed in chapter 2; these methods 

are outlined in chapter 2.3.1. The particle size distribution (PSD) analysis (Gee and Bauder 1986) 

was used to determine the >100 µm, the <20 µm and the <2 µm size fractions (dag kg-1) once soils 

had been shaken EOE in 50 ml Sodium Hexa Metaphosphate solution and 300 ml de–ionised water. 

Soil pH was determined using a 1:5 (soil:0.01 M CaCl2) soil suspension. The amount of soil organic 

carbon was estimated using an adjusted method of Walkley and Black (McLeod 1975). The soil 

solution was extracted using a 1:5 (soil:de–ionised water) ratio and the electrical conductivity (EC1:5) 
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determined. Exchangeable cations were extracted using a 60 % ethanol, 1 M NH4Cl solution at pH 

8.5 (Rayment and Higginson 1992). Cations from the extracted soil solution and the exchangeable 

phase cations (Ca2+, Mg2+, Na+ and K+) were quantified using Atomic Absorption Spectroscopy 

(AAS). The effective cation exchange capacity (CECeff), ESP, ESI, EC1:5/Na+
exch and SAR were 

calculated. The ASWAT test (Field et al. 1997) was used to provide a preliminary description of soil 

stability. 

3.2.2 Spontaneous clay dispersion 

Spontaneous dispersion was used to simulate the breakdown of soil aggregates during a light rainfall 

event where the soil is effectively protected by plant material (Rengasamy et al. 1984). To determine 

spontaneous breakdown, the air–dry equivalent of six grams soil was weighed into a 500 ml 

measuring cylinder and 100 ml of de–ionised water was carefully added (Rengasamy et al. 1984). The 

soil solution was left to equilibrate for 24 hrs at 20 °C. The volume was made to 500 ml using de–

ionised water and dispersed clay was homogenised in solution by carefully upending each cylinder 

twice. After the appropriate sedimentation period, the <20 µm and the dispersed clay (<2 μm) 

fractions were sampled using a 25 ml pipette (Gee and Bauder 1986). The remaining soil solution 

was transferred to a 100 μm sieve, immersed in de–ionised water, and after gentle wet–sieving, the 

>100 μm soil fraction was retained. The >100 μm, the <20 µm and the <2 μm size fractions of each 

soil were oven dried (105 °C) and quantified gravimetrically (dag kg-1), and then the <100 μm 

fraction was determined by difference. The <100 µm and the <2 µm fractions were used to 

determine differences in the stability of these soils. The <20 µm fraction was used to develop critical 

classes of dispersion for the classification of each Vertosol. 

3.2.3 EOE–disruption 

EOE–disruption was used to simulate the breakdown of soil aggregates during a moderate rainfall 

or irrigation event where the soil surface is not protected (Rengasamy et al. 1984). To do this, the 

method of Field (2000) was used to determine the extent of clay dispersion after end–over–end 

shaking. Accordingly, the air–dry equivalent of six grams of soil was weighed into a centrifuge bottle 

(58 mm i.d. × 134 mm h.). To each centrifuge bottle, 100 ml of de–ionised water was added at 20 °C. 

Samples were placed on a shaking wheel (205 mm o.d.) in the vertical position and shaken end–over–

end at 30 rpm for 30 minutes. Each soil solution was transferred to a sieve immersed in de–ionised 

water and after gentle wet–sieving, the >100 μm fraction was obtained (Gee and Bauder 1986). The 

remaining soil solution was transferred to a 500 ml measuring cylinder and made to volume using 

de–ionised water. After the appropriate sedimentation period, the dispersed clay (<2 μm) fraction 
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was sampled using a 25 ml pipette (Gee and Bauder 1986). The >100 μm and the <2 μm size 

fractions of each soil were oven dried (105 °C) and quantified gravimetrically (dag kg-1), and then the 

<100 μm fraction was determined by difference. 

3.2.4 Ultrasonic agitation 

Ultrasonic agitation was used to simulate the breakdown of soil aggregates during an intense rainfall 

event where the soil surface is not protected. This was done using the procedure of Field (2000); soil 

samples were prepared in glass specimen tubes (21 mm i.d. × 76 mm h.) by immersing the equivalent 

of four grams of air–dry soil in 20 ml of de–ionised water at 20 °C. The ultrasonic instrument used 

was a Misonix (Microson, ultrasonic cell disrupter) type instrument, which dissipated approximately 

9.6 W. This disruptive force was delivered using ultrasound applied via a conical probe 112 mm in 

length, with a tip surface area of 28.2 mm2. The probe was immersed to a depth of 22 mm in the soil 

solution, and disruptive energy applied for a period of 120 seconds. The soil suspension was 

transferred to a sieve immersed in de–ionised water and after gentle wet–sieving, the >100 μm 

fraction was obtained (Gee and Bauder 1986). The remaining soil solution was transferred to a 500 

ml measuring cylinder and made to volume using de–ionised water. After the appropriate 

sedimentation period, the dispersed clay (<2 μm) fraction was sampled using a 25 ml pipette (Gee 

and Bauder 1986). The >100 μm and the <2 μm size fractions were oven dried (105 °C) and 

quantified gravimetrically (dag kg-1), and then the <100 μm fraction was determined by difference. 

3.2.5 Water quality and end–over–end disruption 

To test the impact of water quality treatments on structural stability, the EOE–disruption procedure 

was repeated for each soil using an array of different solutions. Sub–samples of each soil were 

treated using one of thirteen different water solutions in addition to the de–ionised water treatment 

(solution T102) applied in chapter 3.2.3. In this experiment, six gram sub–samples of each of the 

nine Vertosols were shaken end–over–end using the respective field water solutions (FW00i) (Table 

3.1) and with each of twelve electrolyte solutions (T301–4, T401–4 and T501–4) (Table 3.2). For the 

FW00i treatment, each soil was shaken using the field water sample collected from corresponding 

irrigation sources only, e.g. the B00i soils were treated with FW001, G001 was treated with FW002 

and G002 was treated with FW003. The seven FW00i solutions were collected from the Darling 

River (FW001), and from water sources closest to each sampling site in the lower Gwydir (FW002–

3), Hillston (FW004–5) and the lower Namoi (FW006–7) cotton–growing areas. For each FW00i 

solution, the ECw (dS m-1), the cations in solution and the SARw ((mmol(+) L-1)1/2) were determined 

using a conductivity electrode and an Atomic Absorption Spectrometer, which gave the content of 



Chapter 3      Determining the structural stability of nine soils from the irrigation furrow of different Vertosols 
 

 
81 

Ca2+, Mg2+ and Na+ in solution (Table 3.l). The SARw of each solution was then determined using 

equation 2.  

Table 3.1 
Field water (FW00i) sampled from irrigation sources for each cotton–field investigated  

  Origin ECw SARw Cations (mmol(+) L-1) 

    (dS m-1) ((mmol(+) L-1)1/2) Ca2+ Mg2+ K+ Na+ 
 

FW001      B00i Rivera 0.98 4.69 1.14 1.14 0.11 5.02 
FW002      G001 Storageb 0.22 1.00 1.52 1.06 0.14 1.13 
FW003      G002 Storageb 0.31 1.56 1.31 1.07 0.12 1.71 
FW004      H001 Borec 0.45 3.38 0.45 0.58 0.05 2.43 
FW005      H002 Borec 0.31 3.44 0.27 0.37 0.04 1.94 
FW006      N001 Storageb 0.41 5.84 0.69 0.55 0.03 4.07 
FW007      N002 Riverd 0.26 2.48 0.93 0.81 0.04 2.02 

 
a  Sampled from the Darling River, Bourke, and used to treat B001, B002 and B003. 
b Sampled from water storage facilities on each property. 
c Sampled from individual bores at each property. 
d Sampled from an irrigation channel adjacent to site N002. 

The T30i, T40i and T50i solutions (Table 3.2) were prepared to give twelve different electrolyte 

solutions. The target ECw of each solution was set as either 0.2, 0.5 or 2.7 dS m-1 and, for each 

increment of electrical conductivity, four different SARw levels were proposed (0, 7.5, 15 or 30 

(mmol(+) L-1)1/2). These solutions were each prepared by combining CaCl2.2H2O, MgCl2.6H2O and 

NaCl so that the Ca2+:Mg2+ ratio was always equal to one. Quantities of Ca2+, Mg2+ and Na+ were 

then combined to obtain desired values of ECw and SARw (equations 5 and 6). The actual and the 

targeted values of ECw and SARw are given in Table 3.2. The actual ECw and SARw values are in all 

cases smaller than the target values. This is particularly evident in the solutions with a target ECw of 

0.2 dS m-1. The very small values of actual SARw are a direct consequence of the difficulties of 

mixing the small quantities of CaCl2.2H2O, MgCl2.6H2O and NaCl required in solution and the 

hydrophilic nature of each of the salts used. For example, to prepare the target ECw 0.2, SARw 7.5 

solution the salt contributions per litre of de–ionised water were: 4.6×10-3 g L-1 of CaCl2.2H2O, 

6.4×10-3 g L-1 of MgCl2.6H2O and 1.1×10-1 g L-1 of NaCl. These salt contributions are similar to the 

salt requirements of the ECw 0.2, SARw 15 solution (1.3×10-3 g L-1 of CaCl2.2H2O, 1.7×10-3 g L-1 of 

MgCl2.6H2O and 1.1×10-1 g L-1 of NaCl). 
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Table 3.2 
Target attributes of each synthetic water solution, including those of de–ionised water 

(T102), and the actual attributes of each solution 

Solution Target ECwa Target SARwa Actual ECw Actual SARw 
 (dS m-1) ((mmol(+) L-1)1/2) (dS m-1) ((mmol(+) L-1)1/2) 

 

T102 0.0   0.0 0.00   0.00 
 

T301 0.2   0.0 0.19   0.02 
T302    7.5    3.81 
T303  15.0    4.39 
T304  30.0    4.40 

 
T401 0.5   0.0 0.47   0.00 
T402    7.5    6.90 
T403  15.0  10.40 
T404  30.0  28.60 

 
T501 2.7   0.0 2.35   0.00 
T502    7.5    7.10 
T503  15.0  14.30 
T504  30.0  28.20 

 
a  Target thresholds of water quality as described by Muhammed (1996) and by Ayers and Westcot (1985) 
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3.2.6 Estimation of structural stability 

In order to compare the stability of all nine Vertosols, a stability index (SI) was developed according 

to Hulugalle and Finlay (2003). In this study the mass of particles <100 μm and <2 μm obtained 

after applying each different disruptive force were compared to the total mass of the <100 μm and 

the <2 μm fractions. The mean values of SI<100 and SI<2 were used to compare the nine soils, and 

different treatments of these nine Vertosols. The total mass of each size fraction was obtained from 

the particle size distribution (chapter 3.2.1). In this work: 
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After the determination of SI<100 and SI<2 values, the responses of each soil to the applied stresses 

and water quality treatments were compared in two ways; (i), the effect of the three disruptive forces 

on the SI values of these soils were compared (spontaneous dispersion, EOE–disruption and 

ultrasonic agitation) and, (ii), comparisons were made between the effects of solution treatments on 

either the <2 μm or <100 μm fractions (dag kg-1) of each soil. For the latter comparisons, the Tukey 

Kramer test (P=0.05) was used to indicate significant differences between the mean values of the <2 

μm fraction following the T102 and FW00i treatments and following the T102, T301, T401 and 

T501 treatments. This was repeated for the <100 μm fraction for the T102 and FW00i treatment 

comparisons and for the T102, T301, T401 and T501 treatment comparisons. Then, using the SI<100 

and SI<2 values for each soil, the effects of water quality treatments were compared as follows; (a), 

the responses of each soil to solutions T102 and FW00i were compared, (b), the responses of each 

soil to solutions T102, T301, T401 and T501 were compared and, (c), the effects of SARw were 

compared for each soil, where solutions T30i, T40i and T50i had been applied during EOE–

disruption. 

To further investigate the stability of the nine Vertosols, correlation values (equation 9) were 

determined between all calculated mean values of SI<100 and SI<2 and the selected physico–chemical 

properties for each of the disruptive forces and for each of the treatment solutions. The selected 

physico–chemical properties used were the organic carbon content, electrical conductivity, SAR, 

exchangeable Na+, CECeff, Ca2+:Mg2+ ratio, ESP, ESI and EC1:5/Na+
exch. 
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In equation 9, r is the correlation coefficient for variables x and y. ⎯x  and ⎯y  are mean values for 

the x and y values used in the estimation. 

3.3 Results 

3.3.1 Fundamental soil properties   

The nine furrow soils generally have physico–chemical properties (Table 3.3) that are similar to 

those of the 0.2–0.4 m layer of their respective soil profiles (chapter 2.4.2). In the irrigation furrow, 

each of the nine soils have clay textures, but soils B001 and H002 have a much larger coarse fraction 

(>100 µm) than the other soils. The organic carbon contents of the B00i and H00i sampling sites are 

83 
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much less than those of sites G001 and N00i, but G002 has an organic carbon content equivalent to 

that of the two H00i soils. This range of organic carbon contents tends to show large regional 

variation, but all soils are still very low in organic material (McKenzie 1998). 

The electrical conductivity of the soil solutions shows all the soils to be non–saline. The electrical 

conductivity values are all <0.5 dS m-1 with the exception of the B002 and N001 topsoils. These two 

soils are non–saline, but their large electrical conductivities mean that they are potentially 

problematic for agricultural production (see McKenzie 1998). The contribution of Na+ to the soil 

solution is much more variable than the electrical conductivity values, and these soils have SARs of 

0.2–7.5 (mmol(+) L-1)1/2. The B003, G00i and N002 soils all have SARs less than 2, but of the 

remaining furrow soils, only the B002 topsoil has a SAR larger than 5. The B00i, H00i and N002 

sites have the smallest values of CECeff; this reflects the differences between the clay phyllosilicate 

suites of these soils and the G00i and N001 soils. The G00i and N001 soils have topsoil clay 

phyllosilicate suites dominated by expanding minerals (smectite and vermiculite). 

The B00i and H00i soils have the smallest contributions of exchangeable Ca2+. The Mg2+ 

contribution to the CECeff values is similar for all nine of these surface soils. However, the 

Ca2+:Mg2+ ratio of the B00i and H00i soils is distinctly less than that of the other soils. The ESP 

values of each of these topsoils broadly reflect the respective SAR values.  In particular, soils B001, 

B002 and N001 all have ESPs in excess of 5, and are regraded as sodic (McIntyre 1979). The surface 

soils B003 and H001 both have ESP values above 2 and it is anticipated that all five of these surface 

soils (B00i, H001 and N001) are potentially unstable (Cook et al. 1992; McKenzie 1998). The 

ASWAT test confirmed this potential instability. In particular, B001, B003 and N001 all contain 

aggregates that disperse when immersed in de–ionised water, while the B002 and H001 topsoils 

show dispersion only after aggregates are remoulded. Given their ESPs, soils B002 and B003 do not 

disperse as anticipated and this reflects different electrical conductivities between these soils. B002 is 

a sodic soil, but in this soil the large electrical conductivity is expected to influence the extent of clay 

swelling, and consequently, the extent of clay dispersion. In contrast, B003 is non–sodic but has a 

very small electrolyte concentration, which appears insufficient to restrict the dispersion of clay 

particles during the ASWAT assessment. However, this observed association between ESP and 

electrical conductivity is not described by comparisons between ASWAT dispersion scores and the 

determined ESI or EC1:5/Na+
exch values. 
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Table 3.3 
Physico–chemical properties of the irrigation furrow for each Vertosol investigated 

 Sampled field 

 B001 B002 B003 G001 G002 H001 H002 N001 N002 
 

Size fraction (%)          
               <100 µm 80.3 87.3 88.0 97.5 93.4 90.1 77.3 86.2 85.3 
               <2 µm 60.5 60.0 63.0 54.9 63.7 59.9 54.1 57.3 55.3 
          

pH (1:5 CaCl2) 7.2 7.6 7.2 7.0 7.6 7.2 7.9 7.9 7.7 
Organic Carbon (%) 0.22 0.27 0.32 0.96 0.39 0.45 0.40 0.62 0.88 
EC (1:5 water) (dS m-1) 0.37 1.19 0.14 0.09 0.15 0.21 0.20 0.96 0.17 
SAR ((mmol(+) L-1)1/2) 4.9 7.5 1.9 1.3 1.9 3.0 2.4 3.2 0.2 
Ca2+exch (cmol(+) kg-1) 20.4 25.7 26.9 37.1 33.6 18.6 24.7 32.9 31.4 
Mg2+exch (cmol(+) kg-1) 10.7 11.1 10.4 12.7 13.0 9.9 11.7 11.4 10.3 
Na+exch (cmol(+) kg-1) 2.86 2.16 1.46 0.64 0.77 0.94 0.70 3.13 0.29 
K+exch (cmol(+) kg-1) 1.53 1.51 1.85 0.88 1.35 1.43 1.11 1.58 1.72 
CECeff (cmol(+) kg-1) 35.5 40.5 40.5 51.3 48.8 30.8 38.2 49.0 43.7 
Ca2+:Mg2+ 1.9 2.3 2.6 2.9 2.6 1.9 2.1 2.9 3.0 
ESP 8.1 5.3 3.6 1.3 1.6 3.1 1.8 6.4 0.7 
ESI 0.05 0.22 0.04 0.07 0.09 0.07 0.11 0.15 0.24 
EC1:5/Na+exch 0.13 0.55 0.10 0.14 0.19 0.22 0.29 0.31 0.59 
ASWAT dispersiona 9 3 9 0 0 4 0 9 0 

 
a 0=no dispersion of aggregates, 1–8=dispersion after re–moulding of aggregates, 9–16=dispersion of aggregates. 

3.3.2 Structural stability of Vertosols measured using de–ionised water and three different disruptive forces 

The imposition of the three disruptive forces (spontaneous dispersion, EOE–disruption and 

ultrasonic agitation) results in more complete aggregate breakdown where larger forces are imposed 

(Figure 3.1). This is expected and is demonstrated, for all these soils, by the larger values of SI<100 

and SI<2 following EOE–disruption than following spontaneous dispersion, and by the larger values 

of SI<100 and SI<2 following ultrasonic agitation rather than following EOE–disruption. 

The extent of liberation is different after each of the disruptive forces, for each of the furrow 

topsoils. The SI<100 value after spontaneous dispersion is largest for soil B001 where 55 % of 

particles less than <100 µm are liberated. The furrow soils B002, B003 and G001 have intermediate 

values for SI<100 (34–38 %), while G002, H00i and N00i have the most stable >100 μm fraction. 

The treatment of these soils with EOE–disruption results in the liberation of 39–62 % of soil 

material <100 μm for the nine Vertosols. Using this treatment soils H001 and N001 are least stable 

for this size fraction, while soil B002 is the most stable. Comparing SI<100 values of spontaneous 

dispersion and EOE–disruption shows two distinct soil categories: (i), B00i soils have similar SI<100 

values after the application of each of these disruptive forces and, (ii), the G00i, H00i and N00i soils 
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show a large increase in aggregate liberation after EOE–disruption. These six topsoils (G00i, H00i 

and N00i) have SI<100 values that are 18–36 % larger after EOE–disruption than after spontaneous 

dispersion. 

Treating the B00i, G00i, H00i or N00i topsoils using ultrasonic agitation results in the liberation of 

≥90 % of soil particles of the <100 µm size fraction for all these Vertosols. In particular, almost all 

of the <100 µm size fraction of B001 is liberated after ultrasonic agitation, while the SI<100 values for 

soils B003 and H001 are greater than 95 %. The remaining soils (B002, G00i, H002 and N00i) all 

tend to have SI<100 values of 90–95 % after this disruptive force is applied. 

 

Figure 3.1 SI<100 and SI<2 values for each soil after being treated in de–ionised water with each of the three 
disruptive forces; spontaneous dispersion (□), EOE–disruption (■) and ultrasonic agitation (■). 

The SI<2 values show similar trends to the SI<100 values for each topsoil (Figure 3.1). After treating 

the nine topsoils using spontaneous dispersion, the G002 and N001 topsoils are the least stable. 

These soils have SI<2 values of approximately 10 %, which are distinctly larger than those of the 

other soils (SI<2 <5 %), and four soils do not have any observed dispersion (B002, H00i and N002). 

Treating the nine topsoils using EOE–disruption results in all soils having SI<2 values that are 10–15 

% larger than the SI<2 values determined after spontaneous dispersion. The EOE–disruption 

technique results in the dispersion of 13–30 % of the clay fractions of these soils. N001 and G002 

are the least stable in this case, while H00i and N002 have the smallest SI<2 values for this treatment.  
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A comparison of these SI<2 values with those values obtained using ultrasonic agitation shows that 

soils N001 and G002 are again the least stable of the nine topsoils. These two soils and soil B002 all 

have greater than 90 % of clay dispersed where ultrasonic agitation is applied. All the other topsoils 

have SI<2 values of 77–83 % and of these, the H001 soil has the smallest SI<2 values. 

3.3.3 Comparing the structural stability of the nine topsoils after treatment with solutions T102 and FW00i 
using EOE–disruption 

The <100 μm and <2 μm size fractions, obtained after treating each of the nine soils with the T102 

and FW00i solutions, are presented in Table 3.4 and the associated SI<100 and SI<2 values are 

presented in Figure 3.2. The stabilities of these soil are generally similar when the <100 μm size 

fractions are compared following the T102 and FW00i treatments. Four furrow topsoils (B001, 

G001, H001 and N001) all have SI<100 values that are greater than 50 % after treatment with T102 

and these soils are the least stable. In contrast, the B002 topsoil has the smallest SI<100 value after 

treatment using T102. 

Four of the topsoils investigated (B002, G002, H001 and N001) show significantly different <100 

μm fractions following the two treatments; of these four surface soils, the H001 and N001 soils have 

the largest difference in aggregate liberation between these treatments. These two soils have 

approximately 10 dag kg-1 more <100 µm soil material liberated after shaking in T102 than after 

shaking in FW00i. Similarly, G002 has significantly larger <100 µm values after shaking in T102. 

However, the B002 topsoil shows a different response to treatment. This soil has significantly larger 

<100 µm values where FW00i, rather than T102, is applied. 

Table 3.4 
The <100 µm and the <2 µm fractions for all soils, disrupted using EOE–shaking in either FW00i or T102  

  De–ionised water (T102) Field water (FW00i) 

  <2 µm (dag kg-1) <100 µm (dag kg-1) <2 µm (dag kg-1) <100 µm (dag kg-1) 
 

B001 12.77a ± 0.18 44.90 ± 0.95 4.69b ± 0.58 43.53 ± 1.16 

B002 9.61 ± 0.78 33.01d ± 0.14 7.39 ± 0.68 37.99c ± 1.36 

B003 10.29a ± 0.32 39.58 ± 0.53 4.42b ± 0.51 38.46 ± 0.90 

G001 11.01b ± 0.37 53.32 ± 1.44 21.45a ± 1.09 59.35 ± 1.94 

G002 15.40b ± 1.12 48.86c ± 0.78 27.69a ± 0.25 44.76d ± 0.53 

H001 7.71 ± 0.36 52.38c ± 1.11 8.45 ± 1.04 43.72d ± 0.79 

H002 7.72 ± 0.33 37.91 ± 0.28 9.01 ± 0.85 36.74 ± 0.75 

N001 18.12b ± 0.97 53.46c ± 0.49 28.79a ± 0.42 44.43d ± 0.30 

N002 7.30b ± 0.73 43.50 ± 0.47 25.99a ± 0.57 41.48 ± 1.04 
 

Within rows the letters a and b represent significant difference between treatments for the <2 μm particle class and the 
letters c and d represent significant difference between treatments for the <100 μm particle class. Comparison of means 
was carried out using the Tukey–Kramer test (P=0.05). 
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The clay fractions of these soils are affected very differently by the two solutions. In the <2 µm 

fraction, soils B001 and B003 have significantly more dispersed clay in solution after treatment with 

solution T102 rather than after treatment with solution FW00i (Table 3.4). In contrast, the G00i and 

N00i soils each have significantly less dispersed clay after shaking in the T102 treatment than after 

shaking in the FW00i solution. The B002 and H00i soils show no significant difference in quantities 

of dispersed clay following the two solution treatments. 

Comparing all soils using these treatments for the SI<2 values, there are two clear trends (Figure 3.2). 

The B00i soils have larger SI<2 values after treatment with solution T102 than after treatment with 

solution FW001, and overall the B00i and H00i topsoils have the least dispersive clay fractions. In 

comparison, the G00i and N00i topsoils have larger SI<2 values after treatment with the FW00i 

solution. These soils have the most dispersive clay fractions after each of the treatments. The N001 

topsoil is least stable in T102, while the N00i soils are least stable of all the soils when their 

respective FW00i solutions are used as treatments during EOE–disruption. 

 
Figure 3.2 SI<100 and SI<2 values for all soils treated with solutions of de–ionised water (T102) (■) and field water 

(FW00i) (■) during EOE–disruption. 

3.3.4 Comparing the structural stability of the nine topsoils after treatment with solutions of ECw 0.0, 0.2, 0.5 
or 2.7 dS m-1, where SARw is equal to zero, using EOE–disruption  

The <100 µm and <2 µm size fractions, obtained after treating each of the nine topsoils with 

solutions T102, T301, T401 and T501, are presented in Tables 3.5 and 3.6 and the associated SI<100 
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and SI<2 values are presented in Figures 3.3 and 3.4. The stability of all these soils shows a significant 

influence of the ECw of the applied treatment solution. The common trend for the <100 µm 

fraction shows that these topsoils are more stable in solutions of larger ECw. However, two topsoils 

(B002 and G001) are less stable in solutions T301 and T401 than in solution T102. Seven of the 

topsoils (B001, B002, G002, H00i and N00i) have <100 µm fractions that are significantly smaller 

after mechanical disruption in the T501 treatment. In this case, the exceptions are the B002 and 

G001 topsoils, both of which have similar <100 µm fractions after treatment with T102 or T501. 

Shaking these soils in solutions T301, T401 and T501 shows the G001 topsoil to have the largest 

values of SI<100 (Figure 3.3), while B002, B003 and H00i consistently have the smallest SI<100 values. 

Five of the nine Vertosols have SI<100 values that appear to be strongly influenced by the electrolyte 

concentration of treatment solutions. These topsoils (B001, B003, H00i and N001) all have SI<100 

values that are at least 10 % smaller after treatment with solution T301 rather than after treatment 

with solution T102. Applying solutions of larger ECw does not have the same effect on the SI<100 

values of these five topsoils e.g. treating the B003 and H00i soils with each of these three solutions 

gives SI<100 values that differed by less than 5 %. 

Table 3.5 
The <100 µm (dag kg-1) fraction of all soils treated with four solutions of increasing salt concentration using 

EOE–disruption 

  Solution T102 
ECw 0.0 (dS m-1) 

Solution T301 
ECw 0.2 (dS m-1) 

Solution T401 
ECw 0.5 (dS m-1) 

Solution T501 
ECw 2.7 (dS m-1) 

 

B001 44.90a ± 0.95       37.23b ± 1.00 31.84c ± 0.32 27.16d ± 0.65 

B002 33.01b ± 0.14       35.57b ± 0.66 40.54a ± 0.50 32.87b ± 1.09 

B003 39.58a ± 0.53       32.01b ± 0.56 30.87b ± 0.18 26.85c ± 1.17 

G001 53.32b ± 1.44       56.73ab ± 0.58 58.73a ± 0.64 53.74b ± 0.30 

G002 48.86a ± 0.78       47.13a ± 0.43 46.43a ± 0.86 38.29b ± 0.18 

H001 52.38a ± 1.11       36.30b ± 0.37 35.98b ± 0.20 32.02c ± 0.46 

H002 37.91a ± 0.28       29.83bc ± 0.75 31.40b ± 0.59 27.63c ± 0.56 

N001 53.46a ± 0.49       43.31b ± 0.95 39.13c ± 0.89 32.86d ± 0.04 

N002 43.50a ± 0.47       42.27a ± 0.83 43.65a ± 0.45 38.12b ± 1.14 
 

Within rows the letters represent significant difference between treatments using the multiple comparison Tukey–
Kramer test (P=0.05). 



SD Speirs / Structural stability and form characteristics of sodic cotton–growing soils 
 

 
90 

  
Figure 3.3 SI<100 values for all soils treated with four solutions of increasing salt concentration [T102 (■), T301 

(■), T401 (■) and T501 (□)] using EOE–disruption. 

Like the <100 µm fraction, treating each of the topsoils with the four solutions (T102, T301, T401 

or T501) shows that increasing ECw leads to significantly smaller quantities of dispersed clay (Table 

3.6). However, these results show a large effect of sampling region that appears to determine the 

influence of salt content on the amount of dispersed clay. For example, the B00i soils all show a 

significant stepwise reduction in dispersed clay as solutions of increased ECw are applied. However, 

the G002, H002 and N00i soils do not disperse in the same way. For these soils, treatment with 

T102 or T301 solutions leads to similar <2 µm (dag kg-1) values, while using the T401 solution 

results in significantly less dispersion for the H00i and N001 soils. Three soils act very differently to 

the others; G001 has no significant difference between the T102 and T401 values of <2 µm, while 

G002 and N002 shows no significant difference in dispersed clay for any of the T102, T301 and 

T401 treatment solutions. The solution with the largest increment of ECw (T501) contains sufficient 

electrolyte to cause the flocculation of all clay reaching suspension during end–over–end shaking, 

and no dispersed clay is apparent for any of these nine topsoils. 

Table 3.6 
The <2 µm (dag kg-1) fraction of all soils treated with four solutions of increasing salt concentration using 

EOE–disruption 

  Solution T102 
ECw 0.0 (dS m-1) 

Solution T301 
ECw 0.2 (dS m-1) 

Solution T401 
ECw 0.5 (dS m-1) 

Solution T501 
ECw 2.7 (dS m-1) 

 

B001 12.77a ± 0.18 7.48b ± 0.65 3.51c ± 0.65 0.00d 
B002 9.61a ± 0.78 6.28b ± 0.87 3.36c ± 0.36 0.00d 
B003 10.29a ± 0.32 6.01b ± 0.21 3.07c ± 0.52 0.00d 
G001 11.01b ± 0.37 13.11a ± 0.58 10.20b ± 0.34 0.00c 
G002 15.40a ± 1.93 14.37a ± 4.18 15.00a ± 0.4 0.00b 
H001 7.71a ± 0.36 6.19a ± 0.6 2.81b ± 0.4 0.00c 
H002 7.72a ± 0.33 7.75a ± 0.17 2.85b ± 0.28 0.00c 
N001 18.12a ± 0.97 18.41a ± 0.62 13.43b ± 0.09 0.00c 
N002 7.30a ± 0.73 10.19a ± 0.37 8.79a ± 1.11 0.00b 

 

Within rows the letters represent significant difference between treatments using the multiple comparison Tukey–
Kramer test where P=0.05. 
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Comparison of the SI<2 values shows the N001 topsoil to consistently have the largest quantities of 

total clay becoming dispersed after mechanical disruption (Figure 3.4). This is most evident for 

treatment of this soil with solutions T102 and T301. However, treating the different topsoils using 

the T401 solution yields similar SI<2 values for both the G00i and N001 topsoils. In contrast, the 

most stable topsoils tend to be those sampled from the Bourke and Hillston cotton–producing 

regions. 

 
Figure 3.4 SI<2 values for all soils treated with four solutions of increasing salt concentration [T102 (■), T301 

(■), T401 (■) and T501 (□)] using EOE–disruption. 

3.3.5 Structural stability of nine surface soils after EOE–disruption using different increments of water quality 
(3 increments of ECw each with 4 levels of SARw) 

The SI<100 and SI<2 values of all nine topsoils are compared by sampling region at the three intervals 

of ECw and four increments of SARw in Figures 3.5 to 3.8. Treating these soils with solutions of 

different ECw and SARw affects the stability of each soil differently. Each of the Vertosols is most 

stable where the T50i solutions are applied and least stable after treatment with the T30i solutions. 

Meanwhile, increasing the level of SARw at each interval of ECw generally results in decreased 

stability for each of the topsoils.  

For all of these topsoils, the observed trends in values of SI<100 and SI<2 are dissimilar for the three 

ECw intervals, but for solutions T40i and T50i there are consistent patterns of disruption. Similarly, 

the topsoils treated with T301, T302 or T303 tend to show larger SI<100 and SI<2 values as the SARw 

of solution is increased (T301→3). However, after shaking in solution T304 most of these soils have 

smaller SI<100 and SI<2 values (B00i, G002, H001 and N001) where they are compared with SI<100 and 

SI<2 values obtained for the T302 or T303 treatments. This was despite the similar values of actual 

SARw in the T302–4 solutions (SARw values of 3.81, 4.39 or 4.40 respectively). 

The treatment of the topsoils with T401, T402, T403 and T404 (T401–4) or with T501, T502, T503 

and T504 (T501–4) solutions shows trends that are more consistent for the SI<2 values. For 

example, treating each soil using the T401–4 series of solutions results in greater clay dispersion as 
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the treatment SARw is increased (T401→3). However, at the largest increment of SARw (T404), SI<2 

values tend to be similar to the SI<2 values obtained after treatment using T403 for all of the 

topsoils. Concurrently, the SI<100 values show a less distinct, but similar trend for topsoils treated 

using solutions T401–3. The T404 treatment generally results in SI<100 values similar to those from 

the T402 treatment. 

The T50i solutions show a consistent increase in the SI<100 as the level of SARw is increased. For the 

T501–T503 solutions, the SI<2 values are consistently less than 5 % for all nine soils. At the largest 

SARw level (T504), SI<2 values are generally between 5 and 10 % for these topsoils.  

3.3.5.1 Water quality and the stability of the Bourke soils 

The B00i soils all tend to show similar patterns of aggregate breakdown. The values of SI<100 and 

SI<2 (Figure 3.5) are generally largest in low ECw solutions and smallest in solutions of greatest ECw 

(except for B002 SI<100 values), while increasing SARw tends to result in a decrease in stability for all 

three soils. 

The B00i soils all have larger SI<100 values after treatment with T302 and T303 than after the T301 

treatment, but after treatment with T304 SI<100 values were most similar to those to those SI<100 

values obtained from the T301 treatment. The SI<2 values show similar trends for each of the three 

soils; increasing SARw (T301→3) results in larger SI<2 values, but after shaking in T304, the SI<2 

values are less than SI<2 value obtained after shaking in either the T302 or T303 treatments. 

The topsoil response to the T401, T402 and T403 solutions, for each of the B00i soils, shows that 

larger SI<100 and SI<2 values occur after treatment with solutions of larger SARw. The largest 

increment of SARw (T404) shows these soils to have similar SI<2 values to those obtained where the 

T403 treatment is applied, while the SI<100 values obtained for the T404 treatment are similar to 

those obtained using the T402 solution. 

Treating the B00i soils with the solutions of largest ECw (T50i) did not tend to result in large 

differences in either the SI<100 or SI<2 values. Increasing the SARw of treatment solution (T501→4) 

results in small increases in SI<100 for each B00i soil; similarly, increased SARw leads to larger SI<2 

values. However, where the treatment solutions T501→3 are applied, no clay dispersion is apparent, 

but treatment using T504 shows SI<2 values of 8 % and 5 % for B001 and B003 soils respectively. 

The B002 surface soil does not have any dispersed clay in solution after this treatment. 
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Figure 3.5 The SI<100 (%) and the SI<2 (%) values of soil B001 (a), B002 (b) and B003 (c) using the treatment 

solutions T301–4 ( ), T401–4 ( ) or T501–4 ( ) and EOE–disruption. 

3.3.5.2 Water quality and the stability of the lower Gwydir soils 

The SI<100 and SI<2 values determined for the G00i soils after end–over–end shaking in each of the 

treatment solutions are presented in Figure 3.6. Shaking of these soils in solutions T301, T401 or 

T501 generally led to smaller SI<100 values for the larger ECw solutions, while increasing the SARw led 

to small increases in SI<100 values. However, increasing the SARw for each of the three treatment 

series (T30i, T40i and T50i) does not substantially influence the quantity of <100 µm material 

liberated for either of these soils, particularly when solutions of low SARw (SARw ≤7.5) are used. 
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Figure 3.6 The SI<100 (%) and the SI<2 (%) values of soil G001 (a) and G002 (b) using treatment solutions T301–

4 ( ), T401–4 ( ) or T501–4 ( ) and EOE–disruption. 

In comparison, the combinations of solution ECw and SARw have a much greater effect on the 

quantities of dispersed clay (SI<2 values) for these topsoils. Treating G001 and G002 with solutions 

T301 and T401 gave similar values of SI<2, but increasing the SARw shows different responses for 

the T30i and T40i treatments. Increasing the SARw of the T30i series shows a rapid increase in 

dispersed material, even at low SARw values (SAR 3.8–4.4). 

Treatment with the T40i solutions results in larger SI<2 values as SARw is increased, however as the 

T40i SARw is increased both soils begin to show a plateau in SI<2. Comparing the effects of T40i 

(T401 and T402 for G001 and T401–3 for G002) solutions showed a large increase in clay liberation 

with increasing SARw, but following solution T404, the values of SI<2 were similar to those obtained 

using the T403 solution. This gave an inflection point for the T40i curves of these topsoils that 

broadly corresponds to the maximum SI<2 obtained using the T30i solutions. 

The T50i treatment series, unlike the T30i and T40i treatments, shows SI<2 values ≤10 % at all SARw 

increments. Here, the small SARw solutions (T501 and T502) contain no dispersed clay after shaking, 

but increasing the SARw of solution (T503 and T504) results in some clay dispersion for both soils. 

Soil G001 is influenced by solution T503 (SI<2 =10 %) more than G002 (SI<2 =4 %), but where 

treatment T504 is applied, both surface soils have similar SI <2 values. 
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3.3.5.3 Water quality and the stability of the Hillston soils 

The SI<100 and SI<2 values obtained after shaking the H00i surface soils end–over–end in each of the 

treatment solutions are presented in Figure 3.7. The stabilities of these two topsoils are very similar 

where the ECw treatments are compared. Like the other soils, H001 and H002 are most stable after 

shaking in the saline T50i solutions and are generally least stable in the T30i solutions.  

The T30i solutions affected each of these two soils somewhat differently. Soil H001 shows that in 

the T30i solutions, the SI<100 and SI<2 values increase as SARw is raised (solutions T301→3), but 

using the solution T304, particle liberation is similar to that after the T301 treatment. In contrast, 

treating H002 with T301–3 gave SI<100 and SI<2 values that are similar, while using solution T304 

results in an increase in SI<100 and SI<2 values of approximately 5 %. 

Treatment using the T40i series shows similar patterns of liberation for both soils; both have similar 

SI<100 and SI<2 values for each increment of SARw. The application of solutions T401–3 shows a 

continual increase in the stability index of each size fraction for treatments T401–3, while shaking 

these soils in T404 shows small decreases in the SI indices (particularly SI<100) where they are 

compared with dispersion using the T403 treatment. 

In both soils, solutions T501–4 show small increases in SI<100, as solution SARw is raised. As a result, 

the application of T504 results in SI<100 values approximately 10 % larger than those obtained using 

T501 for each of the topsoils. In these solutions, clay dispersion (SI<2) is very small (<5 %). For the 

solutions T501–3, no clay dispersion is apparent for either soil, while the application of the T504 

solution (SARw=28.2) yields similarly small SI<2 values (SI<2≈3 %) for each soil. 

95 

(a) (b) 
 

Figure 3.7 The SI<100 (%) and the SI<2 (%) values of soil H001 (a) and H002 (b) using treatment solutions T301–
4 ( ), T401–4 ( ) or T501–4 ( ) and EOE–disruption. 
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3.3.5.4 Water quality and the stability of the lower Namoi soils 

The SI<100 and SI<2 values, determined for the N00i surface soils, are presented in Figure 3.8. 

Treating these soils with the T30i and T40i solutions gives similar trends in SI<100. In the T50i 

solutions, the N001 soil has smaller values of SI<100 than the N002 soil. Like the other soils, SI<100 

values are larger after treatment with solutions of larger SARw (T301→3, T401→3 or T501→4). 

However, the T30i treatment series gives dissimilar responses for each of the two N00i soils: N001 

is slightly more stable (smaller SI<100) in solution T304 than in T302 or T303, but the N002 soil has 

similar values of SI<100 for the T301–4 treatments. 

 

96 

 
Figure 3.8 The SI<100 (%) and the SI<2 (%) values of soil N001 (a) and N002 (b) using treatment solutions T301–

4 ( ), T401–4 ( ) or T501–4 ( ) and EOE–disruption. 

For these two N00i topsoils, the similar trends of SI<100 are not reflected by clay dispersion. In all 

solutions the clay fraction of N001 is much less stable than the N002 soil. The treatment of N001 

with the T30i solutions shows a large increase in the quantity of dispersed clay as SARw is increased 

(T301→2). Treating this soil using T302 or T303 results in similar quantities of dispersed clay, but 

where T304 is applied, the SI<2 value is 5 % less than that obtained using the T302 or T303 

solutions. In contrast, treating N002 with the T301→4 solutions results in a large increase in SI<2. 

The T40i series highlights the different stabilities of the clay fractions for these two topsoils. 

Increasing the SARw of treatment solutions (T401→3), results in larger quantities of dispersed clay 

in the N001 surface soil, while treating this soil using the solutions T403 and T404 results in similar 

values of SI<2, where 40 % of clay sized particles are dispersed. The N002 surface soil followed a 

different trend. Treating this soil using either the T401 or T402 solution results in similar SI<2 values. 

Likewise, treating N002 surface soil with T403 or T404 results in similar SI<2 values. However, there 
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is a sharp increase in SI<2 values between treatments of T402 and T403 (SI<2 11 % and SI<2 29 %, 

respectively). 

Treating the N00i soils with the T50i solutions gives no apparent clay dispersion at low SARw; the 

N001 topsoil does not have dispersed clay in solutions T501 and T502, while N002 has no 

dispersion after using solutions T501–3. At larger increments of SARw the N001 soil has 5 % of clay 

dispersed after shaking in T503 and 10 % of clay dispersed after shaking in T504. In contrast, the 

soil N002 has less than 5 % clay dispersion, and this is only after EOE–disruption in T504. 

3.3.6 Correlation of the soil physico–chemical attributes with SI<100 and SI<2 values for each applied treatment 

Correlations between selected soil properties and the SI<100 and SI<2 values of all nine Vertosols, 

treated with the three different disruptive forces, are given in Table 3.7. These correlation 

coefficients suggest that only the CECeff and Ca2+:Mg2+ratio tend to have strong associations with 

the observed SI indices (SI<100 and SI<2), particularly SI<2, for each treatment of disruptive force and 

water quality applied. However, some of the other soil properties indicate modest, but important 

correlation values. 

The SI<100 values obtained for the spontaneous dispersion treatment are significantly correlated with 

the soil Na+ descriptors (SAR, Na+
exch, ESP and ESI) and with the Ca2+:Mg2+. The SI<100 values 

obtained for ultrasonic agitation show the same significant correlations for these same soil 

properties, with the exception of ESI. However, the SI<100 values for the EOE–disruption treatment 

are not significantly correlated with any of the soil properties presented in Table 3.7. 

Overall, the organic carbon content, exchangeable Na+, the CECeff and the Ca2+:Mg2+ are positively 

correlated (correlations ≥0.30) with the SI<2 values following the three treatments of disruptive 

force. This suggests that increasing the content of organic carbon, exchangeable Na+ or the 

proportion of the Ca2+:Mg2+ ratio is associated with increased clay dispersion, while soil systems with 

larger exchange capacities are also more dispersive. The correlation of ESP with the SI<2 values of 

these treatments is less pronounced and values of ESI and EC/Na+
exch are not correlated with the 

SI<2. 
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Table 3.7 
Correlation of SI<100 and SI<2 with selected physico–chemical properties of the nine Vertosols, determined for 

the three disruptive forcesa  

 OC EC SAR Na+exch CECeff Ca2+:Mg2+ ESP ESI EC1:5/Na+exch

Spontaneous 
dispersion 

 

SI<100 -0.36 -0.08 -0.50 -0.48 -0.34 -0.48 -0.64 -0.38 -0.34 
SI<2 -0.52 -0.34 -0.11 -0.42 -0.62 -0.33 -0.27 -0.00 -0.14 

EOE–disruption  
SI<100 -0.09 -0.14 -0.02 -0.27 -0.04 -0.03 -0.25 -0.01 -0.02 
SI<2 -0.33 -0.37 -0.08 -0.59 -0.59 -0.34 -0.43 -0.09 -0.24 

Ultrasonic 
agitation 

 

SI<100 -0.20 -0.22 -0.61 -0.62 -0.44 -0.59 -0.77 -0.33 -0.28 
SI<2 -0.39 -0.16 -0.23 -0.31 -0.59 -0.54 -0.12 -0.02 -0.16 

 
a correlations that are significant at the 95 % confidence interval are shown in bold. 
 

The same trends are evidenced in the correlations between the selected soil properties and the SI<100 

and SI<2 values determined using each of the treatment solutions (Table 3.8). In this case, correlation 

coefficients tend to be largest between SI<100 or SI<2 and organic carbon content, the CECeff or the 

Ca2+:Mg2+. This is particularly evident for the SI<2 values, which show a strong positive correlation 

(>0.50) with the organic carbon content for most of the treatments. There generally appears to be 

no correlation between SI values and either the electrical conductivity or Na+ descriptors, with the 

exception of SAR. The SAR and SI values are negatively correlated for these soils, irrespective of the 

applied treatment solution. However, this correlation of SAR, and the absence of correlations 

between SI values and electrical conductivity or the other Na+ descriptors, is due to the G00i and 

N00i soils generally being more dispersive than either the B00i or H00i soils. The B00i and H00i 

soils generally have larger conductivities and Na+ descriptors, but these soils contain smaller 

contributions of 2:1 expanding lattice phyllosilicates. Consequently, the B00i and H00i soils typically 

have smaller exchange capacities than either the G00i or N00i topsoils. In addition, the B00i and 

H00i soils have smaller organic carbon contents and smaller Ca2+:Mg2+ ratios than the G00i and 

N00i soils, and hence larger Ca2+:Mg2+ ratios and increased organic carbon contents were associated 

with increased SI indices. 
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Table 3.8 
Correlation of SI<100 and SI<2 and selected physico–chemical properties of the nine Vertosols, determined for 

each treatment solutiona  

  OC EC SAR Na+exch CEC eff Ca2+:Mg2+ ESP ESI EC/Na+exch 
 

SI<100 -0.02 -0.24 -0.25 -0.01 -0.37 -0.21 -0.00 -0.28 -0.34 FW00i 
SI<2 -0.52 -0.11 -0.62 -0.21 -0.79 -0.82 -0.40 -0.31 -0.17 

 

SI<100 -0.09 -0.14 -0.02 -0.27 -0.04 -0.03 -0.25 -0.01 -0.02 T102 
SI<2 -0.33 -0.37 -0.08 -0.59 -0.59 -0.34 -0.43 -0.09 -0.24 

 

SI<100 -0.42 -0.30 -0.54 -0.14 -0.74 -0.65 -0.24 -0.09 -0.22 T301 
SI<2 -0.36 -0.09 -0.36 -0.11 -0.75 -0.64 -0.08 -0.12 -0.03 

           
SI<100 -0.11 -0.15 -0.07 -0.34 -0.09 -0.03 -0.39 -0.44 -0.47 

T302 
SI<2 -0.54 -0.02 -0.42 -0.13 -0.75 -0.66 -0.05 -0.09 -0.24 

           
SI<100 -0.20 -0.23 -0.23 -0.19 -0.20 -0.13 -0.21 -0.35 -0.40 

T303 
SI<2 -0.62 -0.09 -0.47 -0.05 -0.72 -0.61 -0.11 -0.04 -0.18 

           
SI<100 -0.42 -0.34 -0.42 -0.28 -0.63 -0.48 -0.32 -0.09 -0.18 

T304 
SI<2 -0.55 -0.09 -0.56 -0.07 -0.86 -0.83 -0.27 -0.16 -0.00 

 

SI<100 -0.40 -0.53 -0.77 -0.48 -0.74 -0.76 -0.59 -0.12 -0.23 T401 
SI<2 -0.65 -0.02 -0.45 -0.05 -0.86 -0.75 -0.24 -0.17 -0.01 

           
SI<100 -0.35 -0.48 -0.68 -0.24 -0.53 -0.59 -0.31 -0.33 -0.43 

T402 
SI<2 -0.55 -0.07 -0.22 -0.18 -0.73 -0.58 -0.01 -0.07 -0.22 

           
SI<100 -0.28 -0.46 -0.60 -0.23 -0.57 -0.55 -0.29 -0.28 -0.37 

T403 
SI<2 -0.56 -0.11 -0.39 -0.12 -0.79 -0.73 -0.10 -0.17 -0.01 

           
SI<100 -0.45 -0.39 -0.68 -0.31 -0.81 -0.78 -0.44 -0.08 -0.21 

T404 
SI<2 -0.63 -0.00 -0.43 -0.03 -0.86 -0.74 -0.17 -0.10 -0.06 

 

SI<100 -0.29 -0.51 -0.71 -0.52 -0.67 -0.68 -0.60 -0.08 -0.17 T501 
SI<2 – – – – – – – – – 

           
SI<100 -0.32 -0.50 -0.65 -0.49 -0.67 -0.68 -0.56 -0.05 -0.14 

T502 
SI<2 – – – – – – – – – 

           
SI<100 -0.49 -0.45 -0.55 -0.42 -0.63 -0.55 -0.47 -0.10 -0.19 

T503 
SI<2 -0.30 -0.10 -0.32 -0.09 -0.78 -0.58 -0.23 -0.16 -0.29 

           
SI<100 -0.47 -0.60 -0.70 -0.58 -0.62 -0.55 -0.65 -0.20 -0.28 

T504 
SI<2 -0.42 -0.14 -0.07 -0.20 -0.65 -0.36 0.08 -0.01 -0.11 

 
a correlations that are significant at the 95 % confidence interval are shown in bold. 

3.4 Discussion 

3.4.1 Comparing the nine different furrow surface soils with the properties of each profile 

The physico–chemical properties showed the nine irrigation furrow topsoils to be mostly similar to 

the 0.2–0.4 m layer of each respective soil profile described in chapter 2. However, on occasion the 
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physico–chemical attributes of these furrow topsoils varied between those properties of the 0.0–0.2 

m and 0.2–0.4 m layers from the adjacent soil profiles, and for most of the soils investigated, this 

reflects the formation of ridges and furrows used for cotton production (Figure 1.2). 

Of the nine soils, the B00i furrow soils tended to have physico–chemical properties that most 

closely reflected the properties of the surface layers of each soil profile, but generally all nine furrow 

topsoils were less sodic and more stable than the adjacent profiles. For example, the G00i, H00i and 

N00i furrow topsoils all had smaller SARs and consequently smaller contributions of exchangeable 

Na+ than the upper 0.4 m of the respective profiles. In addition, the G00i and H00i furrow soils had 

SARs that tended to be similar to the SARw values of the corresponding FW00i solutions (Table 

3.1). The B00i and N00i soils did not fit this comparison. Immediately prior to sampling, both N001 

and N002 were subjected to a rainfall event. It is expected that this has contributed to the SAR 

values in these furrow topsoils, which were smaller than the SARs of the adjacent profiles (0.0–0.4 

m). Furthermore, the N002 soil formed part of a continuous no–till cotton trial and it is anticipated 

that the ESP and SAR values of this furrow topsoil were smaller than those of the adjacent soil 

profile due to leaching of salts by irrigation and rainfall over time. In contrast, the FW001 solution 

could not be compared with the solution characteristics of the B00i soils. This reflects the source of 

the FW001 solution, which was the Darling River. At the time of sampling, the Darling River had 

ceased flowing and the electrolyte content had become more concentrated than is expected when 

water flow occurs. 

These nine furrow soils represent an array of different Vertosols used in irrigated cotton production, 

as indicated by the variation in their physico–chemical properties. Four soils had ASWAT scores of 

0 (G00i, H002 and N002) and are considered structurally stable. In contrast, the B00i, H001 and 

N001 soils all had ASWAT scores indicative of instability problems, when immersed in de–ionised 

water. The B001, B002 and N001 furrow topsoils were all sodic (McKenzie 1998), while the B003 

and H001 soils had ESP values greater than 2. However, unlike the ASWAT scores for the adjacent 

soil profiles, ESP alone was not a suitable indicator of structural instability in these furrow soils. The 

use of ESI or EC1:5/Na+
exch similarly did not assist in predictions of ASWAT instability, as there was 

no apparent relationship between ASWAT score and either of these indicators. For example, the 

B001, B003 and N001 furrow soils all had the same ASWAT score, but these soils have three 

contrasting electrical conductivity values and different ESPs. In contrast, the B002 and N001 soils 

had similar conductivities (1.19 and 0.96 dS m-1) and ESPs (5.3 and 6.4), but the N001 soil exhibited 

serious spontaneous dispersion (ASWAT score of 9), while B002 exhibited moderate dispersion only 

after remoulding (ASWAT score of 3). Nor could ASWAT score be associated with the organic 

carbon contents, the CECeff or Ca2+:Mg2+ ratios of these soils. In general, it was therefore regarded 
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that the instability of these soils was at least partly a function of mineral composition. These soils 

appeared to have ASWAT instability scores that reflected their individual phyllosilicate suites, after 

which differences in stability were a function of ESP and electrical conductivity. 

3.4.2 Critical thresholds of dispersion 

Prior to considering the different stabilities of the nine Vertosols, critical thresholds of dispersion 

must be established. Currently there are no accepted critical dispersion limits set down for Vertosols. 

Consequently, critical thresholds were devised by adjusting the scheme applied by Hulugalle et al. 

(1999), who used values of SI<20 ([<20 μm stability (dag kg-1)/<20 μm PSD (dag kg-1)]×100) to describe 

spontaneous dispersion after submersion of air–dry soil aggregates in dilute salt solutions (EC ≤0.05 

dS m-1). The adjustment was made in this research, to account for differences between their method 

of assessment and the EOE–disruption method used to obtain values of SI<2 for each of the nine 

Vertosols. Initially, the SI<2 values for all nine furrow topsoils were compared to determine the 

effect of increased ECw on stability. It was noted that there was not a large difference in the quantity 

of dispersed clay where the end–over–end T102 (EC 0.0 dS m-1 SAR 0) and T301 (EC 0.2 dS m-1 

SAR 0) treatments were compared. Hence, the very small salt content of the solutions used in the 

Hulugalle et al. (1999) method were assumed to influence dispersion similarly to the T102 treatment 

used in this study. Using this hypothesis, values of SI<20 obtained in this study after spontaneous 

dispersion (Table 3.9) (using the method described in chapter 3.2.2) were used to allocate these soils 

into the classes suggested by Hulugalle et al. (1999). The spontaneous dispersion values of SI<20 and 

SI<2 were compared (Table 3.9) and showed an average difference of 12 %. Following this 

comparison, the SI<2 values obtained using spontaneous dispersion were compared with the end–

over–end SI<2 values (T102) and showed an average difference of 12 %. Consequently, the values of 

each class assigned by Hulugalle et al. (1999) tended to fit the observed SI<2 values following EOE–

disruption in a similar way to the applied classes of spontaneous SI<20 values for each soil. However, 

these classes did not appear of sufficient magnitude to adequately group the nine Vertosols 

according to observations of spontaneously dispersed clay (SI<2). The critical limits of SI<2 are given 

in Table 3.10. These thresholds, applied in this research, were each 5 % larger than those given by 

Hulugalle et al. (1999). This gives a more adequate description of the SI<2 values obtained using the 

EOE–disruption technique. 
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Table 3.9 
Comparing the values of SI<20 for the nine furrow soils after spontaneous dispersion with the SI<2 values 

obtained after spontaneous dispersion and after EOE–shaking 
The SI<20 values presented were obtained from samples used to determine SI<100 and SI<2 values for each of the soils. 

 Spontaneous dispersion EOE–shaking 

 SI<20x SI<2 SI<2 
 

B001 25.7e 10.1 21.1 
B002 12.0c   0.9 16.0 
B003 22.3d   9.2 16.3 
G001 21.9d 10.8 20.1 
G002 21.4d 15.8 24.2 
H001 15.2d   3.5 12.9 
H002 12.2c   0.1 14.3 
N001 28.1e 17.5 31.6 
N002 14.7c   1.2 13.2 

 
x The letters a, b, c, d and e represent the class criteria for SI<20 values applied by Hulugalle et al. (1999): a, 

very good (<5 %), b, good (5–9 %), c, fair (10–14 %), d, poor (15–25 %) and, e, very poor (>25 %). 

Table 3.10 
Dispersion classes applied for the description of SI<2 (EOE–disruption) for the nine 

irrigated Vertosols 

Dispersion class Critical SI<2 limits Class description 

Class 1 <10 % very limited dispersion 
Class 2 10–15 % limited dispersion 
Class 3 15–20 % moderate dispersion 
Class 4 20–30 % severe dispersion 
Class 5 >30 % very severe dispersion 

The dispersion class ranks applied to each of the nine soils tended to be indicative of the determined 

ASWAT scores, but each class could not be assigned prescriptive ASWAT scores due to the small 

number of soil samples included. The only soils not to show an association between ASWAT score 

and the content of clay dispersed after end–over–end shaking were the G00i soils. This reflects the 

larger CECeff and greater content of 2:1 expanding phyllosilicates in these soils, but also the low ESP 

and electrical conductivity values of each of these Vertosols. In contrast, the N001 soil had a similar 

contribution of CECeff and phyllosilicate clays to the G00i soils, but had a much larger ESP and a 

greater electrical conductivity. Therefore, except for the G00i soils, the remaining seven soils had a 

correlation coefficient of 0.68, where the end–over–end SI<2 values were compared with their 

ASWAT scores. This comparison was endorsed by Field et al. (1997) who compared the ASWAT 

test with dispersed clay following end–over–end shaking (the method employed involved 20 

inversions in 40 seconds), giving a Spearman’s rank–order correlation of 0.76. 
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The applied thresholds (Table 3.10) tend to differentiate the spontaneously dispersed soils from the 

mechanically dispersed. In this case, the soils that tended to disperse spontaneously are those which 

had end–over–end SI<2 values fitting into Class 4 and Class 5, while those that did not spontaneously 

disperse tended to be grouped in Class 2. Consequently, for these soils, Class 1 represents those soils 

which have no dispersed clay in solution after mechanical disruption, Class 2 represents soils which 

require mechanical disruption before dispersion occurs, Class 3 represents soils that will be readily 

dispersed with very small disruptive forces, and Classes 4 and 5 represent the soils which 

spontaneously disperse. Consequently, the nine Vertosols were classified using this scheme as: 

 Class 2 The H00i and N002 soils 

 Class 3 The B002 and B003 soils 

 Class 4 The B001 and G00i soils 

 Class 5 The N001 soil 

3.4.3 Comparing the effect of dispersive energy on the stability of the nine furrow topsoils   

The spontaneous dispersion procedure resulted in the smallest values of SI<100 and SI<2 and the 

ultrasonic agitation procedure resulted in the largest values of SI<100 and SI<2 for these nine soils (e.g. 

Watts et al. 1996; Raine and So 1997; So et al. 1997). Overall, some interesting trends between the 

SI<100 and SI<2 values emerged. 

The SI<100 values of the B00i soils were similar irrespective of the disruptive treatment applied, 

spontaneous dispersion or EOE–disruption. These soils tended to break into particles <100 μm in 

size much more readily than any of the other soils. The G00i, H00i and N00i soils all had much 

smaller SI<100 values after the spontaneous dispersion treatment rather than after the EOE–

disruption treatment, where SI<100 values were approximately 20–30 % larger after EOE–disruption 

rather than after spontaneous dispersion. This difference appears linked to the smaller organic 

carbon contents of these B00i soils (0.22, 0.27 and 0.32 %) compared to all of the other topsoils. 

The effect of organic matter was discussed by Warkentin (1982) for clay soils. He quoted Heinonen 

(1955), who found organic matter to be correlated with aggregate stability in clay soils where the 

organic matter content is small. In particular Warkentin (1982) suggests that, unlike non–swelling 

soils, organic contributions tend to influence the stability of Vertosols at the microaggregate (<50 

μm) scale. This is the scale investigated in this research using the treatments imposed. However, a 

similar association differentiating between the mechanical stability and organic carbon contributions 

was not evident for the other soils (G00i, H00i and N00i). Therefore, the difference in stability for 

the >100 μm fractions of the G00i, H00i and N00i soils and that of the B00i soils may be indicative 
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of, (i), different types of organic material between the different sampling regions, (ii), different 

organic matter–clay interactions or, (iii), the presence of a lower threshold minimum of organic 

carbon in determining the stability of these Vertosols. 

There were several distinct differences between the soils when the SI<2 values were addressed after 

spontaneous dispersion and EOE–disruption. However, at this scale it is less likely that organic 

contributions played a key role in determining the extent of clay dispersion. The SI<2 values 

indicated increasing dispersion where increased force was applied and these increases in SI<2, 

between each of the three disruptive forces, were similar for all the investigated soils. These 

increases in SI<2 were 15–20 % between the spontaneous dispersion and EOE–disruption 

treatments and 60 % between the EOE–disruption and ultrasonic agitation procedures. The SI<2 

values generally reflected the physico–chemical properties of these soils more closely than the SI<100 

values. For example, where spontaneous dispersion was applied, five of these Vertosols (B001, 

B003, G00i and N001) had dispersed clay in suspension (i.e. SI<2 >0). The B001 and N001 soils were 

sodic (ESP >5), while the B003 soil had an ESP of 3.6 but a very small electrical conductivity. The 

G00i soils had very small ESPs and electrical conductivities. The spontaneous dispersion treatment 

showed that all of the soils with ESPs greater than 2 dispersed to some extent, except for B002. This 

sodic Vertosol did not disperse (SI<2 =0), but had a very large electrical conductivity, which is likely 

to have caused the flocculation of any dispersed clay resulting from the applied treatment.  

The comparison of EOE–disruption and ultrasonic agitation showed different SI<2 results for two 

of the Vertosols (B002 and N001) than for the other soils. Soil B002 was one of the most stable 

soils when the spontaneous and end–over–end procedures were applied, but was among the least 

stable under the ultrasonic treatment. This soil was previously described as sodic, but with a large 

electrical conductivity. In this case, the large disruptive force applied using the ultrasonic treatment 

appeared sufficient to overcome the suppressive effect of solute composition maintaining clays in a 

flocculated state and consequently, the SI<2 values were more indicative of the large ESP of this 

irrigated topsoil. The N001 soil was the least stable in all treatments, and using ultrasonic agitation 

complete dispersion of all clay–sized particles occurred. The conclusion drawn was that the stability 

of the investigated soils was not adequately described by ESP alone or even by ESP and EC 

together. Recently, Hulugalle and Finlay (2003) found that the ratio of electrical conductivity to 

exchangeable Na+ was a more suitable descriptor of dispersion in Vertosols. This was not supported 

in this research by the SI<2 values after spontaneous dispersion, and neither ESI nor EC1:5/Na+
exch 

showed any consistent association with SI<2. Instead, the SI<2 values for these soils tended to reflect 

differences in the clay phyllosilicate suite of minerals. For example, the G00i and N001 soils were 

the most unstable (largest SI<2 values) and had the largest effective cation exchange capacities of any 
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Sampling site

of the Vertosols investigated. These large CECeff values were indicative of the larger contributions of 

2:1 expanding lattice phyllosilicates in these three soils. 

3.4.4 The effect of water quality on the liberation of soil material during end–over–end shaking 

In general, increasing the ECw of the treatment solution resulted in smaller quantities of <100 μm 

and <2 μm material being liberated, while increasing the SARw tended to result in the liberation of 

larger quantities of the <100 μm and <2 μm fractions. There were two observations; (i), that 

changes in the <100 μm fraction reflected changes in the <2 μm and, (ii), that the stability of these 

soils reflected differences in their clay phyllosilicate suites. 

The impact of the different water quality treatments on the <100 μm fraction broadly reflected 

changes in the <2 μm fraction, rather than the accumulation of particles in the 2–100 μm size range 

(Figures 3.9–11). This observation was particularly evident for soils that had been treated with the 

T301, T401 and T501 solutions and after these treatments the 2–100 μm fractions were very similar 

for most of the soils. The 2–100 μm size range tended to show the same trends as the <2 μm size 

range for the T102 and FW00i treatments and for the T30i, T40i and T50i treatments of each soil. 

However, some exceptions were evident. For example, it is likely that the FW00i treatment of the 

B00i soils led to flocculation of clay and consequently values of 2–100 μm were larger after 

treatment with FW00i than after treatment with T102 (Figure 3.9). In contrast, treating the other 

soils with the FW00i solutions led to values of 2–100 μm that were less than those values obtained 

for the T102 treatment, indicating more material in the <2 μm fraction. For the T30i, T40i and T50i 

treatments (Figure 3.11), increased SARw broadly resulted in a smaller 2–100 μm fraction and a 

larger <2 μm fraction. 

 
Figure 3.9 Comparing the change in the 2–100 µm fraction after end–over–end treatment of the nine Vertosols 

using solutions T102 (■) and FW00i (□). The 2–100 µm fraction was determined as the difference 
between the <100 µm and the <2 µm fractions after treatment. 
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Sampling site
 

Figure 3.10 Comparing the change in the 2–100 µm fraction after end–over–end treatment of the nine Vertosols 
using solutions T102 (■), T301 (■), T401 (■) and T501 (□). The 2–100 µm fraction was determined as 
the difference between the <100 µm and the <2 µm fractions after treatment. 

After the T102 and FW00i solution treatments there were three distinct groups into which each soil 

could be placed. These groups reflected different contributions of expanding lattice phyllosilicate 

clay minerals and consequently, differences in CECeff values. These three groups are (i), the B00i 

soils, which had significantly smaller SI<2 values for the FW00i treatment than for the T102 

treatment, (ii), the H00i soils, which had no significant difference between the treatments and, (iii), 

the G00i and N00i soils, which had significantly larger SI<2 values for the FW00i treatment than for 

the T102 treatment. Observations of the 2–100 μm fractions (Figure 3.9) showed the opposite 

trend, i.e. B00i had larger 2–100 μm fractions after FW00i, while the G00i, H00i and N00i soils all 

had smaller 2–100 μm fractions after shaking in FW00i than after shaking in the T102 solution. In 

comparison, the T30i, T40i and T50i treatments tended to show increased dispersed clay as the 

SARw increased. Concurrently, the 2–100 μm fractions of each soil tended to decrease as the SARw 

increased. 

Consequently, the 2–100 μm fraction suggests that the accumulation of particles <100 μm was more 

dependent on the disruptive energy input applied to each of the soils, rather than a function of the 

applied treatment solution. The accumulation of particles <100 μm represents the physical 

breakdown of cementing and binding agents (e.g. organic bonds) and the slaking of aggregates during 

wetting. In contrast, the accumulation of dispersed clay (<2 μm) was a function of the SARw and 

ECw of the applied solution. Comparing the extent of dispersion for these soils in each of the 

applied solutions (T102, FW00i, T30i, T40i or T50i) was then dependent on other soil physico–

chemical properties, e.g. the suite of clay phyllosilicates and the proportions of exchangeable Ca2+, 

Mg2+ or Na+. It was expected that the addition of electrolyte solutions would influence the 

proportions of different exchangeable cations present in the diffuse double layer. However, the 

altered distribution of cations on clay domains and individual clay particles will not occur uniformly 
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as exchange surfaces will come into contact with the applied salts in solution at different rates. This 

will influence the extent of clay liberation taking place, and may account for the different responses 

of soils with different clay mineral suites. 
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Figure 3.11 Comparing the change in the 2–100 µm fraction determined after end–over–end treatment of the nine 

Vertosols using the solutions, (a), T30i, (b), T40i, and (c), T50i each at increments of SAR 0 (■), SAR 
7.5 (■), SAR 15 (■) and SAR 30 (□). The 2–100 µm fraction was determined as the difference between 
the <100 µm and the <2 µm fractions after treatment.  

3.4.5 Comparisons of soil physico–chemical attributes with the SI<100 and SI<2 values 

The correlation values provided several links between individual physico–chemical properties and 

values of SI<100 and SI<2. The SI<2 values of all these soils were strongly correlated with CECeff, but 

traditional predictors of potential instability (e.g. ESP) did not show consistently significant 

correlations with either of the SI indices (SI<100 or SI<2) for the different treatments. For these 

indices, increased organic carbon content and larger Ca2+:Mg2+ ratios tended to be significantly 
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correlated with increased values of SI<100 and SI<2, while the SAR, Na+
exch and ESP values tended to 

show a negative correlation with the SI indices, where they were compared with each of the 

treatments. This was not expected primarily as organic matter content and increased Ca2+:Mg2+ 

ratios have long been associated with greater aggregate stability, while Na+ is the dominant 

contributor to dispersion in all soil types, irrespective of the phyllosilicate suite of clays. 

In this study, CECeff tended to be more strongly associated with the observed SI indices than each of 

the other physico–chemical properties of these nine Vertosols. The soils with largest CECeff values 

were those soils that had largest contributions of 2:1 expanding lattice phyllosilicates in the fine and 

coarse clay fractions (Tables 2.16 and 2.17). The G00i and N001 soils had the largest contributions 

of 2:1 expanding lattice phyllosilicates and the largest CECeff values; these soils were consistently 

more dispersive than any of the other soils, irrespective of the disruptive energy applied or the 

treatment solution used during EOE–disruption. This reflected the general understanding that 

smectite clays require larger electrolyte concentrations in solution to overcome the activity of Na+ 

than either illitic or kaolinitic clays (Figure 1.12). Consequently, the correlation of SI values with 

CECeff was such that the expected correlations between the SI indices and the other physico–

chemical properties were not strongly apparent. 

3.4 Conclusions 

In this study the physical bonding mechanisms tended to be accounted for by comparisons of SI<100, 

while the effects of phyllosilicate suite and chemical disruption were accounted for by comparisons 

of SI<2. For the nine soils investigated, the B00i soils tended to have the least stable <100 μm 

fraction when minimum disruptive force was applied. These B00i topsoils slaked rapidly during 

rapid immersion in de–ionised water, but there were only very small increases in SI<100 when this 

treatment was compared with the SI<100 values obtained using EOE–disruption. This can be linked 

to the very small organic carbon content of these B00i soils. However, treating these nine Vertosols 

with either EOE–disruption or ultrasonic agitation did not tend to differentiate these soils according 

to SI<100 and the measured soil physico–chemical attributes. This was supported by the absence of 

any strong correlations between the SI<100 values obtained for the three disruptive forces and the 

selected physico–chemical properties. However, there was a general association between increasing 

Na+ content, and decreasing organic carbon and CECeff values where larger SI<100 were obtained, but 

it is anticipated that these correlations were indicative of changes in SI<2 rather than SI<100. 
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The SI<2 values tended to be most strongly associated with specific soil physico–chemical properties, 

particularly those properties that are indicative of the clay phyllosilicate suite. For example, 

increasing CECeff was positively correlated with all SI<2 values for each treatment of these nine 

irrigation topsoils. Associated with CECeff, increasing Ca2+:Mg2+ ratios were correlated with larger 

values of SI<2. This is indicative of the different contributions of exchangeable Ca2+ to the effective 

exchange capacity of each soil, while the exchangeable Mg2+ content was similar for all nine 

Vertosols. The other soil properties associated with SI<2 tended to be organic carbon and Na+ 

contributions. However, relationships between these characteristics suggest that these attributes 

were not contributing to stability as anticipated i.e. where soils had been treated using the different 

solutions, a larger exchangeable Na+ content was associated with increasing stability (Table 3.8), 

while larger organic contributions were associated with decreasing stability (Tables 3.7 and 3.8). 

These observations reflect the dominance of CECeff in determining differences between the SI<2 

values for each of these nine Vertosols. Therefore, the differences in clay dispersion were largely 

indicative of differences in the clay mineral suite. This was shown by the correlation coefficients 

between SI indices and CECeff, where the soils with large CECeff values were dominated by 2:1 

expanding lattice phyllosilicate clays. The difference in stability between the soils of comparable 

mineral suites was then attributed to differences in ESP, exchangeable Na+, electrical conductivity 

and organic carbon. 

In conclusion, the overall stability of these soils tended to represent the dispersion classes into 

which each soil was classified. The N001 soil (Class 5) was the least stable of all these soils and had a 

large CECeff and a large ESP. The G00i (Class 4) and N002 (Class 2) soils were intermediate in their 

stability. These soils each had large CECeff values but small ESPs and electrical conductivities. The 

B001 (Class 4), B002 (Class 3) and B003 (Class 3) soils were generally more stable than the G00i and 

N00i soils. These soils had much smaller CECeff values than the G00i and N00i soils, but their ESPs 

were all larger than 2. The soils that exhibited the greatest stability were the H00i soils (Class 2). 

These soils had the smallest values of CECeff and contained much smaller contributions of 2:1 

expanding lattice phyllosilicate clays than the other soils. Despite their ESPs, they were consistently 

more stable than the other soils where spontaneous dispersion, ultrasonic agitation and all 

immersion solution treatments where EOE–disruption was applied. 
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AASSSSEESSSSIINNGG  TTHHEE  IIMMPPAACCTT  OOFF  IIRRRRIIGGAATTIIOONN  OONN  SSEELLEECCTTEEDD  

PPHHYYSSIICCOO––CCHHEEMMIICCAALL  AATTTTRRIIBBUUTTEESS  
~ 

Vertic: vertere (L): to turn or invert; to turn into, change. 
~ 

4.1  Introduction 

In the Australian environment the availability of water for irrigated cotton production is expected to 

become increasingly limited, and some current irrigation supplies are showing an increasing trend in 

EC e.g. the Lachlan River (Hillston) (Jolly et al., 2001). Furthermore, continued access to current 

irrigation water sources is not assured. As a consequence, cotton producers are having to continually 

develop new irrigation techniques to manage the application of different water supplies (e.g. 

Silvertooth 1990; Dugdale et al. 2004). Therefore, it is probable that irrigating with water sources of 

large Na+ content will become a more common practice among cotton producers. The application 

of these poor quality water sources will impact on the Na+ content of soil, and in conjunction with 

rainfall (clean water), will affect the structural condition of Vertosols and potentially stimulate pre–

existing structural instability in these soils. The resulting structural condition is likely to have reduced 

porosity, problems with surface sealing and such soils will remain waterlogged after irrigation or 

rainfall events. This is likely to reduce seedling vigour and promote stunted, slow–growing cotton 

plants (Silvertooth 1990). 

The effect of different intervals of water quality on soil physico–chemical properties has been 

extensively studied in the laboratory and using field trials. For example, an early study by Quirk and 

Schofield (1955) investigated the effect of electrolyte concentration on the permeability of soils 

saturated with various exchangeable cations. Many have followed (e.g. Curtin et al. 1994; 

Crescimanno et al. 1995), but the majority of these works have employed leaching studies on soil 

columns packed with ground aggregates (e.g. Sahin et al. 2002), soil pastes (e.g. Hussein and Adey 

1998) or in combination with sands. This body of research has focused on different phyllosilicate 

clay systems and on a diverse range of soil types. Consequently, the relationships between physico–

chemical properties in determining the structural stability of Vertosols are generally understood. 

However, there is a dearth of literature describing the impact of irrigation solution composition on 

the structural stability of intact Vertosols. 
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The objective in this chapter is to determine the impact of irrigation water quality on soil chemical 

properties and on the structural stability of six Vertosols (G00i, H00i and N00i). This is achieved by 

determining the proportion of cations on the exchange complex, and of cations in solution after the 

completion of six irrigation cycles. The structural stability of these soils is determined using the 

EOE–procedure where soils are immersed in clean water (T102) and then comparisons are made 

between the SI<2 values for all soils and selected soil chemical properties.  

4.2  Materials and Methods 

Seventy two soil columns (160 mm o.d. × 200 mm h.) were sampled from six cotton–growing fields 

throughout NSW. These soil columns were each extracted from the 0.0–0.2 m layer of an irrigation 

furrow of each of the G00i, H00i and N00i sites described in chapter 3. 

 
Figure 4.1 Excavation of soil columns from an irrigation furrow of the N001 sampling site. 

Twelve soil columns were excavated in polyvinylchloride (PVC) sections (150 mm i.d.) from the 

irrigation furrow of each of the six cotton fields. At each site, soil columns were sampled along a 2 

m transect, beginning at the tail drain end of each field. Each column was excavated by firmly 

pushing individual PVC sections into the soil profile. At the same time, soil was removed from the 

outer edge of each PVC section to limit possible distortion of soil columns. Using pressure, the 

bevelled base edge of each PVC section then trimmed any remaining soil, and the intact soil 

columns were excavated (Figure 4.1). Columns were placed into sample bags, sealed and transported 

to the laboratory. 
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4.2.1 Laboratory irrigation of soil columns 

In the laboratory an irrigation experiment was designed to mimic the wetting and drying process 

observed in Vertosols in the field as closely as possible. To conduct the experiment seventy two soil 

columns were prepared for irrigation by fitting a PVC cap (160 mm i.d.) to the base of each soil 

filled PVC section (Figure 4.2). In the centre of each cap a drainage hole of 4 mm d. was inserted 

and covered by 0.2 mm synthetic gauze. On the inner face of each cap, a silicon sealant was applied 

to restrict lateral movement of water at the base of each column. This was done to encourage water 

movement through the soil matrix and to minimise by–pass flow at the soil–PVC interface. Then, a 

surface reservoir was attached to the upper PVC edge of each soil column. These prepared soil 

columns were slowly wetted from the base using field–water (FW00i) from each site (Table 3.1). 

This was done by placing each column in a bath; by slowly increasing the height of water in the bath, 

columns were wetted until free water was present on the soil surface. Each soil column was left with 

free surface water for a minimum period of 12 hrs, then allowed to drain for a further 48 hrs and 

column weights were recorded.  

Once prepared each soil column was placed above a pre–weighed drainage cup for irrigation. A 150 

mm d. filter paper was placed on the upper surface of each soil column (e.g. Menneer et al. 2001) 

(Figure 4.2) to limit surface soil disruption. One litre of the appropriate irrigation solution (chapter 

4.2.2) was poured carefully onto the soil surface and columns were left to drain. This irrigation 

volume was equivalent to approximately 0.65 of the total pore volume of these Vertosols and was 

determined from the original soil bulk density. 

After soil columns had been allowed to drain for 72 hrs, any remaining surface solution was 

removed using an applied vacuum (Bakker and Emerson 1973). Post–irrigation, the weights of 

surface water, of drainage water and of each soil column were recorded and the soil filled columns 

were placed in an oven to dry at 40 °C (Bresson and Moran 1995). Intermittently, these columns 

were removed to allow the soil to cool; this was done to mimic alternate periods of day and night. 

This process was repeated for eight 16 hr periods after each irrigation event. 

The irrigation procedure was repeated so that all soil columns were subjected to six of these wetting 

and drying cycles. Afterward, the soil columns were stored at constant temperature for 50 days to 

allow further moisture evaporation. At the end of this time period all columns were prepared for 

analysis of selected physico–chemical properties. 
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Figure 4.2 The apparatus employed to irrigate soil cores in the laboratory. 

4.2.2 The six solutions used to irrigate soil columns 

Pairs of soil columns from each site were each irrigated using one of six water solutions (FW00i, 

T102 or T401–4), giving a total of 12 soil cores for each location. A description of the FW00i 

solutions is given in Table 3.1. These solutions were applied to mimic field–like irrigation. The other 

five solutions, T102 and T401–4, were prepared to give a variety of potential irrigation water 

qualities for each of the soils investigated. The proposed and actual water qualities of these prepared 

solutions are given in Table 3.2. Solution T102 has an ECw <0.01 dS m-1 and SARw→0. This was 

selected to show the impact of ‘clean’ water on the physico–chemical condition of Vertosols. 

The T401–4 solutions (ECw=0.5 dS m-1) were prepared so that the solute concentration was not 

sufficiently large to constitute a salinity risk (Ayers and Westcot, 1985). These solutions had target 

SARw values of 0, 7.5, 15 and 30 respectively, and provided different increments of potential 

sodicity. The T401–4 solutions were prepared by combining CaCl2.2H2O, MgCl2.6H2O and NaCl. 

The combinations were determined so that the ratio of Ca2+:Mg2+ was 1:1 and the amount of Na+ 

satisfied the proposed values of ECw and SARw. This was done using equations 5 and 6. 
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4.2.3 Monitoring the irrigation of soil columns 

Prior to, and after each of the irrigation events, the weights of each soil column and each drainage–

cup were recorded. The change in column weight (before irrigation – after irrigation) for each 

irrigation event is given for each of the irrigated soil columns in appendix 3.1. In addition, the ECw 

and SARw of drainage water solutions were determined for all leachate fractions. To do this, a 

conductivity cell was used to determine the electrolyte concentration of drainage water (ECw dS m-1). 

Each drainage water sample was then diluted and an ionising suppressant added, containing 2222 μg 

ml-1 CsCl and 1650 μg ml-1 SrCl2. The prepared solutions were assessed for contributions of Ca2+, 

Mg2+, Na+ and K+ using Atomic Absorption Spectroscopy (mmol(+) L-1). The concentrations of each 

cation were used to determine the SARw ((mmol(+) L-1)1/2) (equation 2). The ECw, solution cations 

and SARw values are presented in appendix 3.2 for the leachate fractions of each treatment of the six 

soils. 

4.2.4 Selected chemical properties and the structural stability of laboratory irrigated Vertosols 

After six wet–dry irrigation cycles, each of the seventy two soil columns was divided into four depth 

increments (0–50 mm, 50–100 mm, 100–150 mm and >150 mm) and for each increment, bulk 

density and wetness were determined. Then, all soil from each layer was air–dried and ground to 

pass through a 2 mm sieve. This ground soil was placed into a 0.1 mm sieve and later, the <0.1 mm 

fraction was discarded. The 2.0–0.1 mm fraction was retained for the analysis of selected chemical 

properties (exchangeable and solution cations) and soil structural stability. The exchangeable cations 

and soil solution were assessed for all soil samples using the methods described in chapter 2.3.1. The 

soil exchangeable cations (Ca2+, Mg2+, Na+ and K+) were extracted using a 60 % ethanol, 1 M NH4Cl 

solution at pH 8.5 (Rayment and Higginson 1992) and analysed using flame Atomic Absorption 

Spectroscopy. The soil solution was extracted in water using a 1:5 soil–water ratio. Using this 

solution, the electrical conductivity (EC1:5) was determined and the cations of solution were analysed 

using flame Atomic Absorption Spectroscopy. The soil exchangeable cations were used to determine 

the CECeff, ESP, ESI and EC1:5/Na+
exch, while the cations of solution were used to determine the 

SAR. 

Once chemical properties were determined, the structural stability of each soil sample was assessed 

using the EOE–procedure described in chapter 3.2.3. Six gram sub–samples of air–dry soil were 

immersed in 100 ml of de–ionised water. Each soil was shaken end–over–end for 30 minutes at 30 

rpm. The soil solution was transferred to a 500 ml measuring cylinder and each cylinder was filled to 

volume using de–ionised water. After the appropriate sedimentation period (Gee and Bauder 1986) 

the <2 μm fraction was sampled using a pipette, and was oven–dried (105 °C). The mass of 
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dispersed clay (dag kg-1) was determined gravimetrically and SI<2 values were calculated using 

equation 8, where <2 μm PSD (dag kg-1) is the <2 μm fraction given for each of the topsoils described 

in chapter 3 (Table 3.3). 

4.2.5 Data analysis 

The effects of irrigating soil columns with each of the different treatment solutions (FW00i, T102 

and T401–4) was compared for each depth increment of the six Vertosols using selected chemical 

properties (Ca2+
exch, Mg2+

exch, Na+
exch, K+

exch, ESP, EC and SAR) and soil structural stability. To do 

this, soil properties were compared for each Vertosol using a one–way analysis of variance. The 

Tukey–Kramer test (P=0.05) was used to determine significant differences between the six 

treatments at each of the sampled depth increments for each of the six Vertosols. The mean values 

following each treatment at each depth increment are presented for all measured soil characteristics. 

The wetness and bulk density values, determined at the time that soil columns were destructively 

sampled, are given in appendix 4. The exchangeable cations, electrical conductivity, SAR and end–

over–end dispersed clay are given in Tables 4.1–12. 

After the comparison of selected soil properties, correlation coefficients and linear regression was 

used to determine any association between SI<2 and selected chemical attributes for all the soil 

samples. To do this, the SI<2 values were compared with EC, SAR, Na+
exch, Ca2+:Mg2+ ratio, ESP, 

ESI and EC1:5/Na+
exch. The correlation coefficients were determined using equation 9 and are given 

in Table 4.13. Then, linear regression was applied between SI<2 values and these selected soil 

attributes. Data transformations were not applied as these did not improve the distribution of any of 

the measured soil attributes. 

4.3  Results 

4.3.1 The bulk density and the field wetness of columns at the time of sampling 

The mean bulk density and wetness values of each depth increment following the irrigation 

treatments (FW00i, T102 or T401–4), are given in appendix 4 for each of the six Vertosols (G00i, 

H00i and N00i). Bulk density and wetness both increase with sampling depth, indicative of natural 

drying processes and overburden pressures. However, the impact of water quality on each of the six 

Vertosols tends to be represented by either no differences or only small differences in the values of 

bulk density and wetness for each treatment of the G00i, H00i and N00i soils. 
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The G00i soils do not tend to show any trend in values of bulk density for the treatments of 

increased SARw (T401→4), and the FW00i and T102 treatments do not show any significant 

differences in either attribute where compared to the other treatments. The remaining four soils 

(H00i and N00i) all show larger values of bulk density for soils treated with solutions of larger SARw 

(T401→4), but this is only significant for the 50–100 mm depth of the N002 soil. The response of 

these soils to the T102 and FW00i treatments are similar for all six soils (G00i, H00i and N00i). 

These values of bulk density tend to most closely represent values of bulk density determined for 

the T401 and T402 treatments. Wetness values do not show any trend for the T401–4 solution 

treatments of the G00i, H002 and N002 soils. However, the H001 and N001 soils both have 

wetness values that are larger for soil columns treated with solutions of larger SARw (T401→4). The 

FW00i and T102 treatments have field wetness values that tend to be similar to the wetness values 

obtained for soil columns treated with the T401 and T402 solutions, for all six soils. 

4.3.2 The impact of irrigating columns on selected soil properties  

4.3.2.1 The effect of irrigation treatment on the exchangeable cations 

The exchangeable cation contributions (Ca2+, Mg2+, Na+, K+ and ESP) are presented in Tables 4.1–6 

for the G00i, H00i and N00i soils respectively. There is a general increase in the contributions of 

particular exchangeable cations (Ca2+, Mg2+ and Na+) as soil depth increases for the T102, FW00i 

and T401–3 treated soils. The T404 treated soil columns have much larger exchangeable Na+ 

contributions in the 0–50 mm layer than in the other soil layers. 

The irrigation of these Vertosols with the T401–4 range of solutions tends to show smaller 

contributions of exchangeable Ca2+ and Mg2+ after treatment with solutions of larger SARw (T403 

and T404). Contrasting with these smaller contributions, these soil columns all tend to have an 

increased content of exchangeable Na+. There is no difference in the exchangeable K+ content 

irrespective of the applied irrigation solution. In general, irrigating these six Vertosols with either 

T102 or FW00i tends to result in exchangeable cation contributions that are similar to those 

determined after treatment with either the T401 or T402 solutions. However, each of the six 

Vertosols does not show the same response to each of the treatment solutions (FW00i, T102 and 

T401–4). 

The H00i and N00i soils show no significant differences between the exchangeable Ca2+, Mg2+ and 

K+ contents of the 0–50 mm and 50–100 mm layers where all irrigation treatments are compared. In 

contrast, the irrigation treatment of soil columns from the G001 and G002 sites show significant 

differences for different exchangeable cations. Irrigating soil from the G001 site with FW00i gave a 
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soil that contains significantly more exchangeable K+ in the 0–50 mm layer than where the same soil 

is irrigated using T404. However, no significant differences are evident for the exchangeable Ca2+ or 

Mg2+ contributions for treated columns of this soil. 

Soil columns from the G002 site irrigated with the T401–4 solutions contain significantly less 

exchangeable Mg2+ in the 0–50 mm layer after treatment with T404 than after treatment with T401. 

The treatment of this soil using T102 led to significantly less exchangeable Ca2+ for the surface layer, 

compared to those columns irrigated using FW00i. The T401 and FW00i treatments of the G002 

soil show significantly different exchangeable Ca2+ contents to those of G002 soil treated with the 

T401–4 solutions. 

There are much larger variations in exchangeable Na+ content for all six Vertosols, after treatment 

using solutions T401–4. Columns treated with the T403 or T404 solutions tend to contain 

significantly larger exchangeable Na+ contributions, and consequently, significantly larger ESPs 

where these are compared with the T401–treated soil columns. This is particularly evident in the 

surface layers (0–50 mm and 50–100 mm) of the G00i and N00i soil columns. The H00i soils have 

significantly larger contributions of exchangeable Na+, but only in the upper–most soil layer. For all 

these soils, the larger contributions of exchangeable Na+ correspond to the increased SARw of 

irrigation solution. 

In general, the exchangeable Na+ content of soil columns treated with solutions FW00i, T102 or 

T401 are similar, but there are two exceptions. The treatment of soil columns from G001, using 

FW00i, results in a significantly larger exchangeable Na+ content in the surface layer than for soil 

treated using the T102 solution. The treatment of the N001 soil using T102 results in a significantly 

smaller ESP in the surface layer (0–50 mm) compared to columns irrigated using the FW00i 

treatments. In the T102–treated N001 soil columns, the ESP is significantly larger than the ESP of 

the T401–treated columns. In this case, the significant difference in ESP is not reflected by 

differences between the exchangeable Na+ content for either the FW00i or T102 treatments. 

 



 

Table 4.1 
Mean values of exchangeable Ca2+, Mg2+, Na+ and K+ and of ESP following each irrigation treatment (FW00i, T102 and T401–4) of the G001 soil columns 

 Depth FW002 T102 T401 T402 T403 T404 

  (mm) (EC 0.2 SAR 1) (EC 0.0 SAR 0) (EC 0.5 SAR 0) (EC 0.5 SAR 7.5) (EC 0.5 SAR 15) (EC 0.5 SAR 30) 
                    

  0–50 29.78 ± 0.83 27.72 ± 0.05 28.99 ± 0.16 29.35 ± 1.18 28.83 ± 0.08 28.10 ± 0.51 

Ca2+             50–100 28.94 ± 0.14 28.99 ± 0.84 28.82 ± 0.01 29.06 ± 0.45 28.13 ± 0.63 29.96 ± 1.02 

100–150 29.99 ± 1.22 28.88 ± 1.16 30.40 ± 0.38 30.32 ± 0.43 28.56 ± 1.79 29.98 ± 0.23  (cmol(+) kg-1) 
      >150 29.77 ± 0.05 29.47 ± 1.57 29.62 ± 0.28 29.94 ± 1.03 29.66 ± 0.86     –   

                    

  0–50 10.94 ± 0.14 11.00 ± 0.09 11.10 ± 0.06 11.12 ± 0.11 10.81 ± 0.07 10.76 ± 0.00 

Mg2+             50–100 11.06 ± 0.02 11.08 ± 0.30 10.82 ± 0.02 10.80 ± 0.26 10.80 ± 0.02 11.04 ± 0.00 

100–150 10.85 ± 0.46 11.21 ± 0.34 11.26 ± 0.05 11.23 ± 0.26 10.91 ± 0.17 11.12 ± 0.35  (cmol(+) kg-1) 
      >150 11.49 ± 0.12 12.18 ± 0.05 11.59 ± 0.02 11.40 ± 0.08 11.54 ± 0.32     –   

                    

  0–50   1.21c ± 0.02   1.05d ± 0.04   1.01d ± 0.03   1.45b ± 0.03   1.42b ± 0.02   1.72a ± 0.02 

Na+             50–100   1.28b ± 0.03   1.18b ± 0.04   1.18b ± 0.10   1.34ab ± 0.02   1.40ab ± 0.00   1.61a ± 0.04 

100–150   1.45ab ± 0.06   1.37b ± 0.02   1.36b ± 0.05   1.45ab ± 0.02   1.47ab ± 0.01   1.59a ± 0.00  (cmol(+) kg-1) 
      >150   1.47 ± 0.05   1.25 ± 0.20   1.42 ± 0.01   1.43 ± 0.08   1.53 ± 0.02     –   

                    

  0–50   1.34a ± 0.01   1.23ab ± 0.08   1.19ab ± 0.02   1.21ab ± 0.01   1.23ab ± 0.07   1.02b ± 0.05 

K+              50–100   1.05 ± 0.04   0.98 ± 0.04   0.90 ± 0.01   0.93 ± 0.10   0.88 ± 0.08   0.82 ± 0.02 

100–150   0.71 ± 0.01   0.70 ± 0.01   0.73 ± 0.04   0.71 ± 0.02   0.76 ± 0.01   0.70 ± 0.02  (cmol(+) kg-1) 
      >150   0.63 ± 0.02   1.19 ± 0.57   0.63 ± 0.04   0.65 ± 0.05   0.63 ± 0.01     –   

                    

  0–50   2.79c ± 0.01   2.55cd ± 0.10   2.40d ± 0.07   3.37b ± 0.04   3.35b ± 0.06   4.12a ± 0.01 

 50–100   3.02ab ± 0.06   2.80b ± 0.17   2.83b ± 0.23   3.18ab ± 0.09   3.39ab ± 0.06   3.71a ± 0.01 

100–150   3.37 ± 0.01   3.26 ± 0.16   3.11 ± 0.14   3.31 ± 0.01   3.53 ± 0.18   3.67 ± 0.05 
ESP 

      >150   3.39 ± 0.12   2.83 ± 0.38   3.29 ± 0.01   3.28 ± 0.11   3.52 ± 0.06     –   
 

The mean values following each treatment were determined and the standard error of means obtained using a one–way Analysis of Variance and then compared for each 
of the sampled soil layers (0–50 mm, 50–100 mm, 100–150 mm and >150 mm). Significant differences were determined and are represented within rows by the letters a, 
b, c and d. This was carried out using the Tukey–Kramer test (P=0.05) 



Table 4.2 
Mean values of exchangeable Ca2+, Mg2+, Na+ and K+ and of ESP following each irrigation treatment (FW00i, T102 and T401–4) of the G002 soil columns 

 Depth FW002 T102 T401 T402 T403 T404 

  (mm) (EC 0.2 SAR 1) (EC 0.0 SAR 0) (EC 0.5 SAR 0) (EC 0.5 SAR 7.5) (EC 0.5 SAR 15) (EC 0.5 SAR 30) 
                    

  0–50 28.77a ± 0.52 25.85b ± 0.40 26.70ab ± 0.53 26.78ab ± 0.54 26.27ab ± 0.32 27.56ab ± 0.38 

Ca2+             50–100 26.50 ± 0.94 28.49 ± 0.04 29.62 ± 0.19 29.84 ± 1.03 28.43 ± 0.63 27.79 ± 1.01 

100–150 28.80 ± 0.61 27.08 ± 1.13 28.16 ± 0.10 25.85 ± 0.36 25.66 ± 0.29 27.49 ± 0.63  (cmol(+) kg-1) 
      >150 26.94 ± 0.73 28.16 ± 0.66 28.32 ± 0.33 28.21 ± 0.42 28.37 ± 0.95     –   

                    

  0–50 11.53ab ± 0.21 10.89ab ± 0.08 11.63a ± 0.16 10.93ab ± 0.03 10.91ab ± 0.13 10.79b ± 0.17 

Mg2+            50–100 10.92 ± 0.12 11.46 ± 0.03 11.96 ± 0.17 11.48 ± 0.39 11.39 ± 0.17 11.23 ± 0.35 

100–150 11.73 ± 0.07 11.58 ± 0.22 11.19 ± 0.52 10.91 ± 0.16 11.13 ± 0.29 11.20 ± 0.16  (cmol(+) kg-1) 
      >150 11.43 ± 0.19 11.62 ± 0.27 11.72 ± 0.31 11.31 ± 0.29 12.08 ± 0.27     –   

                    

  0–50   1.03b ± 0.02   1.02b ± 0.01   0.88b ± 0.06   1.38a ± 0.08   1.48a ± 0.03   1.66a ± 0.10 

Na+             50–100   1.04b ± 0.05   1.18ab ± 0.03   0.93b ± 0.04   1.34a ± 0.04   1.01a ± 0.00   1.37a ± 0.09 

100–150   1.14 ± 0.09   1.32 ± 0.02   1.28 ± 0.21   1.37 ± 0.02   1.29 ± 0.06   1.30 ± 0.06  (cmol(+) kg-1) 
      >150   1.25 ± 0.03   1.42 ± 0.03   1.11 ± 0.05   1.39 ± 0.02   1.41 ± 0.13     –   

                    

  0–50   1.53 ± 0.04   1.91 ± 0.02   1.81 ± 0.32   1.99 ± 0.05   1.54 ± 0.12   1.86 ± 0.03 

K+              50–100   1.66 ± 0.18   1.92 ± 0.06   1.70 ± 0.24   1.92 ± 0.02   1.81 ± 0.01   1.88 ± 0.11 

100–150   1.52 ± 0.02   1.56 ± 0.02   1.27 ± 0.59   1.55 ± 0.01   1.39 ± 0.05   1.45 ± 0.07  (cmol(+) kg-1) 
      >150   1.42 ± 0.15   1.42 ± 0.00   1.60 ± 0.20   1.31 ± 0.06   1.36 ± 0.08     –   

                    

  0–50   2.39b ± 0.08   2.57b ± 0.05   2.14b ± 0.12   3.36a ± 0.25   3.68a ± 0.05   3.97a ± 0.16 

 50–100   2.60ab ± 0.19   2.74ab ± 0.08   2.11b ± 0.08   3.00ab ± 0.01   3.28a ± 0.06   3.26a ± 0.32 

100–150   2.63 ± 0.16   3.19 ± 0.06   3.07 ± 0.58   3.45 ± 0.01   3.26 ± 0.19   3.15 ± 0.19 
ESP 

      >150   3.04ab ± 0.15   3.33a ± 0.01   2.60b ± 0.13   3.30ab ± 0.08   3.26ab ± 0.18     –   
 

The mean values following each treatment were determined and the standard error of means obtained using a one–way Analysis of Variance and then compared for 
each of the sampled soil layers (0–50 mm, 50–100 mm, 100–150 mm and >150 mm). Significant differences were determined and are represented within rows by the 
letters a and b. This was carried out using the Tukey–Kramer test (P=0.05) 



 

Table 4.3 
Mean values of exchangeable Ca2+, Mg2+, Na+ and K+ and of ESP following each irrigation treatment (FW00i, T102 and T401–4) of the H001 soil columns 

 Depth FW002 T102 T401 T402 T403 T404 

  (mm) (EC 0.2 SAR 1) (EC 0.0 SAR 0) (EC 0.5 SAR 0) (EC 0.5 SAR 7.5) (EC 0.5 SAR 15) (EC 0.5 SAR 30) 
                    

  0–50 12.69 ± 0.80 10.61 ± 0.48 10.64 ± 0.06 10.89 ± 0.76 13.39 ± 0.87 13.12 ± 0.94 

Ca2+             50–100 12.97 ± 2.50 12.32 ± 0.52 13.23 ± 0.75 11.90 ± 0.62 15.13 ± 0.36 14.77 ± 1.18 

100–150 13.68 ± 0.09 15.00 ± 0.92 14.27 ± 0.46 13.53 ± 0.57 14.30 ± 0.06 14.73 ± 0.07  (cmol(+) kg-1) 
      >150 14.98a ± 0.10 13.86ab ± 0.38 14.59a ± 0.41 13.11b ± 0.07 14.64a ± 0.07     –   

                    

  0–50   7.86 ± 0.73   6.32 ± 0.16   6.70 ± 0.13   6.80 ± 0.79   8.54 ± 0.55   8.20 ± 1.24 

Mg2+            50–100   7.87 ± 1.48   7.21 ± 0.34   8.17 ± 0.77   7.51 ± 0.69   9.42 ± 0.26   9.20 ± 0.73 

100–150   8.82 ± 0.47   9.39 ± 0.20   9.26 ± 0.20   8.43 ± 0.21   9.54 ± 0.02   9.36 ± 0.39  (cmol(+) kg-1) 
      >150   9.95 ± 0.38   8.92 ± 0.16   9.23 ± 0.22   8.76 ± 0.73   9.83 ± 0.02     –   

                    

  0–50   1.37ab ± 0.11   1.04b ± 0.13   0.78b ± 0.16   1.43ab ± 0.21   1.98a ± 0.06   1.64ab ± 0.22 

Na+             50–100   1.43 ± 0.17   1.36 ± 0.20   1.24 ± 0.35   1.46 ± 0.12   1.99 ± 0.03   1.72 ± 0.07 

100–150   1.60 ± 0.01   1.70 ± 0.22   1.38 ± 0.31   1.72 ± 0.10   1.89 ± 0.03   1.64 ± 0.04  (cmol(+) kg-1) 
      >150   1.78 ± 0.01   1.67 ± 0.18   1.51 ± 0.28   1.78 ± 0.03   1.87 ± 0.02     –   

                    

  0–50   1.77 ± 0.22   1.90 ± 0.22   1.69 ± 0.34   1.48 ± 0.00   1.54 ± 0.12   1.77 ± 0.12 

K+              50–100   1.56 ± 0.04   1.69 ± 0.05   1.65 ± 0.30   1.49 ± 0.10   1.89 ± 0.16   2.05 ± 0.10 

100–150   1.61 ± 0.04   1.79 ± 0.12   1.29 ± 0.07   1.68 ± 0.26   1.45 ± 0.04   1.71 ± 0.15  (cmol(+) kg-1) 
      >150   1.63 ± 0.02   1.66 ± 0.13   1.50 ± 0.24   1.55 ± 0.25   1.31 ± 0.10     –   

                     

  0–50   5.79ab ± 0.13   5.27ab ± 0.86   3.95b ± 0.84   6.89ab ± 0.44   7.80a ± 0.16   6.61ab ± 0.29 

 50–100   6.07 ± 0.36   6.00 ± 0.61   5.05 ± 1.10   6.50 ± 0.16   7.01 ± 0.01   6.23 ± 0.18 

100–150   6.21 ± 0.13   6.14 ± 1.02   5.26 ± 1.17   6.79 ± 0.52   6.95 ± 0.14   5.98 ± 0.09 
ESP 

      >150   6.28 ± 0.06   6.36 ± 0.48   5.62 ± 1.07   7.06 ± 0.06   6.75 ± 0.01     –   
 

The mean values following each treatment were determined and the standard error of means obtained using a one–way Analysis of Variance and then compared for 
each of the sampled soil layers (0–50 mm, 50–100 mm, 100–150 mm and >150 mm). Significant differences were determined and are represented within rows by the 
letters a and b. This was carried out using the Tukey–Kramer test (P=0.05) 



Table 4.4 
Mean values of exchangeable Ca2+, Mg2+, Na+ and K+ and of ESP following each irrigation treatment (FW00i, T102 and T401–4) of the H002 soil columns 

 Depth FW002 T102 T401 T402 T403 T404 

  (mm) (EC 0.2 SAR 1) (EC 0.0 SAR 0) (EC 0.5 SAR 0) (EC 0.5 SAR 7.5) (EC 0.5 SAR 15) (EC 0.5 SAR 30) 
                    

  0–50 23.29 ± 0.93 22.74 ± 0.64 22.46 ± 1.86 22.68 ± 1.01 21.27 ± 1.45 20.94 ± 0.73 

Ca2+            50–100 19.77 ± 0.57 20.68 ± 0.32 21.81 ± 0.50 21.73 ± 0.16 20.82 ± 1.03 20.04 ± 0.28 

100–150 20.13 ± 0.05 19.71 ± 0.07 19.42 ± 0.30 18.61 ± 0.07 18.47 ± 1.04 18.52 ± 0.27  (cmol(+) kg-1) 
      >150 18.77 ± 0.64 19.48 ± 0.26 18.93 ± 0.19 18.21 ± 0.05 19.87 ± 1.14 17.77 ± 0.71 

                    

  0–50 10.64 ± 0.43 10.25 ± 0.25 11.11 ± 0.96 10.21 ± 0.29 10.26 ± 1.06   9.90 ± 0.32 

Mg2+            50–100   9.60 ± 0.27 10.11 ± 0.37   9.99 ± 0.05 10.03 ± 0.15 10.09 ± 0.25   9.98 ± 0.02 

100–150 10.51 ± 0.34 10.01 ± 0.10 10.01 ± 0.24   9.31 ± 0.13   9.68 ± 0.23 10.25 ± 0.16  (cmol(+) kg-1) 
      >150 10.79 ± 0.21 10.71 ± 0.31 10.61 ± 0.45 10.59 ± 0.40 10.82 ± 0.05 10.51 ± 0.30 

                    

  0–50   1.38ab ± 0.11   1.08ab ± 0.02   0.95b ± 0.25   1.56ab ± 0.02   1.75a ± 0.11   1.70a ± 0.00 

Na+             50–100   1.28 ± 0.09   1.16 ± 0.03   1.12 ± 0.20   1.43 ± 0.08   1.49 ± 0.11   1.54 ± 0.01 

100–150   1.37 ± 0.19   1.33 ± 0.01   1.34 ± 0.34   1.45 ± 0.10   1.49 ± 0.12   1.59 ± 0.03  (cmol(+) kg-1) 
      >150   1.42 ± 0.16   1.35 ± 0.03   1.55 ± 0.39   1.52 ± 0.08   1.55 ± 0.20   1.61 ± 0.06 

                    

  0–50   1.97 ± 0.04   1.91 ± 0.20   1.68 ± 0.15   1.65 ± 0.13   1.58 ± 0.04   1.58 ± 0.07 

K+              50–100   1.52 ± 0.06   1.57 ± 0.00   1.71 ± 0.09   1.80 ± 0.04   1.52 ± 0.08   1.47 ± 0.09 

100–150   1.35 ± 0.07   1.37 ± 0.06   1.26 ± 0.02   1.38 ± 0.10   1.24 ± 0.04   1.27 ± 0.09  (cmol(+) kg-1) 
      >150   1.12 ± 0.05   1.29 ± 0.00   1.15 ± 0.03   1.21 ± 0.07   1.25 ± 0.04   1.14 ± 0.00 

                    

  0–50   3.71abc ± 0.42   3.01bc ± 0.14   2.60c ± 0.48   4.33ab ± 0.10   5.02a ± 0.06   5.00a ± 0.17 

 50–100   3.99 ± 0.39   3.45 ± 0.17   3.21 ± 0.51   4.07 ± 0.18   4.39 ± 0.12   4.64 ± 0.04 

100–150   4.09 ± 0.51   4.11 ± 0.01   4.16 ± 1.02   4.72 ± 0.30   4.84 ± 0.56   5.02 ± 0.07 
ESP 

      >150   4.43 ± 0.54   4.11 ± 0.10   4.79 ± 1.10   4.82 ± 0.17   4.66 ± 0.72   5.19 ± 0.02 
 

The mean values following each treatment were determined and the standard error of means obtained using a one–way Analysis of Variance and then compared for 
each of the sampled soil layers (0–50 mm, 50–100 mm, 100–150 mm and >150 mm). Significant differences were determined and are represented within rows by the 
letters a, b and c. This was carried out using the Tukey–Kramer test (P=0.05) 



 

Table 4.5 
Mean values of exchangeable Ca2+, Mg2+, Na+ and K+ and of ESP following each irrigation treatment (FW00i, T102 and T401–4) of the N001 soil columns 

 Depth FW002 T102 T401 T402 T403 T404 

  (mm) (EC 0.2 SAR 1) (EC 0.0 SAR 0) (EC 0.5 SAR 0) (EC 0.5 SAR 7.5) (EC 0.5 SAR 15) (EC 0.5 SAR 30) 
                    

  0–50 26.26 ± 1.58 28.07 ± 1.19 27.81 ± 0.62 28.55 ± 1.77 26.34 ± 2.28   24.25 ± 1.55 

Ca2+             50–100 26.98 ± 1.26 29.36 ± 0.17 25.94 ± 1.16 25.88 ± 2.18 27.28 ± 0.44   25.74 ± 0.33 

100–150 27.84 ± 0.71 25.38 ± 2.01 27.41 ± 0.20 27.34 ± 0.25 29.04 ± 1.67   25.69 ± 1.33  (cmol(+) kg-1) 
      >150 24.90 ± 1.29 28.12 ± 0.70 25.53 ± 0.17 25.35 ± 0.32 26.78 ± 0.37   25.04 ± 1.17 

                    

  0–50 10.33 ± 0.45 10.63 ± 0.36 10.97 ± 0.09 10.30 ± 0.48   9.74 ± 0.71   9.24 ± 0.66 

Mg2+            50–100 10.67 ± 0.00 10.94 ± 0.30 10.44 ± 0.18 10.24 ± 0.36 10.59 ± 0.14   9.94 ± 0.66 

100–150 11.30 ± 0.08 10.72 ± 0.53 11.03 ± 0.09 10.73 ± 0.13 11.09 ± 0.35   10.50 ± 0.26  (cmol(+) kg-1) 
      >150 10.71 ± 0.12 11.44 ± 0.41 10.85 ± 0.03 10.71 ± 0.27 10.78 ± 0.29   10.62 ± 0.00 

                    

  0–50   4.49a ± 0.15   3.58ab ± 0.25   2.68b ± 0.11   3.83a ± 0.21   3.85a ± 0.23   3.92a ± 0.07 

Na+             50–100   4.38a ± 0.09   4.04a ± 0.02   3.36b ± 0.05   4.07a ± 0.02   4.26a ± 0.05   3.99a ± 0.19 

100–150   4.62 ± 0.07   4.30 ± 0.33   4.40 ± 0.02   4.51 ± 0.19   4.55 ± 0.19   4.34 ± 0.09  (cmol(+) kg-1) 
      >150   4.43 ± 0.11   4.65 ± 0.10   4.33 ± 0.15   4.53 ± 0.17   4.41 ± 0.18   4.39 ± 0.01 

                    

  0–50   1.88 ± 0.35   1.84 ± 0.37   1.70 ± 0.18   1.71 ± 0.23   1.92 ± 0.27   1.48 ± 0.19 

K+              50–100   2.10 ± 0.14   2.17 ± 0.13   1.96 ± 0.31   1.89 ± 0.12   2.00 ± 0.05   1.93 ± 0.19 

100–150   2.20 ± 0.09   1.99 ± 0.27   1.88 ± 0.13   2.07 ± 0.08   2.14 ± 0.09   1.83 ± 0.04  (cmol(+) kg-1) 
      >150   1.95 ± 0.12   2.06 ± 0.03   1.79 ± 0.05   1.86 ± 0.09   2.03 ± 0.09   1.92 ± 0.00 

                    

  0–50 10.46a ± 0.10   8.10b ± 0.30   6.20c ± 0.12   8.62b ± 0.04   9.22ab ± 0.22 10.10a ± 0.46 

 50–100   9.93a ± 0.14   8.68ab ± 0.02   8.08b ± 0.42   9.57ab ± 0.56   9.65ab ± 0.01   9.59ab ± 0.14 

100–150 10.05 ± 0.05 10.14 ± 0.03   9.83 ± 0.01 10.09 ± 0.42   9.71 ± 0.08 10.26 ± 0.20 
ESP 

      >150 10.57 ± 0.50 10.05 ± 0.03 10.19 ± 0.34 10.67 ± 0.48 10.01 ± 0.26 10.46 ± 0.31 
 

The mean values following each treatment were determined and the standard error of means obtained using a one–way Analysis of Variance and then compared for 
each of the sampled soil layers (0–50 mm, 50–100 mm, 100–150 mm and >150 mm). Significant differences were determined and are represented within rows by the 
letters a and b. This was carried out using the Tukey–Kramer test (P=0.05) 



Table 4.6 
Mean values of exchangeable Ca2+, Mg2+, Na+ and K+ and of ESP following each irrigation treatment (FW00i, T102 and T401–4) of the N002 soil columns 

 Depth FW002 T102 T401 T402 T403 T404 

  (mm) (EC 0.2 SAR 1) (EC 0.0 SAR 0) (EC 0.5 SAR 0) (EC 0.5 SAR 7.5) (EC 0.5 SAR 15) (EC 0.5 SAR 30) 
                    

  0–50 26.31 ± 0.72 24.09 ± 2.17 26.43 ± 1.48 25.90 ± 0.19 27.39 ± 2.03 26.53 ± 0.50 

Ca2+             50–100 24.52 ± 0.35 25.72 ± 1.47 25.40 ± 0.02 24.99 ± 0.54 26.61 ± 1.20 26.22 ± 0.18 

100–150 26.67 ± 0.74 25.81 ± 1.17 27.06 ± 0.49 28.93 ± 0.88 27.89 ± 0.49 28.06 ± 0.22  (cmol(+) kg-1) 
      >150 24.26 ± 1.09 25.72 ± 0.52 25.68 ± 0.62 26.89 ± 1.10 26.73 ± 0.80 27.16 ± 0.65 

                    

  0–50   9.89 ± 0.28   9.01 ± 0.28 10.16 ± 0.51   9.34 ± 0.23 10.05 ± 0.34   9.65 ± 0.17 

Mg2+            50–100   9.27ab ± 0.12   9.08b ± 0.13   9.45ab ± 0.03   9.20ab ± 0.04   9.61ab ± 0.17   9.74a ± 0.07 

100–150 10.15ab ± 0.10   9.39c ± 0.06 10.00abc ± 0.12 10.53a ± 0.04   9.86bc ± 0.21 10.48a ± 0.04  (cmol(+) kg-1) 
      >150 10.28 ± 0.34 10.18 ± 0.31 10.33 ± 0.33 10.36 ± 17 10.12 ± 0.31 10.46 ± 0.14 

                    

  0–50   0.97b ± 0.01   0.71c ± 0.02   0.68c ± 0.00   1.06ab ± 0.04   1.17a ± 0.05   0.94b ± 0.04 

Na+             50–100   0.91b ± 0.03   0.82b ± 0.01   0.84b ± 0.02   1.01ab ± 0.06   1.13a ± 0.04   0.95ab ± 0.04 

100–150   1.00ab ± 0.04   0.90ab ± 0.01   0.83b ± 0.03   1.04ab ± 0.09   1.09a ± 0.00   1.08a ± 0.01  (cmol(+) kg-1) 
      >150   1.02ab ± 0.05   0.97ab ± 0.03   0.89b ± 0.03   1.06ab ± 0.03   1.09ab ± 0.03   1.13a ± 0.06 

                    

  0–50   1.75 ± 0.01   1.05 ± 0.08   1.81 ± 0.15   1.70 ± 0.08   1.76 ± 0.00   1.86 ± 0.03 

K+              50–100   1.95 ± 0.08   1.45 ± 0.00   1.82 ± 0.25   1.53 ± 0.09   1.79 ± 0.30   1.62 ± 0.21 

100–150   1.33 ± 0.03   1.31 ± 0.04   1.37 ± 0.06   1.31 ± 0.17   1.36 ± 0.08   1.31 ± 0.04  (cmol(+) kg-1) 
      >150   1.08 ± 0.00   1.12 ± 0.02   1.21 ± 0.15   1.18 ± 0.09   1.11 ± 0.11   1.17 ± 0.03 

                    

ESP   0–50   2.51ab ± 0.09   2.00b ± 0.08   1.74b ± 0.09   2.78a ± 0.08   2.90a ± 0.28   2.42ab ± 0.06 

  50–100   2.49ab ± 0.03   2.22b ± 0.08   2.23ab ± 0.04   2.76ab ± 0.12   2.89a ± 0.23   2.47ab ± 0.09 

 100–150   2.56ab ± 0.15   2.42ab ± 0.07   2.10b ± 0.12   2.49ab ± 0.16   2.70a ± 0.04   2.64ab ± 0.04 

       >150   2.78 ± 0.03   2.56 ± 0.09   2.35 ± 0.13   2.69 ± 0.00   2.81 ± 0.15   2.83 ± 0.20 
 

The mean values following each treatment were determined and the standard error of means obtained using a one–way Analysis of Variance and then compared for 
each of the sampled soil layers (0–50 mm, 50–100 mm, 100–150 mm and >150 mm). Significant differences were determined and are represented within rows by the 
letters a, b and c. This was carried out using the Tukey–Kramer test (P=0.05) 
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4.3.2.2 The effect of treatment solution on the soil solution and the quantity of dispersed clay 

The mean values of electrical conductivity, SAR and mechanically dispersed clay, for each treated 

soil layer, are presented in Tables 4.7–12 for the six irrigated Vertosols. The electrical conductivity 

values are small for all soils following all treatments, and are much less than the ECw of the applied 

irrigation solutions (T401–4 and FW00i) or the initial electrical conductivity values of the soils 

(Table 3.3). Generally, the electrical conductivity of the uppermost soil layer is larger than for the 

lower soil layers of these treated Vertosols. However, the treated soil columns from the G00i, H00i 

and N001 sites do not show any significant differences between the values of electrical conductivity 

after irrigation using any of the T401–4 solutions. Only soil columns from the N002 site that had 

been irrigated with T404 show a significantly larger soil EC value than those columns irrigated with 

the T401–3 treatments. 

Irrigating with clean water (T102) rather than the other solutions (FW00i or T401), did not give 

significantly smaller electrical conductivities for the G001 or H00i soils. However, the G002 and 

N00i soils tend to show significantly smaller electrical conductivities in the surface layers (0–100 

mm) where the T102 treated columns are compared with all other treated columns. In these three 

soils, there is no significant difference between the electrical conductivities of the lower soil layers. 

The soil columns irrigated using solutions of large SARw (T403–4) generally exhibit largest SARs in 

the surface layers (0–50 mm and 50–100 mm), but as depth increases, the SAR of the soil solution is 

less. In contrast, those soil columns irrigated with solutions T102, FW00i and T401 tend to have 

smaller values of SAR at the surface than at depth. Those soils treated with the T401–4 solutions 

show significantly larger SARs for the soil solution where treatments of larger SARw were applied, 

but all six soils do not show the same level of response. The H00i and N001 soils show no 

significant differences between SAR values for soil columns irrigated using the T401–4 solutions. 

The G00i (0–50 mm and 50–100 mm) and N002 (0–50 mm) soils show significantly smaller SARs 

for the T401 treated soil than for the T403 treated soil. 

The FW00i treatments tend to result in SAR values for the six Vertosols that are between those 

SARs of soil treated with either the T401 or T402 solutions. The soil solution SARs of T102–treated 

soils tend to be similar to those of the T401–treated soils. There are no significant differences or 

consistent trends in SAR for these six Vertosols, where T102–treated columns are compared with 

the FW00i or T401 treatments. 

The dispersed clay content after end–over–end shaking tends to be larger for soil columns irrigated 

with larger increments of SARw (T401→4). In comparison, columns irrigated with FW00i or T102 
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yield similar levels of dispersed clay, after shaking, to those soil columns irrigated with T401 or 

T402. The treatment of G001 soil columns using the solutions T401–3 shows an increase in 

dispersion where solutions of larger SARw were applied, and where this soil has been treated with 

the T403 solution, the quantities of dispersed clay are similar to those resulting from the T102–

treated soil. However, when G001 was irrigated with T404 the results show significantly less clay 

dispersion than for any of the other T40i treatments of this Vertosol. Likewise, the G002 soil tends 

to be most dispersive after being irrigated with the T403. This trend shows a significant difference 

only between the T401–2 and the T403 treatment, and only in the 50–100 mm soil layer. For this 

soil, columns treated with either T401 or FW00i are most stable, but there are no significant 

differences between dispersion values for the FW00i, T102, T401 and T402 treatments. The H00i 

soils do not have any significant differences in dispersion values after any of the treatments. 

The N001 soil appears to be the most dispersive of these six Vertosols, after irrigation with 

solutions of large SARw, but there are no significant differences between the quantities of dispersed 

clay for any of the irrigation treatments (0–150 mm). At the >150 mm depth only the T403 

treatment of the N001 soil is associated with a significantly different value of clay dispersion 

(significantly less than for the other treatments). The N002 soil does not show any significant 

differences between the quantities of dispersed clay following any of the applied treatments (FW00i, 

T102 or T404–4). 



 

 

 

 

Table 4.7 
Mean values of EC, SAR and Dispersed clay following the completion of each irrigation treatment (FW00i, T102 and T401–4) of the G001 soil columns 

  Depth FW002 T102 T401 T402 T403 T404 

  (mm) (EC 0.2 SAR 1) (EC 0.0 SAR 0) (EC 0.5 SAR 0) (EC 0.5 SAR 7.5) (EC 0.5 SAR 15) (EC 0.5 SAR 30) 
                    

  0–50   0.11 ± 0.02   0.10 ± 0.02   0.13 ± 0.01   0.10 ± 0.00   0.15 ± 0.02   0.11 ± 0.00 
EC                50–100   0.07 ± 0.00   0.06 ± 0.00   0.07 ± 0.00   0.06 ± 0.00   0.07 ± 0.00   0.07 ± 0.00 

100–150   0.06 ± 0.01   0.05 ± 0.00   0.07 ± 0.01   0.06 ± 0.00   0.07 ± 0.00   0.07 ± 0.00 (1:5 water) (dS m-1) 
      >150   0.06 ± 0.00   0.06 ± 0.01   0.06 ± 0.00   0.06 ± 0.00   0.07 ± 0.00     –   

                    

  0–50   1.29b ± 0.17   1.30b ± 0.18   1.13b ± 0.12   1.87ab ± 0.28   2.43a ± 0.12   1.57ab ± 0.02 
SAR             50–100   1.06b ± 0.08   1.05b ± 0.07   0.91b ± 0.11   1.61a ± 0.04   1.60a ± 0.09   1.01b ± 0.00 

100–150   0.90 ± 0.08   1.02 ± 0.08   0.95 ± 0.13   1.50 ± 0.05   1.42 ± 0.22   1.06 ± 0.03 ((mmol(+) L-1)1/2) 
      >150   0.98 ± 0.09   0.88 ± 0.00   0.94 ± 0.06   1.41 ± 0.15   1.38 ± 0.08     –   

                    

  0–50 10.39 ± 1.46 10.01 ± 0.87   8.39 ± 1.51 10.42 ± 0.07 10.02 ± 0.94   5.80 ± 0.93 
Dispersed clay  50–100   9.57b ± 0.20 11.44a ± 0.23   8.01c ± 0.39 10.54ab ± 0.44 11.44a ± 0.10   5.23d ± 0.05 

100–150 10.24bc ± 0.41 13.32a ± 0.92   8.25c ± 0.16 11.38ab ± 0.73 11.01abc ± 0.26   4.82d ± 0.24 (dag kg-1) 

      >150   9.82ab ± 0.16 14.16a ± 0.71   8.68b ± 1.31 11.87ab ± 0.50 12.26ab ± 0.78     –   
 

The mean values following each treatment were determined and the standard error of means obtained using a one–way Analysis of Variance and then compared for 
each of the sampled soil layers (0–50 mm, 50–100 mm, 100–150 mm and >150 mm). Significant differences were determined and are represented within rows by the 
letters a, b, c and d. This was carried out using the Tukey–Kramer test (P=0.05) 



 

 

 

Table 4.8 
Mean values of EC, SAR and Dispersed clay following the completion of each irrigation treatment (FW00i, T102 and T401–4) of the G002 soil columns 

  Depth FW002 T102 T401 T402 T403 T404 

  (mm) (EC 0.2 SAR 1) (EC 0.0 SAR 0) (EC 0.5 SAR 0) (EC 0.5 SAR 7.5) (EC 0.5 SAR 15) (EC 0.5 SAR 30) 
                    

  0–50   0.10ab ± 0.01   0.05b ± 0.00   0.11a ± 0.00   0.14a ± 0.02   0.11ab ± 0.01   0.13a ± 0.01 
EC                50–100   0.06ab ± 0.00   0.05b ± 0.00   0.07ab ± 0.01   0.08a ± 0.00   0.07ab ± 0.01   0.07ab ± 0.00 

100–150   0.06 ± 0.00   0.05 ± 0.00   0.06 ± 0.01   0.08 ± 0.00   0.08 ± 0.01   0.07 ± 0.00 (1:5 water) (dS m-1)
      >150   0.06 ± 0.01   0.06 ± 0.01   0.07 ± 0.00   0.07 ± 0.00   0.07 ± 0.01     –   

                    

  0–50   1.61c ± 0.12   1.12d ± 0.03   1.10d ± 0.05   2.50ab ± 0.02   2.38b ± 0.08   2.85a ± 0.09 
SAR             50–100   1.46ab ± 0.07   1.33ab ± 0.17   1.03b ± 0.03   1.72ab ± 0.23   1.79a ± 0.14   1.72ab ± 0.01 

100–150   1.37 ± 0.17   1.43 ± 0.02   1.34 ± 0.19   1.80 ± 0.09   1.76 ± 0.16   1.66 ± 0.08 ((mmol(+) L-1)1/2) 
      >150   1.40 ± 0.17   1.43 ± 0.13   1.35 ± 0.10   1.86 ± 0.02   1.59 ± 0.26     –   

                    

  0–50   8.30 ± 1.33 10.76 ± 1.61   8.84 ± 1.32   9.94 ± 0.64 11.84 ± 1.52 11.49 ± 0.89 
Dispersed clay  50–100 10.41b ± 0.90   9.60b ± 0.08 10.14b ± 0.89 10.23b ± 0.03 14.22a ± 0.33 11.91ab ± 0.36 

(dag kg-1) 100–150 12.22 ± 0.24 13.03 ± 1.16 10.65 ± 1.17 10.42 ± 0.24 12.61 ± 0.39 11.39 ± 0.31 

       >150 12.55 ± 0.43 12.39 ± 0.70 11.59 ± 0.39 13.48 ± 0.45 15.48 ± 2.77     –   
 

The mean values following each treatment were determined and the standard error of means obtained using a one–way Analysis of Variance and then compared for each 
of the sampled soil layers (0–50 mm, 50–100 mm, 100–150 mm and >150 mm). Significant differences were determined and are represented within rows by the letters a, 
b, c and d. This was carried out using the Tukey–Kramer test (P=0.05) 



 

 

 

 

Table 4.9 
Mean values of EC, SAR and Dispersed clay following the completion of each irrigation treatment (FW00i, T102 and T401–4) of the H001 soil columns 

  Depth FW002 T102 T401 T402 T403 T404 

  (mm) (EC 0.2 SAR 1) (EC 0.0 SAR 0) (EC 0.5 SAR 0) (EC 0.5 SAR 7.5) (EC 0.5 SAR 15) (EC 0.5 SAR 30) 
                    

  0–50   0.11 ± 0.01   0.06 ± 0.01   0.16 ± 0.04   0.14 ± 0.01   0.11 ± 0.00   0.11 ± 0.01 
EC                50–100   0.06 ± 0.00   0.05 ± 0.01   0.07 ± 0.01     0.07 ± 0.00   0.08 ± 0.00   0.08 ± 0.01 

100–150   0.07 ± 0.00   0.05 ± 0.01   0.07 ± 0.01   0.07 ± 0.00   0.09 ± 0.00   0.08 ± 0.02 (1:5 water) (dS m-1) 
      >150   0.08 ± 0.01   0.06 ± 0.01   0.08 ± 0.00   0.07 ± 0.00   0.08 ± 0.00     –   

                    

  0–50   2.30 ± 0.08   1.49 ± 0.32   1.76 ± 0.69   3.01 ± 0.10   2.59 ± 0.75   2.15 ± 0.13 
SAR             50–100   1.61 ± 0.20   1.18 ± 0.22   1.42 ± 0.19   1.58 ± 0.04   1.81 ± 0.41   1.59 ± 0.17 

100–150   1.59 ± 0.07   1.26 ± 0.22   1.56 ± 0.24   1.51 ± 0.01   1.50 ± 0.27   1.80 ± 0.31 ((mmol(+) L-1)1/2) 
      >150   1.78 ± 0.13   1.45 ± 0.23   1.52 ± 0.12   1.61 ± 0.03   1.99 ± 0.15     –   

                    

  0–50   1.77 ± 1.46   3.50 ± 0.68   5.17 ± 1.79   3.69 ± 0.63   7.04 ± 1.78   7.72 ± 2.93 
Dispersed clay  50–100   2.72 ± 1.67   3.68 ± 0.66   4.37 ± 0.94   4.90 ± 1.10   6.84 ± 1.78   8.73 ± 0.76 

100–150   5.39 ± 0.66   6.03 ± 0.04   5.87 ± 0.96   6.42 ± 2.64   8.91 ± 1.58   9.83 ± 0.97 (dag kg-1) 
      >150   7.43 ± 0.34   6.93 ± 2.54   6.94 ± 2.66   8.67 ± 2.16   9.99 ± 0.13     –   

 

The mean values following each treatment were determined and the standard error of means obtained using a one–way Analysis of Variance and then compared for 
each of the sampled soil layers (0–50 mm, 50–100 mm, 100–150 mm and >150 mm) 



 

 

 

Table 4.10 
Mean values of EC, SAR and Dispersed clay following the completion of each irrigation treatment (FW00i, T102 and T401–4) of the H002 soil columns 

  Depth FW002 T102 T401 T402 T403 T404 

  (mm) (EC 0.2 SAR 1) (EC 0.0 SAR 0) (EC 0.5 SAR 0) (EC 0.5 SAR 7.5) (EC 0.5 SAR 15) (EC 0.5 SAR 30) 
                    

  0–50   0.20 ± 0.05   0.13 ± 0.01   0.24 ± 0.05   0.21 ± 0.00   0.21 ± 0.00   0.23 ± 0.01 
EC                50–100   0.13 ± 0.01   0.13 ± 0.00   0.16 ± 0.04   0.15 ± 0.00   0.15 ± 0.01   0.16 ± 0.00 

100–150   0.13 ± 0.01   0.13 ± 0.01   0.15 ± 0.03   0.15 ± 0.00   0.15 ± 0.01   0.17 ± 0.01 (1:5 water) (dS m-1) 
      >150   0.14 ± 0.01   0.13 ± 0.01   0.16 ± 0.02   0.15 ± 0.00   0.16 ± 0.01   0.17 ± 0.02 

                    

  0–50   2.61 ± 0.62   1.71 ± 0.20   1.47 ± 0.71   3.10 ± 0.00   3.35 ± 0.19   3.72 ± 0.07 
SAR             50–100   2.16 ± 0.46   1.81 ± 0.18   1.87 ± 0.73   2.58 ± 0.06   2.58 ± 0.16   2.88 ± 0.00 

100–150   2.27 ± 0.41   2.06 ± 0.17   2.40 ± 0.86   2.68 ± 0.17   2.59 ± 0.32   3.03 ± 0.11 ((mmol(+) L-1)1/2) 
      >150   2.45 ± 0.44   2.17 ± 0.21   2.72 ± 0.95   2.82 ± 0.10   2.84 ± 0.42   3.11 ± 0.16 

                    

  0–50   4.89 ± 0.13   5.81 ± 1.15   5.02 ± 0.60   3.24 ± 0.67   6.41 ± 1.27   7.95 ± 1.42 
Dispersed clay  50–100   5.70 ± 0.25   6.68 ± 1.31   6.27 ± 0.47   7.88 ± 0.73   6.81 ± 1.21 10.54 ± 0.69 

(dag kg-1) 100–150   7.84 ± 0.66 10.17 ± 0.80   9.28 ± 1.63 11.09 ± 1.39   9.52 ± 1.96 11.04 ± 1.85 

       >150   7.39 ± 0.84 10.91 ± 2.07   9.93 ± 2.93 13.10 ± 1.56 10.37 ± 0.90 14.80 ± 0.85 
 

The mean values following each treatment were determined and the standard error of means obtained using a one–way Analysis of Variance and then compared for 
each of the sampled soil layers (0–50 mm, 50–100 mm, 100–150 mm and >150 mm) 



 

 

 

 

Table 4.11 
Mean values of EC, SAR and Dispersed clay following the completion of each irrigation treatment (FW00i, T102 and T401–4) of the N001 soil columns 

  Depth FW002 T102 T401 T402 T403 T404 

  (mm) (EC 0.2 SAR 1) (EC 0.0 SAR 0) (EC 0.5 SAR 0) (EC 0.5 SAR 7.5) (EC 0.5 SAR 15) (EC 0.5 SAR 30) 
                    

  0–50   0.20ab ± 0.01   0.17b ± 0.01   0.20ab ± 0.01   0.22a ± 0.01   0.23a ± 0.01   0.22a ± 0.00 
EC                50–100   0.20 ± 0.02   0.18 ± 0.00   0.19 ± 0.01   0.20 ± 0.00   0.20 ± 0.00   0.20 ± 0.00 

100–150   0.19 ± 0.00   0.19 ± 0.00   0.21 ± 0.00   0.21 ± 0.00   0.21 ± 0.00   0.21 ± 0.01 (1:5 water) (dS m-1)
      >150   0.20 ± 0.00   0.20 ± 0.01   0.22 ± 0.00   0.21 ± 0.00   0.21 ± 0.00   0.21 ± 0.00 

                    

  0–50   5.01ab ± 0.25   3.70b ± 0.48   4.13ab ± 0.06   5.12a ± 0.06   4.69ab ± 0.24   4.95ab ± 0.14 
SAR            50–100   4.75a ± 0.10   3.50b ± 0.22   4.28ab ± 0.05   4.29a ± 0.14   4.18ab ± 0.04   4.32a ± 0.19 

100–150   4.41 ± 0.30   4.14 ± 0.59   4.73 ± 0.01   4.74 ± 0.02   4.52 ± 0.01   4.28 ± 0.10 ((mmol(+) L-1)1/2) 
      >150   4.76ab ± 0.06   4.30b ± 0.13   4.88a ± 0.16   4.48ab ± 0.06   4.63ab ± 0.03   4.40ab ± 0.08 

                    

  0–50 14.50 ± 0.59 16.03 ± 1.86 11.60 ± 0.08 11.25 ± 0.15 12.07 ± 1.17 13.43 ± 1.37 
Dispersed clay  50–100 18.32 ± 0.19 19.29 ± 0.00 16.20 ± 1.51 16.04 ± 0.46 15.66 ± 1.49 15.11 ± 0.72 

(dag kg-1) 100–150 19.86 ± 0.97 19.12 ± 2.40 19.09 ± 1.36 16.79 ± 1.24 15.42 ± 0.76 18.16 ± 0.02 

       >150 19.34a ± 1.13 20.08a ± 0.04 18.53a ± 0.89 18.43a ± 0.22 14.41b ± 0.80 18.92a ± 0.43 
 

The mean values following each treatment were determined and the standard error of means obtained using a one–way Analysis of Variance and then compared for each 
of the sampled soil layers (0–50 mm, 50–100 mm, 100–150 mm and >150 mm). Significant differences were determined and are represented within rows by the letters a 
and b. This was carried out using the Tukey–Kramer test (P=0.05) 



 

 

 

Table 4.12 
Mean values of EC, SAR and Dispersed clay following the completion of each irrigation treatment (FW00i, T102 and T401–4) of the N002 soil columns 

  Depth FW002 T102 T401 T402 T403 T404 

  (mm) (EC 0.2 SAR 1) (EC 0.0 SAR 0) (EC 0.5 SAR 0) (EC 0.5 SAR 7.5) (EC 0.5 SAR 15) (EC 0.5 SAR 30) 
                    

  0–50   0.11bc ± 0.01   0.08c ± 0.00   0.17b ± 0.02   0.18b ± 0.01   0.16bc ± 0.00   0.27a ± 0.03 
EC                 50–100   0.09 ± 0.00   0.07 ± 0.01   0.09 ± 0.01   0.09 ± 0.01   0.10 ± 0.00    0.10 ± 0.00 

100–150   0.10 ± 0.00   0.08 ± 0.03   0.09 ± 0.02   0.10 ± 0.02   0.09 ± 0.01   0.09 ± 0.01 (1:5 water) (dS m-1) 
      >150   0.11 ± 0.00   0.08 ± 0.02   0.09 ± 0.02   0.11 ± 0.01   0.09 ± 0.01   0.11 ± 0.01 

                    

  0–50   1.07bc ± 0.04   0.60c ± 0.02   0.74c ± 0.06   1.68a ± 0.00   1.84a ± 0.20   1.53ab ± 0.02 
SAR             50–100   0.98b ± 0.06   0.66c ± 0.03   0.85bc ± 0.02   1.26a ± 0.05   1.32a ± 0.04   1.21a ± 0.00 

100–150   1.04ab ± 0.08   0.80b ± 0.07   0.88b ± 0.01   1.17a ± 0.01   1.29a ± 0.01   1.26a ± 0.05 ((mmol(+) L-1)1/2) 
      >150   1.08ab ± 0.01   0.90b ± 0.10   0.92b ± 0.03   1.24ab ± 0.03   1.32a ± 0.03   1.36a ± 0.12 

                    

  0–50   4.09 ± 0.20   3.50 ± 0.93   3.57 ± 0.54   3.65 ± 1.38   2.89 ± 0.07   3.78 ± 1.45 
Dispersed clay  50–100   7.20 ± 0.20   4.46 ± 0.70   6.40 ± 1.25   6.29 ± 0.54   6.32 ± 0.18   7.04 ± 0.19 

100–150 14.64 ± 0.57   9.21 ± 2.24   9.08 ± 2.54 10.07 ± 0.09   8.53 ± 0.54   9.73 ± 0.19 (dag kg-1) 
      >150 14.32 ± 1.08 11.66 ± 4.06   9.08 ± 1.70 10.68 ± 0.45   9.82 ± 1.12 10.35 ± 0.34 

 

The mean values following each treatment were determined and the standard error of means obtained using a one–way Analysis of Variance and then compared for each 
of the sampled soil layers (0–50 mm, 50–100 mm, 100–150 mm and >150 mm). Significant differences were determined and are represented within rows by the letters a, 
b and c. This was carried out using the Tukey–Kramer test (P=0.05) 
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4.3.3 The effect of selected soil properties on the SI<2 values determined for the six Vertosols 

In order to compare the degree of association between the stability index, SI<2, and selected soil 

chemical properties (EC, SAR, Na+
exch, Ca2+:Mg2+, ESP, ESI and EC1:5/Na+

exch) following the 

irrigation treatments, correlation values are given for ‘all soils’ (G00i, H00i and N00i) and for all soil 

layers of each individual soil (Table 4.13).  

Correlation coefficients between the SI<2 values and each of the selected chemical properties are not 

greater than 0.7, but all correlation values for each of the selected properties and ‘all soils’ are 

significant. The strongest correlation coefficients for this comparison are between 0.5–0.7, where 

SI<2 is correlated with SAR, Na+
exch or ESP. The exchangeable Na+ content is most strongly 

correlated with SI<2 for ‘all soils’. 

The correlation values between soil properties and SI<2 for each individual soil are rarely larger than 

±0.5, but all correlation values larger than ±0.28 are significant for each individual soil. 

Unexpectedly, EC is positively correlated with SI<2 for ‘all soils’, but generally has small negative 

correlation values with the SI<2 values of each individual soil and is significant only for the N00i 

soils. Overall, the evaluation of correlation values for each individual soil shows that the Na+ 

descriptors (Na+
exch and ESP) tend to be most strongly correlated with SI<2 values. For all of the 

soils except G001, a larger Na+
exch or ESP is significantly associated with larger SI<2 values. The 

significant negative correlation between the Na+
exch or ESP values and SI<2 suggests other soil 

properties are more influential than Na+ in determining SI<2. 

The Ca2+:Mg2+, ESI and EC1:5/Na+
exch values give expected results. These descriptors give significant 

negative correlations with SI<2 for most of the soils. The SARs of H001 and N00i are negatively 

correlated with SI<2, and these values are significant for the N00i soils. 

Table 4.13 
Correlation values comparing the SI<2 (%) of dispersed clay with the measured soil properties 

determined from air–dry soil layers for all treatments of all soils and for each soila 

 EC  SAR Na+exch Ca2+:Mg2+ ESP ESI EC1:5/Na+exch.

 

SI<2 (%) (all soils) 0.36 0.58 0.70 0.27 0.52 -0.25 -0.38 

G001 SI<2 (%) -0.20 0.15 -0.32 -0.37 -0.31 -0.08 -0.08 
G002 SI<2 (%) -0.26 0.14 0.45 -0.16 0.39 -0.48 -0.49 

H001 SI<2 (%) 0.02 -0.02 0.65 -0.67 0.42 -0.15 -0.25 
H002 SI<2 (%) -0.18 0.35 0.43 -0.78 0.60 -0.51 -0.45 

N001 SI<2 (%) -0.32 -0.33 0.57 -0.53 0.47 -0.65 -0.68 

N002 SI<2 (%) -0.35 -0.09 0.29 -0.53 0.29 -0.40 -0.41 
 

a correlations that are significant at the 95 % confidence interval are shown in bold. 
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Bivariate comparisons of SI<2 against EC, SAR, Na+
exch, Ca2+:Mg2+, ESP, ESI and EC1:5/Na+

exch are 

given in Figures 4.3–4.5, and include R2 estimates of the variability for all soils. In general, the R2 

values for comparisons of SI<2 with each soil property are very low, indicating a very poor 

association between SI<2 and each individual soil attribute (Na+
exch, Ca2+:Mg2+, ESP, ESI and 

EC1:5/Na+
exch). However, these soil attributes tend to show values that are grouped according to the 

six different Vertosols. For example, the comparisons of Na+
exch (Figure 4.4) and ESP (Figure 4.5) 

against SI<2 show all values for the N001 soil to be much larger than those of the other soils. 

Consequently, other soil properties appear to influence the different stabilities of each of the six 

Vertosols (i.e. the clay phyllosilicate suite or organic matter contributions). 

 
Figure 4.3 Comparison of the SI<2 (%) values for all soils with the corresponding values of EC (y=47.9x+11.8, 

R2=0.13) and SAR (y=3.6x+9.9, R2=0.34) following each of the treatment solutions and for each soil 
layer analysed. These include values obtained for the G001 (●), G002 (■), H001 (○), H002 (□), N001 
(●) and N002 (■) soils. 

 
Figure 4.4 Comparison of the SI<2 (%) values for all soils with the corresponding values of exchangeable Na+ 

(y=4.7x+9.0, R2=0.48) and Ca2+:Mg2+ (y=5x+5.9, R2=0.07) following each of the treatment solutions 
and for each soil layer analysed. These include values obtained for the G001 (●), G002 (■), H001 (○), 
H002 (□), N001 (●) and N002 (■) soils. 
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Figure 4.5 Comparison of the SI<2 (%) values for all soils with the corresponding, (a), values of ESP 

(y=1.5x+10.1, R2=0.27), (b), ESI (y=19.5e-7.8x, R2=0.06) and, (c), EC1:5/Na+exch. (y=0.6e-44.3x, R2=0.14) 
following each of the treatment solutions and for each soil layer analysed. These include values 
obtained for the G001 (●), G002 (■), H001 (○), H002 (□), N001 (●) and N002 (■) soils. 

4.4  Discussion 

4.4.1 Irrigating in the laboratory 

Soil columns have been used in laboratory studies for many years (e.g. Yaron and Thomas 1968), and 

numerous methods have been used to apply different water quality treatments to soil preparations. 

In most studies, water treatments have been applied where the volume of solution was comparable 

to a specified number of pore volumes, or using sufficient solution to elicit specified conditions i.e. 

to increase soil ESP to a certain level. For example, Astaraei and Chauhan (1992) leached soil 

columns until the parameters of water quality for the percolate (ECw and SARw) were an 

approximation of the ECw and SARw characteristics of the applied solutions.  

In this chapter no attempt was made to obtain percolate ECw and SARw values representative of the 

applied solution. Rather, this irrigation procedure was adopted to represent the irrigation of cotton–
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producing Vertosols. Consequently, the quantity of irrigation water applied in this study was 

determined from an estimate of total irrigation water (i.e. river and/or bore water) applied to cotton 

crops during the 1996–97 and 1997–98 growing seasons (Dugdale et al. 2004). The soil columns 

were irrigated with this volume of solution because this research aimed to mimic field conditions. In 

addition, a criterion of the irrigation procedure was to minimise the surface water present at the 

completion of each irrigation event, as free water would not generally pond on the surface of fields 

prepared for irrigated cotton production. However, a number of soil columns underwent incomplete 

percolation of the applied solution (shown in appendix 3.1), particularly where solutions of SARw 15 

or SARw 30 were used. Incomplete percolation is a consequence of two processes; (i), soil swelling 

and, (ii), the slaking and dispersion of clay particles at the soil surface. These processes are 

considered to be a result of the rapid wetting of soil aggregates, large solution SARw and the 

movement of water at the soil surface during solution application, which tended to re–distribute 

small soil aggregates. It is probable that these aggregates then contributed to the infilling of surface 

cracks in each of these Vertosols and the subsequent restriction of surface infiltration in some of the 

soil columns, whereby incomplete irrigation resulted.  

The problems associated with laboratory–based irrigation have been highlighted throughout the 

literature. Quirk and Murray (1991) identified reductions in permeability as a response to rapid 

wetting and the ponding of treatment solutions on the soil surface. Furthermore, the constraints of 

applying different increments of water quality are well known. Halliwell et al. (2001) gave water 

quality limits that indicate levels of SARw that are potentially restrictive, in terms of infiltration, at 

different intervals of ECw. They proposed the possibility of slight to moderate infiltration problems 

when irrigating with solutions of ECw 0.5, SARw <7.5, and severe infiltration difficulties when 

irrigating with solutions of ECw 0.5, SARw 15–30. Irrigation sources with SARw values this large (15–

30) are not representative of any current water sources used in irrigated cotton production. 

However, these SARw levels were included in this research so as to determine the extent to which 

soil properties could be influenced by very large Na+ contributions from irrigation sources.  

4.4.2 Comparing the chemical properties of soil columns with the chemical attributes of the irrigation furrow 

After each of the six irrigation treatments, all soils (G00i, H00i and B00i) had different chemical 

attributes to those determined for each of the initial irrigation furrow soils. The physico–chemical 

properties of each irrigation furrow soil are given in Table 3.3 (chapter 3.3.1). 

The contents of exchangeable Ca2+ and Mg2+ for the irrigated soil columns were significantly smaller 

than for the initial soils. Concurrently, the content of exchangeable Na+ was significantly larger for 

soil columns irrigated in the laboratory, than for the initial Vertosols sampled from each irrigation 
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furrow. The laboratory irrigated soils tended to have electrical conductivities that were much more 

dilute than the initial furrow soil, but only in the N001 soil was this difference significant. Similarly, 

there tended to be no significant difference between SARs of the irrigated and initial soils. 

The altered chemical properties (e.g. smaller exchangeable Ca2+ and Mg2+ contents and larger 

exchangeable Na+ contents) of the irrigated soils did not appear to adversely influence the 

mechanical stability, where SI<2 values were compared with the SI<2 of the initial soils (see T102 

treatment using EOE–disruption, Table 3.4). Overall, the surface soil layers (0–50 mm and 50–100 

mm) of the irrigated soil columns tended to be more stable than the initial soils and the 100–150 

mm and >150 mm soil layers, irrespective of the applied treatment. This was unexpected, as the 

surface soil layers tended to have significantly larger ESPs and slightly smaller electrical 

conductivities than the initial soils. At lower depths (100–150 mm and >150 mm) the quantities of 

dispersed clay tended to be the same or larger than the dispersed clay contents of the corresponding 

soil from the irrigation furrow. However, the ESP and electrical conductivity values at these depths 

did not provide a robust comparison between the irrigated soils and the initial soils. These 

inconsistencies reflect two potential differences between the soils before and after irrigation. These 

differences are; (i), the incomplete distribution of cations at exchange surfaces and, (ii), the 

contributions of organic material. 

During the destructive sampling of soil layers, there was no attempt to account for differences in the 

distribution of exchangeable cations or the organic carbon content of each soil layer. Differences in 

the distributions of exchangeable cations were expected, in part, because most solution drainage will 

have taken place through connected pore space between aggregates. Consequently, there would have 

been only limited solution movement into the soil matrix of individual aggregates. This will have 

resulted in most changes in the proportions of different exchangeable cations occurring at the outer 

surfaces of soil aggregates and in some cases at the outer edges of clay domains, rather than at the 

charged surfaces of individual clay particles. Hence, the altered cation composition of these soils, 

after irrigation, is likely to reflect ion exchange at the domain/solution interface rather than the 

particle/solution interface. This results in an uneven distribution of the exchangeable cations in the 

irrigated soil columns, which will influence the swelling and dispersion of clay particles. 

Furthermore, this uneven distribution is likely to have encouraged ‘de–mixing’ (Halliwell et al. 2001), 

a process which results in clay domains remaining intact at ESPs less than 15–25. This occurs in 

Ca2+–Na+ systems as a result of a non–random distribution of exchangeable Ca2+ and Na+ (Quirk 

1994; Nelson et al. 1999; Halliwell et al. 2001; Quirk 2001). Accordingly, at ESPs less than 25, 

exchangeable Na+ congregates at the outer face of clay domains thereby influencing inter–domain 

swelling, but not affecting intra–domain expansion.  
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A second difference between the irrigation furrow soils prior to irrigation and after irrigation is 

expected to result (in part) from cementing agents (e.g. organic matter or CaCO3). In this experiment, 

the contributions of organic matter or other cementing agents were not determined for each of the 

irrigated soil columns due to the time and cost constraints involved. Therefore, it is unknown if the 

irrigation processes to which these soil columns were subjected influenced the production of organic 

matter (e.g. the proliferation of fungi) or by cementation during salt precipitation. However, it is 

unlikely that salt precipitation contributed to the cementation of aggregates due to the very low EC 

values that were observed for each of the treated soils post–irrigation. More likely was the impact of 

organic matter production on the stability of soil aggregates in each of these columns. 

In previous research (e.g. McNeal et al. 1968; Chen and Banin 1975), the potential contributions of 

organic matter were limited through the addition of controlling agents (e.g. NaOCl or HgCl2). 

Controlling agents were not introduced to the irrigation solutions in this procedure as this would 

have potentially disrupted the field–like process that had been attempted. However, future work 

should look to quantify the organic content of soil layers from laboratory irrigated soils. This will go 

some way to assessing the impact of organic matter on different Na+–rich Vertosols. For example, 

the effect of organic contributions on the stability of sodic soils was discussed by Nelson et al. 

(1998). They found that a wet–dry regime appeared to stabilise some clay through particle re–

arrangement and cementation. A conclusion they reached suggested that the decomposition of 

organic matter was able to reduce clay dispersion by impacting on the electrolyte concentration. This 

work was followed by Nelson et al. (1999) who concluded that the dispersibility of clay was a 

function of the amount and type of organic matter, its CEC and selectivity for specific cations, and 

the particle size distribution of the soil mineral phase. 

4.4.3 Comparison of the assessed soil attributes for these irrigated Vertosols 

Prior to irrigation in the laboratory, the six Vertosols were ranked according to various properties 

(chapter 3). The G00i and N00i soils had larger Ca2+:Mg2+ ratios than the H00i soils (N00i, 

G001>G002>H00i), while the ESPs showed that the H00i and N001 soils are generally more sodic 

than the G00i or N002 soils. However, the G00i and N001 soils were the least stable showing severe 

to very severe dispersion (Classes 4–5) (Table 3.10), while H00i and N002 were most stable and show 

limited dispersion (Class 2). Consequently, the differences in stability tended to reflect the CECeff, and 

therefore, the clay phyllosilicate suites of these soils. In soils with a similar clay phyllosilicate suite, 

structural stability appeared to be a function of different ESP and electrical conductivity values for 

each soil. 
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The selected soil properties of the six Vertosols were ranked in a similar way once the irrigation 

procedure was complete. Post–irrigation these soils show, very broadly, a similar pattern for the 

quantities of dispersed clay, regardless of the applied treatment solution i.e. the H00i and N002 soils 

appear to be most stable, while the N001 soil appears to be least stable. In the analysis of 

exchangeable cation contributions, there did not appear to be any preferential exchange for Ca2+ or 

Mg2+, where the T401–4 solutions were applied. The H00i soils have the smallest Ca2+:Mg2+ ratios 

following all treatments, while the N00i soils have the largest ratios.  

The ESPs showed increasing sodicity in the order G00i ≈ N002 < H00i < N001, but while increasing 

ESP was associated with increasing values of SI<2 for five of the soils, the G001 soil showed 

decreasing ESP to be associated with SI<2. In chapter 1 the impact of Na+ on individual clay particles 

was described, i.e. increasing Na+ is associated with less stable systems. Consequently, other soil 

properties are likely to have had a strong influence on the level of dispersion observed in each of the 

soil columns. 

The electrical conductivities of the irrigated soils were generally the same following all treatments of 

each soil. Only the irrigated soil columns from the H002 and N001 sites had conductivities that were 

different to the other soils, but these did not tend to exceed 0.25 dS m-1 for any of the treated soil 

columns. This is indicative of the leaching process brought about by applying irrigation water to the 

top of soil columns, and consequently the EC of different soil layers was not a good descriptor for 

characterising the structural stability of these soil samples. 

The SI<2 values of these soils appeared to reflect differences in the Ca2+:Mg2+ ratio and the CECeff of 

each soil. The Ca2+ and Mg2+ cations represent the major proportion of cations on the exchange 

complex and using this ratio, site specific differences can be identified. The soils showed increasing 

Ca2+:Mg2+ ratios in the order H001<H002<G00i≈N00i. The CECeff gave an estimate of negative 

charge on the surface of clay minerals and consequently, an estimate of the contributions of 

expanding lattice phyllosilicate clays. This showed the soils to have increasing charge in the order 

H001<H002<N002<G00i≈N001. These distributions (of Ca2+:Mg2+ ratio and CECeff) were very 

similar to the distribution of soils according to increasing contributions of expanding lattice 

phyllosilicates (H00i≈N002<N001<G00i) given in chapter 2. 

The apparent influence of clay phyllosilicate suite on the dispersion of the soils investigated in this 

research is a similar finding to that of Ahmed et al. (1969). They found a significant clay type effect 

on aggregate stability after the preparation of homeoionic clays. Their montmorillonite–based soil 

had greater stability than a kaolinite based soil, after each had been saturated with Ca2+, Mg2+ or K+. 
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However, the Na+–montmorillonite soil was ‘very much less’ stable than the Na+–kaolinite soil. 

They observed the same trends in mixed ionic systems, but noted that the trends were less apparent.  

In addition to the influence of swelling clay phyllosilicates on SI<2, there appears to be some impact 

of the size grade of various clay phyllosilicate species (e.g. smectite). This observation appears 

evident as finer clay particles pack more closely, and such systems have a greater ability to swell and 

flex according to applied pressures (Quirk 1994). In the six Vertosols investigated, the coarse clay 

fraction (30–40 % of total clay) appeared to influence stability in a different way to the fine clay 

fraction (60–70 % of total clay). Increased aggregate stability tended to occur were soils contained 

small amounts of fine 2:1 expanding lattice phyllosilicate clay. Then, soils with similar contributions 

of fine 2:1 expanding lattice phyllosilicates were differentiated by the contribution of coarse 2:1 

expanding lattice phyllosilicates. This may be a result of two factors: (i), thicker 2:1 expanding 

phyllosilicate clay platelets bend less during swelling than fine clays of the same species and, (ii), the 

coarse clay fraction has a lower surface area to volume ratio and a smaller charge density. 

Consequently, coarse clays are likely to swell less, and be less dispersive than fine clays. In chapter 

2.6.2 the dominant clay mineral constituents were outlined for each soil; these soils had increasing 

contributions of expanding 2:1 clay phyllosilicates to the coarse clay fractions, in the order H00i < 

G001 ≈ N00i < G002 and had increasing contributions of expanding 2:1 clay phyllosilicates to the 

fine clay fraction in the order H001 < N002 < H002 < G002 ≈ N001< G001. Consequently, the lower 

stability of the G00i and N001 soils, which are dominated by smectite clays in both the coarse and 

fine fractions, appeared to have resulted from increased swelling of clay domains in the de–ionised 

(T102) solution used for EOE–disruption. The H001 soil tended to have the least dispersed clay 

after EOE–disruption. This soil was dominated by fine grade illite (<0.2 µm) and consequently, the 

swelling pressures generated by the very low electrolyte concentration of de–ionised water during 

end–over–end shaking were not large enough to cause that same level of dispersion as observed in 

either the G00i or N00i soils. 

4.4.4 Comparing SI<2 values with soil properties 

In chapter 3, it was shown that the CECeff of each soil was the property most consistently associated 

with the observed values of SI<2 irrespective of the applied treatment. For the laboratory irrigated 

soils, the Na+ descriptors and the Ca2+:Mg2+ ratios were the properties most associated with 

observations of SI<2 where all soils were included and for each individual soil. In these six soils 

(G00i, H00i and N00i), increased Na+ (exchange or solution) and decreased Ca2+:Mg2+ ratios were 

associated with larger SI<2 values. The chapter 3 correlations suggested that an increased Ca2+:Mg2+ 

ratio was associated with larger SI<2 values and this was found where the SI<2 values for all six 
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Vertosols were correlated against Ca2+:Mg2+ ratios. These correlations reflected the overall influence 

of the soil mineral suite. This is because the less stable G00i and N00i soils, that have larger 

exchange capacities than the H00i soils, have larger Ca2+:Mg2+ ratios. 

The electrical conductivity, ESI and EC1:5/Na+
exch attributes were generally not associated with SI<2 

according to correlation coefficients for individual soils or correlation coefficients for all soils. This 

reflects the very similar conductivities of all soils irrespective of the sampling site or the treatment 

solution applied. The ESI and EC1:5/Na+
exch predictors presented by Hulugalle and Finlay (2003), 

were generally less suited for describing SI<2 values than ESP when correlation comparisons were 

assessed, although the ESI and EC1:5/Na+
exch were correlated with SI<2. The fitted regression model 

broadly supported the use of an ESI critical level of 0.05 for delineating the less stable Vertosols 

from the more stable soils. However, both the ESI and EC1:5/Na+
exch predictors were strongly 

influenced by the electrical conductivity values of all included soil samples. This strong EC affect 

limited the distribution of ESI and EC1:5/Na+
exch values and very few soil samples had ESI values 

greater than 0.05, while most of the EC1:5/Na+
exch values were less than 0.015. Consequently, these 

predictors appeared unsuitable for describing the potential instability of these laboratory irrigated 

Vertosols. 

4.5 Conclusions 

Irrigating each of the six Vertosols in the laboratory, using the different water solutions, resulted in 

larger contributions of exchangeable Na+ and smaller values of electrical conductivity compared to 

the initial furrow soils. However, the irrigated soil columns did not exhibit larger quantities of 

mechanically dispersed clay than the initial soils. In addition, Na+ descriptors (Na+
exch and ESP) and 

Ca2+:Mg2+ ratios were the only attributes to show consistent significant individual relationships with 

the values of SI<2 that were determined. This is because of the large influence of clay phyllosilicate 

suite on the stabilities of these six different Vertosols. However, while the phyllosilicate suite is the 

main attribute differentiating the stabilities of these six soils, other soil attributes contributed to the 

different stabilities of irrigated soil columns from each site. The exchangeable Na+ content and 

Ca2+:Mg2+ ratios of these soils tended to show consistent relationships with the SI<2 values of each 

soil. However, the distribution of SI<2 values suggested that additional soil properties influenced the 

stability of these irrigated soil columns (e.g. organic matter). 
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AASSSSEESSSSIINNGG  TTHHEE  IIMMPPAACCTT  OOFF  IIRRRRIIGGAATTIIOONN  OONN  SSOOIILL  

SSTTRRUUCCTTUURRAALL  FFOORRMM  
~ 

Form: fōrma (L): the shape and structure of an object 
~ 

5.1 Introduction  

In chapters 3 and 4, soil structural stability was shown to be the result of a myriad of physico–

chemical interactions. The structural stability of different soil types is expressed in response to the 

composition of the clay phyllosilicate suite, total clay content and cation interactions between the 

diffuse double layer and the soil solution. In addition, irrigation water quality influences the solution 

and exchangeable cation contents of irrigated soils and consequently, impacts on soil structural 

stability. As a consequence, it is widely understood that the interactions of different soil physico–

chemical properties will influence the expression of structural form (e.g. Hubble 1984; McGarry 

1996). 

Soil structural form describes the arrangement of solid and void space in a heterogeneous or 

discontinuous manner; it results from the continual development of soil constituents (mineral and 

organic) into aggregates of increasing size and bound by zones of failure. The development of soil 

structural form in Vertosols results from swelling and shrinkage, climatic conditions and the 

physico–chemical attributes of each profile (McGarry 1996). The ability of Vertosols to shrink upon 

drying causes an arrangement of cracks to develop that are characteristic of particular physico–

chemical properties and landuse practices. Thus, the impact of anthropogenic activities on structural 

form can be quantified by characterising the soil solid and pore phases after different management 

treatments. 

This chapter catalogues the degree of change to soil structural form when undisturbed soil columns 

are subjected to irrigation water of varying quality. Soil columns, sampled from each of the nine 

cotton–producing Vertosols, were irrigated in the laboratory with six different solutions. All 

columns were impregnated with a fluorescent resin and images of structural form collected. These 

images were analysed using the Solicon© analysis software (Cattle et al. 2001) for an array of pore and 

solid attributes. 
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5.2 Soil structural form characteristics determined using Solicon© 

The Solicon© analysis software (Cattle et al. 2001) was developed to apply the stereological 

techniques described by Moran et al. (1989), McBratney and Moran (1990) and McBratney et al. 

(1992) to binary images of soil. This software and its applications are described by Roesner (2003). 

The key structural form attributes estimated by Solicon© describe the pore and solid phases of soil. 

These are summarised as (Roesner 2003): 

Porosity (P): 

P indicates the proportion of pore space that exists within a soil image (length3 length-3). 

Surface area (Sv):  

Sv is an estimate of the interfacial area between pore and solid phases in a given volume of soil 

(length2 length-3). 

Horizontal pore and solid star lengths (lp* and ls*): 

 Star length (mm) properties describe the average size of the pore and solid phases. The lp* is 

the expected continuous length of pore in the horizontal plane, encountered in any direction 

from a point placed at random at a specified image depth. Conversely, ls* is the calculation of 

this attribute for the solid phase. 

Horizontal pore and solid genus (gp and gs):  

Horizontal pore and solid genus descriptors give the number of routes that can be 

constructed between a pair of points in an image while maintaining passage. It is effectively a 

measure of the number of loops or the connectedness of an image. Consequently, gp and gs 

represent the minimum connectivity of the pore and solid phases of a binary image. 

Pore sieve distribution:  

The mean pore sieve size (sp) is the average radius of pores represented by the largest circles 

that fit within a pore structure. Consequently, the pore sieve distribution represents the size 

distribution of all pore units into which different sized shape functions have been fitted. 
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Distribution of the pore star–shape factor:  

The star–area factor (Rap
*) is a measure of the ‘roundness’ estimated form individual pore star 

areas. Consequently, the histogram of the pore star–shape factor can be used to determine the 

proportion of certain shape features between the limits of 0 and 1. A factor >0.6 indicates a 

larger proportion of rounded pore shapes, while a factor <0.4 indicates a larger proportion of 

fissures or long needle–like pore shapes. 

5.3 Methods  

5.3.1 Sample preparation and the laboratory irrigation of soil columns 

Intact soil columns (160 mm o.d. × 200 mm h.) were extracted from each of the nine cotton–growing 

fields (B00i, G00i, H00i and N00i) in the same way as those soil columns that were obtained for the 

chapter 4 irrigation procedure. In the lower Gwydir, Hillston and lower Namoi regions (G00i, H00i 

and N00i), twelve soil columns were obtained from each sampling site. In the Bourke region, ten 

soil columns were extracted from each of the B001 and B003 sites, and two soil columns were 

obtained from the B002 site. This gave a total of ninety four soil columns for the analysis of soil 

structural form parameters. 

Each soil column was prepared and then irrigated in the laboratory according to the procedures 

outlined in chapter 4.2.1. From each of the G00i, H00i and N00i sampling sites, columns were 

irrigated using one of the six irrigation solutions (FW00i, T102 or T401–4) described in chapter 

4.2.2. The B001 and B003 columns were irrigated using one of five irrigation solutions (FW00i, 

T102 or T401–3), and the two soil columns from the B002 site were irrigated using only the 

corresponding FW00i treatment solution. This design resulted in two soil columns from each 

sampling site being treated using each of the irrigation solutions outlined. The ECw and SARw values 

for each of these irrigation solutions are presented in Tables 3.1 and 3.2. 

During irrigation changes in column weight and drainage solution descriptors were monitored 

according to the protocol outlined in chapter 4.2.3. The changes in weight for each of the soil 

columns (before irrigation–after irrigation) are given in appendix 3.1 and the drainage solution 

descriptors (ECw, solution cations and SARw values) are presented in appendix 3.2 for each 

treatment of the nine soils. 
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5.3.2 Image acquisition and analysis 

Once six irrigation cycles were completed and after all soil columns had been allowed to dry for 50 

days, an image acquisition process was commenced. Following the procedure outlined by Vervoort 

and Cattle (2003), the soil columns were first impregnated with a slow–curing resin mixture, 

containing an ultraviolet (UV)–fluorescent yellow dye. This resin mixture filled all surface connected 

pore–space. The fluid components of the mixture are detailed by McBratney et al. (1992). It 

consisted of resin, diluent, hardener and opacifier at a ratio of 34:34:32:1.  

The resin mixture was slowly applied to the surface of each soil column, using sufficient resin to 

immerse all soil solids. Then each column was left to harden for a minimum of 48 hrs. The 

subsequent soil–resin blocks were ground using an angle grinder through the horizontal plane 

(Vervoort and Cattle 2003). Images of the exposed surface were captured using a Canon G3 

Powershot digital camera under blacklight blue UV–light. This was done at depth increments of 10 

mm, between the soil depths of 0 and 100 mm, and then at depths of 120 mm, 140 mm and 160 

mm. The distance between the camera lens and the surface of each soil–resin block was kept 

constant by raising the exposed face to a given height. Furthermore, all images from individual 

columns were collected maintaining uniform orientation. This allowed for a comparison between 

sampling intervals for each of the soil columns to be made post–analysis. The images obtained were 

composed of yellow pore space and black solids. These were downloaded to a computer and 

segmented using a threshold histogram. Each was inverted and the subsequent binary image was 

represented by black (pore space) and white (solid space) pixels, where a single pixel was 

representative of approximately 0.12 mm2. Consequently, the porosity detected using this method 

was the soil macroporosity (Beven and Germann 1982). 

A sub–sample of each binary image was collected by taking a circular 1000 pixel d. segment from the 

centre of each sample to remove the edge effects, which resulted from minor soil shrinkage at the 

PVC–soil interface. The resulting images each had a diameter of approximately 120 mm and this 

gave each image an area of 1.13×10-2 m2. A schematic representation of an impregnated soil column 

and the horizontal sampling intervals (10, 30, 50, 70 and 90 mm depths), from which images were 

collected and prepared, is given in Figure 5.1. Examples of structural form for the six different 

irrigation treatments of the G001 and H001 soils are given in Figures 5.2 and 5.3 for the 50 mm 

depth increment of soil columns. 
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Figure 5.1 Horizontal image samples were collected at 10 mm increments in the 0–100 mm depth of soil 
columns and then at 20 mm increments in the 100–160 mm zone. In this figure the horizontal images 
are given for one of the irrigated soil columns at sampling points of, (a), 10 mm depth, (b), 30 mm 
depth, (c), 50 mm depth, (d), 70 mm depth and, (e), 90 mm depth. 

The Solicon© v2.1 software (Cattle et al. 2001) was used to access and assess all soil structural form 

characteristics of the collected binary images. This program applies various pixel–counting 

procedures to estimate the proportions, size characteristics and connectivity of the pore and solid 

phases. The principles behind these calculations are described by Serra (1982), McBratney and 

Moran (1990) and by Roesner (2003). In this thesis, estimates of six structural parameters were 

obtained for each image; macroporosity (P), surface area (Sv), pore star length (lp*), solid star length 

(ls*), pore genus (gp) and solid genus (gs). These were selected to comprehensively describe the pore 

and solid phases of each soil column. In addition, the pore sieve and pore star–shape distributions 

were determined for each image to estimate the size and shape of soil macropore space. The pore 

sieve classes were computed to give a continuous distribution of effective soil pore sizes. To do this, 

the thresholds for each pore sieve class were assigned according to 0.1 mm increments between 0.1 

and 1.0 mm, and then as 0.5 mm increments between 1.0 mm and 2.5 mm. Pore sieve classes with 

sizes greater than 2.5 mm were not included. Therefore, the twelve pore sieve classes were (mm): 

0.1–0.2          0.2–0.3          0.3–0.4          0.4–0.5          0.5–0.6          0.6–0.7 

0.7–0.8          0.8–0.9          0.9–1.0          1.0–1.5          1.5–2.0          2.0–2.5 

5.3.3 Analysis of soil structural form attributes 

All structural form attributes, determined for each of the solution treatments of each Vertosol, were 

prepared using One–Way Analyses of Variance (ANOVA) to give the mean attributes for each 

treatment and the corresponding standard error. Using this procedure, the mean treatment effect 

with increasing soil depth was derived from the replicated treatments of each soil to show changes 
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in the macroporosity (P), surface area (Sv), pore star length (lp*), solid star length (ls*), pore 

connectivity (gp) and solid connectivity (ps). These depth functions are presented for the T401–4 

treatments of the G001 and H001 soils in Figures 5.4–7. The other depth functions, for each 

irrigation treatment of the nine Vertosols, are given in appendix 5.1. Once the depth functions were 

prepared, mean structural attributes were determined for three discrete depth intervals using all 

images for each irrigation treatment of each soil. These depth intervals were; 0–40 mm, 50–90 mm 

and 100–160 mm. At each of the three depth intervals, significant differences between means were 

determined using the Tukey–Kramer test (P=0.05). The mean structural attributes of the 50–90 mm 

interval are given in Tables 5.1–4, while the mean attributes for the 0–40 mm and 100–160 mm 

intervals are given in appendix 5.2. 

All nine Vertosols were compared to determine differences in structural form between the sites. To 

do this, the Tukey–Kramer test (P=0.05) was used to compare the nine Vertosols using mean 

attributes of the 50–90 mm interval. The B001, B003, G00i, H00i and N00i soils were compared 

using the T102 and T402 treatments. These two solutions were used to compare the soils as ‘clean 

water’ (T102) appeared to influence structural form attributes differently to the T40i solutions, while 

the T402 solution included a comparison of soils using a SARw treatment. The three B00i soils were 

compared using the FW001 treatment, as this was the only treatment solution used to irrigate the 

B002 soil. These comparisons are given in Tables 5.5 and 5.6. 

The pore sieve and pore star–shape distributions were prepared for the 50–90 mm depth increment. 

These were used to compare the different treatments of each of the B001, B003, G00i, H00i and 

N00i soils. The pore sieve and pore star–shape distributions of the B00i soils were compared using 

the FW001 treatment. Figures 5.8 and 5.9 give the pore sieve distributions for the G001 and H001 

soils. Figures 5.10 and 5.11 give the pore–star shape distributions for the same soils. The pore sieve 

and pore star–shape distributions of all the other Vertosols are given in appendix 5.3. 

5.4 Results 

In Figures 5.2 and 5.3 binary images show the structural arrangement of pore and solid space at the 

50 mm depth increment for selected soil columns from the G001 and H001 sites. These images 

represent soil columns irrigated with the FW00i, T102 or T401–4 solutions. 

Soil structural attributes are influenced by the SARw of the irrigation water applied, but irrespective 

of the applied treatment solution, these soils all contain very small contributions of macropore space 
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(frequently <5 % macroporosity) at depths greater than 30 mm. Treating the B001, B003, G00i, 

H00i and N00i soils with solutions of large SARw tends to result in less porosity, less surface area 

and smaller pore sizes than treating these soils with low SARw solutions. Conversely, treating soil 

treated with low SARw solutions gives smaller solid phase attributes than treating soils with large 

SARw solutions. 

       

       

       

30 mm

       

       

       

30 mm

 

a) b)

c) d)

e) f)

Figure 5.2 The treatment of G001 with each of the irrigation treatment solutions [FW00i, (a), T102, (b), T401, (c), 
T402, (d), T403, (e), and T404, (f)]. These selected images were taken from the 50 mm depth increment 
of soil columns. 
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Figure 5.3 The treatment of H001 with each of the irrigation treatment solutions [FW00i, (a), T102, (b), T401, (c), 

T402, (d), T403, (e), and T404, (f)]. These selected images were taken from the 50 mm depth increment 
of soil columns. 

5.4.1 The effect of water quality on selected structural parameters for the nine soils investigated 

The impact of each of the irrigation solutions on the magnitude of each descriptive parameter is 

presented by depth for each of the soils studied. Figures 5.4 and 5.5 give the change in structural 

parameters with depth for the T401–4 treatments of the G001 soil, and Figures 5.6 and 5.7 show the 
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change in structural parameters with depth for the T401–4 treatments of the H001 soil. The changes 

in structural parameters with depth, for all the other treatments (FW00i, T102 and T401–4) of the 

nine Vertosols, are given in appendix 5.1 

5.4.1.1 Comparative effects of the T40i solutions on structural form attributes 

In general, the soils irrigated with the T40i solutions tend to show estimates of soil P, Sv, gp and gs 

that are smaller for the soil columns treated with solutions of larger SARw (T403 or T404) than for 

soils treated with the T401 solution (SARw 0). Concurrently, estimates of ls* are typically larger for 

soil columns irrigated with solutions of greater SARw than for soils treated with solution T401. 

However, the estimates of lp* for each of the soils do not tend to be influenced by the SARw (T40i) 

treatments applied. 

Irrigation using the T40i solutions did not result in the same differences between the structural 

attributes for all soils. In addition, the differences between the structural attributes of soils irrigated, 

using each of the T40i solutions, tend to be less at increased depth. The range of structural attributes 

of these Vertosols is demonstrated by the G001 and H001 soils. 

The G001 soil has P, lp* and gp attributes (Figures 5.4 and 5.5) that do not appear to show any 

differences between the SARw treatments (T401–4). At depths of 0–80 mm in this soil, the T403 

treated soil tends to have the smallest Sv, while the T404–treated soil tends to have the largest Sv. 

Similarly, the T404–treated soil has the smallest ls*, and the T403–treated columns have the largest ls*. 

The connectivity estimates of solid space (gs) are similar for the T401–4 treatments, but gs is generally 

smallest where the G001 soil has been irrigated with T403. For this soil, the depths below 80 mm 

have different trends in the structural attributes; the Sv and gs tend to be least for the T404–treated 

soil and largest for the T401–treated columns, while the ls* values tend to be larger where soil has 

been treated with larger SARw solutions. 

The H001 soil (Figures 5.6 and 5.6) appear to have distinct trends in the structural parameters that 

are apparent at all depths for the T40i treatments. This soil has greatest P where the T401 treatment 

had been applied, and least P for columns irrigated using T403, while the T402 and T404 treated 

soils have intermediate values. The Sv and gs values reflect the trend in P, and decreases according to 

the treatment solution applied during the irrigation of soil columns in the order T401, T402, T404 

and T403. The ls* values for this soil are consistently larger according to the same order i.e. T401 < 

T402 < T404 < T403. 



 

 

Figure 5.4 Response of selected structural parameters (P, Sv and lp*) of soil G001 to four treatments; T401 (▬), T402 (▬), T403 (▬) and T404 
(▬). 
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Figure 5.5 Response of selected structural parameters (ls*, gp and gs) of soil G001 to four treatments; T401 (▬), T402 (▬), T403 (▬) and T404 
(▬). 

 

0

20

40

60

80

100

120

140

160

180

0 25 50 75 100

Solid star length (mm).

So
il 

de
pt

h 
(m

m
)

0

20

40

60

80

100

120

140

160

180

0.00 0.02 0.04 0.06

Pore genus (mm-2)

So
il 

de
pt

h 
(m

m
)

0

20

40

60

80

100

120

140

160

180

0.0 0.1 0.2 0.3 0.4

Solid genus (mm-2)

So
il 

de
pt

h 
(m

m
)



 

 

Figure 5.6 Response of selected structural parameters (P, Sv and lp*) of soil H001 to four treatments; T401 (▬), T402 (▬), T403 (▬) and T404 
(▬). 
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Figure 5.7 Response of selected structural parameters (ls*, gp and gs) of soil H001 to four treatments; T401 (▬), T402 (▬), T403 (▬) and T404 
(▬). 
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5.4.1.2 Comparative effects of T401 and T102 solutions on structural form attributes 

Differences between the structural parameters, with depth, of the T401 and T102 treatments are 

shown in appendix 5. The estimates of the Sv attribute for each soil treated using the T401 solution 

tend to be larger than the surface area estimates for the T102 treatment of soils, especially at depth. 

The soils irrigated with the T102 solution tend to have larger gp and gs, while the P and lp* values are 

generally the same. The ls* values for soils irrigated with T401 or T102 do not show any consistent 

trend. 

5.4.1.3 Comparative effects of FW00i and T102 solutions on structural form attributes 

Differences between the structural parameters, with depth, for the FW00i and T102 treatments are 

shown in appendix 5. Soils treated with the FW00i and T102 solutions tend to have similar estimates 

of P and lp*, and while estimates of connectivity (gp and gs) are dissimilar, they do not show a 

consistent trend. The Sv and ls* descriptors are consistently different where soils were irrigated using 

each of these solutions. Estimates of Sv tend to be less for soils irrigated with clean water (T102), 

while estimates of solid size (ls*) are generally smaller for soil columns treated using FW00i solutions 

than for soils that had been irrigated with T102. These trends in Sv and ls* values are not consistent 

for all soils. Two soils, B001 and H002, have larger Sv values and smaller ls* values after irrigation 

with T102. 

The comparison of the B00i soils using the FW00i treatment shows that all these soils have similar 

P, lp* and gp values. The B002 soil columns tend to have the smallest values of Sv and gs and the 

largest values of ls*, while the Sv and gs values of the B001 and B003 soils are similar at all depths. 

5.4.2 Comparing the effect of water quality on selected structural parameters of each soil using three depth 
increments 

To overcome the observed effect of depth on the structural form characteristics of these laboratory 

irrigated Vertosols, the six structural form attributes are compared for each soil at three individual 

depth increments; 0–40 mm, 50–90 mm and 100–160 mm. The determined mean values of the 50–

90 mm depth of soils B001, B003, G00i, H00i and N00i are given in Tables 5.1–4. Tables that 

include all mean values for the 0–40 mm and 100–160 mm depths are given in appendix 52. 

In the soil surface depth (0–40 mm) there tends to be very few significant differences between the 

structural characteristics, where the treatments are compared, and there is generally a large associated 

variation for each of the mean values. Similarly, there are few significant differences between the 

structural attributes of the 100–160 mm depth increment where the different irrigation treatments 
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have been applied to each Vertosol. This does not reflect a large variation in each mean; rather at 

this depth the different treatments of each Vertosol have very similar structural form attributes. 

For the 50–90 mm depth, soil columns irrigated with the solutions of larger SARw (T403–4 

solutions) tend to have smaller values of P, Sv, lp*, gp and gs, and larger values of ls*. However, irrigated 

soil columns from the G00i (Table 5.2) and N001 (Table 5.4) sites do not show this trend. These 

soils generally have larger values of P, Sv, lp*, gp and gs, and smaller values of ls* where columns have 

been treated using solutions of large SARw. However, significant differences between the treatments, 

for each of the measured attributes, are not evident for some of the soils. The B001 and B003 soils 

(Table 5.1), and the G001 and N001 soils do not show any significant differences between each of 

the structural attributes, where the T40i irrigation treatments of each soil are compared. The N002 

soil only shows a significant increase in ls* values between the T402– and T404–treated soil columns. 

The G002 soil and the H00i (Table 5.3) soils are the only Vertosols in this procedure to show a 

number of significant differences between the SARw treatments (T401→4). The G002 soil has 

significantly larger P, Sv, gp and gs values and significantly smaller ls* where solutions of large SARw 

have been used to irrigate columns, but the T401–4 treated columns of this soil contain ≤4 % P. In 

contrast, the H00i soils have significantly smaller P, Sv, gp and gs values and significantly larger ls* 

values for soil columns that have been treated using solutions of increasing SARw; T401 (SARw 0) 

(e.g. PH001=0.05 mm3 mm-3), T402 (SARw 7.5) (e.g. PH001=0.03 mm3 mm-3) or T403 (SARw 15) (e.g. 

PH001=0.00 mm3 mm-3). However, where the H001 soil has been treated using T404, the structural 

form attributes (P, Sv, gp, gs and ls*) tend to be of intermediate value (e.g. PH001=0.01 mm3 mm-3); these 

descriptors have values between those obtained for the T402 and T403 treated soil columns. The 

T404–treated H002 soil have values for these attributes (P, Sv, gp, gs and ls*) that are the same as 

values obtained for soil that has been treated with T401. 

Comparisons of the FW00i, T102 and T401 treatments of each soil do not result in consistent 

trends. The G002 (Table 5.2) and N002 (Table 5.4) soils show no significant differences between the 

structural form attributes where each soil has been irrigated with FW00i and T102 or where soil 

columns have been irrigated using T102 and T401. The irrigation of the B001 and B003 soils (Table 

5.1), and the G001 (Table 5.2) and N001 (Table 5.4) soils with the T102, FW00i and T401 solutions 

results in significantly different structural form attributes. Where the B001 soil has been irrigated 

using the T102 solution it has significantly larger values of P and Sv, and significantly smaller ls*, than 

where this soil has been treated using either FW00i or T401. The treatment of the B003 soil with 

T102 gives significantly smaller values of P, Sv, and gp and gs, and a significantly larger ls* where these 

attributes are compared with the structural form descriptors obtained for the FW00i treated 

columns. The G001 soil has a significantly larger estimate of pore size (lp*) where soil columns have 
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been treated with FW00i rather than T102, and significantly larger solid connectivity where columns 

are irrigated using T401 rather than T102. The FW00i treatment of the N001 soil results in a 

significantly larger Sv than the columns irrigated using T401, but for this soil there are no significant 

differences between the structural form attributes after soil columns are irrigated using either the 

T102 or T401 solutions. In contrast, the H00i soils (Table 5.3) exhibited an array of significant 

differences where columns of each soil have been irrigated using the T102, FW00i and T401 

solutions. H001 has significantly larger values of P, Sv, and gs when the T401 treatment was 

compared to the T102 solution and significantly smaller ls* for the T401 and FW00i treated soil 

columns. The H002 soil has significantly smaller values of P and Sv, and a significantly larger 

estimate of ls*, where the FW00i–treated soil is compared to the T102–treated soil. The T401–treated 

H002 soil has significantly greater gp than that determined for the FW00i and T102–treated soil 

columns. 



 

 

 

 

Table 5.1 
Mean structural parameters derived using image analysis for soils B001 and B003 (50–90 mm) after laboratory irrigation 

 FW00i T102 T401 T402 T403 
 EC 0 dS m-1 EC 0.5 dS m-1 

  SAR 0 ((mmol(+) L-1)1/2) SAR 0 ((mmol(+) L-1)1/2) SAR 7.5 ((mmol(+) L-1)1/2) SAR 15 ((mmol(+) L-1)1/2) 

Site B001 

P (mm3 mm-3)     0.06b ±   0.01     0.09a ±   0.01     0.04bc ±   0.01     0.03bc ±  0.00     0.02c ±   0.00 

Sv (mm2 mm-3)     0.26b ±   0.04     0.46a ±   0.05     0.25b ±   0.05     0.24b ±   0.03     0.11b ±   0.03 

lp* (mm)     2.53 ±   0.38     2.15 ±   0.17     2.37 ±   0.76     1.26 ±   0.10     1.63 ±   0.33 

ls* (mm)   52.28bc ±   4.69   32.55c ±   5.24   58.07ab ±   7.11   60.80ab ±   4.07   77.93a ±   5.46 

gp (×10-2 mm2)     0.33ab ±   0.09     0.41ab ±   0.08     0.24ab ±   0.06     0.42a ±   0.10     0.11b ±   0.04 

gs (×10-2 mm2)     5.16ab ±   0.68     8.85a ±   0.81     8.80a ±   2.19     7.01ab ±   0.97     2.94b ±   0.69 

Site B003 

P (mm3 mm-3)     0.05a ±   0.00     0.02b ±   0.00     0.05a ±   0.00     0.04a ±   0.00     0.04a ±   0.00 

Sv (mm2 mm-3)     0.35a ±   0.03     0.16b ±   0.03     0.32a ±   0.03     0.26ab ±   0.03     0.30a ±   0.02 

lp* (mm)     1.64 ±   0.16     1.24 ±   0.16     2.32 ±   0.36     1.89 ±   0.31     1.82 ±   0.30 

ls* (mm)   41.32c ±   2.69   67.46a ±   6.71   44.54bc ±   3.15   61.41ab ±   3.99   47.13bc ±   3.29 

gp (×10-2 mm2)     0.32a ±   0.04     0.06b ±   0.02     0.45a ±   0.06     0.48a ±   0.08     0.31a ±   0.03 

gs (×10-2 mm2)   10.12a ±   1.06     3.93c ±   0.82     9.06ab ±   0.73     6.46bc ±   0.93     9.10ab ±   0.71 

Within rows the letters represent significant difference between mean values for each treatment using the multiple comparison Tukey–Kramer test 
(P=0.05). 

 
 

 



 

 

Table 5.2 
Mean structural parameters derived using image analysis for soils G001 and G002 (50–90 mm) after laboratory irrigation 

 FW00i T102 T401 T402 T403 T404 
  EC 0 dS m-1 EC 0.5 dS m-1 
  SAR 0 ((mmol(+) L-1)1/2) SAR 0 ((mmol(+) L-1)1/2) SAR 7.5 ((mmol(+) L-1)1/2) SAR 15 ((mmol(+) L-1)1/2) SAR 30 ((mmol(+) L-1)1/2) 

Site G001 

P (mm3 mm-3)    0.03ab ±   0.00    0.02b ±   0.00    0.03ab ±   0.00    0.03ab ±   0.00    0.03ab ±   0.00    0.04a ±   0.01 

Sv (mm2 mm-3)    0.13ab ±   0.02    0.09b ±   0.02    0.17ab ±   0.02    0.18a ±   0.01    0.12ab ±   0.01    0.16ab ±   0.03 

lp* (mm)    3.69a ±   1.03    1.58b ±   0.14    2.05ab ±   0.24    2.14ab ±   0.26    2.69ab ±   0.24    2.25ab ±   0.21 

ls* (mm)  61.21ab ±   4.96  70.15a ±   6.61  54.32ab ±   3.95  49.87b ±   0.80  66.95ab ±   3.20  57.01ab ±   5.43 

gp (×10-2 mm2)    0.10 ±   0.03     0.08 ±   0.03    0.16 ±   0.04    0.15 ±   0.04    0.07 ±   0.01    0.21 ±   0.09 

gs (×10-2 mm2)    2.83ab ±   0.66    1.95b ±   0.42    4.11a ±   0.46    4.27a ±   0.45    2.72ab ±   0.29    3.20ab ±   0.43 

Site G002 
P (mm3 mm-3)    0.02bc ±   0.00    0.02bc ±   0.00    0.01c ±   0.00    0.01bc ±   0.00    0.02ab ±   0.01    0.04a ±   0.01 

Sv (mm2 mm-3)    0.12bc ±   0.03    0.12bc ±   0.02    0.05c ±   0.01    0.11bc ±   0.02    0.20ab ±   0.04    0.27a ±   0.03 

lp* (mm)    1.51 ±   0.18    1.10 ±   0.20    1.28 ±   0.18    1.15 ±   0.12    0.99 ±   0.07    1.36 ±   0.14 

ls* (mm)  78.71ab ±   4.72  71.77ab ±   4.63  90.43a ±   1.48  69.36b ±   4.59  60.78bc ±   7.32  42.95c ±   3.58 

gp (×10-2 mm2)    0.11ab ±   0.04    0.06b ±   0.01    0.03b ±   0.01    0.07b ±   0.01    0.18ab ±   0.08    0.24a ±   0.04 

gs (×10-2 mm2)    3.55bc ±   1.00    3.90abc ±   0.81    1.46c ±   0.26    3.88abc ±   0.67    5.98ab ±   1.08    7.20a ±   0.75 

Within rows the letters represent significant difference between mean values for each treatment using the multiple comparison Tukey–Kramer test (P=0.05). 
 
 



 

 

 

 

Table 5.3 
Mean structural parameters derived using image analysis for soils H001 and H002 (50–90 mm) after laboratory irrigation 

 FW00i T102 T401 T402 T403 T404 
  EC 0 dS m-1 EC 0.5 dS m-1 
  SAR 0 ((mmol(+) L-1)1/2) SAR 0 ((mmol(+) L-1)1/2) SAR 7.5 ((mmol(+) L-1)1/2) SAR 15 ((mmol(+) L-1)1/2) SAR 30 ((mmol(+) L-1)1/2) 

Site H001 

P (mm3 mm-3)    0.03ab ±   0.01    0.02bc ±   0.00    0.05a ±   0.00    0.03ab ±   0.00    0.00d ±   0.00    0.01cd ±   0.00 

Sv (mm2 mm-3)    0.17ab ±   0.03    0.09bcd ±   0.02    0.23a ±   0.04    0.11bc ±   0.02    0.01d ±   0.00    0.07cd ±   0.01 

lp* (mm)    1.72bc ±   0.20    1.82bc ±   0.26    2.56ab ±   0.17    3.41a ±   0.17    0.52d ±   0.11    1.53c ±   0.35 

ls* (mm)  53.17cd ±   4.43  73.77b ±   6.07  45.20d ±   3.38  67.54bc ±   5.33  96.19a ±   1.89  78.75ab ±   4.53 

gp (×10-2 mm2)    0.18ab ±   0.04    0.08ab ±   0.03    0.27a ±   0.09    0.18ab ±   0.04    0.00b ±   0.00    0.03b ±   0.01 

gs (×10-2 mm2)    3.55ab ±   0.66    2.04bc ±   0.54    5.50a ±   0.94    1.88bc ±   0.34    0.82c ±   0.42    1.89b ±   0.41 

Site H002 
P (mm3 mm-3)    0.01c ±   0.00    0.03ab ±   0.00    0.04a ±   0.00    0.01c ±   0.00    0.02bc ±   0.00    0.05a ±   0.01 

Sv (mm2 mm-3)    0.06c ±   0.02    0.17ab ±   0.03    0.24a ±   0.03    0.04c ±   0.01    0.09bc ±   0.01    0.24a ±   0.02 

lp* (mm)    1.06b ±   0.10    1.72ab ±   0.34    1.85ab ±   0.16    1.89ab ±   0.26    1.52ab ±   0.16    2.18a ±   0.26 

ls* (mm)  83.76ab ±   5.52  51.42c ±   5.45  52.98c ±   6.83  91.26a ±   2.41  65.70bc ±   5.05  44.65c ±   4.45 

gp (×10-2 mm2)    0.05b ±   0.02    0.12b ±   0.03    0.39a ±   0.04    0.04b ±   0.01    0.06b ±   0.01    0.38a ±   0.07 

gs (×10-2 mm2)    1.83bc ±   0.63    3.72ab ±   0.72    5.21a ±   0.88    0.87c ±   0.17    2.26bc ±   0.36    5.42a ±   0.50 

Within rows the letters represent significant difference between mean values for each treatment using the multiple comparison Tukey–Kramer test (P=0.05). 
 
 
 

 



 

 

Table 5.4 
Mean structural parameters derived using image analysis for soils N001 and N002 (50–90 mm) after laboratory irrigation 

 FW00i T102 T401 T402 T403 T404 
  EC 0 dS m-1 EC 0.5 dS m-1 
  SAR 0 ((mmol(+) L-1)1/2) SAR 0 ((mmol(+) L-1)1/2) SAR 7.5 ((mmol(+) L-1)1/2) SAR 15 ((mmol(+) L-1)1/2) SAR 30 ((mmol(+) L-1)1/2) 

Site N001 

P (mm3 mm-3)    0.08a ±   0.02    0.05ab ±   0.01    0.04b ±   0.01    0.04ab ±   0.01    0.05ab ±   0.01    0.04b ±   0.01 

Sv (mm2 mm-3)    0.40a ±   0.07    0.23b ±   0.02    0.21b ±   0.03    0.20b ±   0.05    0.28ab ±   0.03    0.24ab ±   0.04 

lp* (mm)    2.12ab ±   0.20    2.61a ±   0.31    1.92ab ±   0.27    2.20ab ±   0.24    1.65b ±   0.16    1.43b ±   0.15 

ls* (mm)  36.61b ±   7.01  48.63ab ±   3.81  47.62ab ±   4.88  60.01a ±   5.50  39.16ab ±   4.48  43.67ab ±   4.50 

gp (×10-2 mm2)    0.55a ±   0.14    0.25ab ±   0.04    0.17b ±   0.04    0.27ab ±   0.09    0.28ab ±   0.04    0.19b ±   0.04 

gs (×10-2 mm2)    8.56a ±   1.29    5.47ab ±   0.39    5.98ab ±   0.75    4.34b ±   1.12    7.70ab ±   0.84    7.15ab ±   1.18 

Site N002 
P (mm3 mm-3)    0.03 ±   0.01    0.02 ±   0.00    0.03 ±   0.01    0.03 ±   0.01    0.02 ±   0.00    0.03 ±   0.01 

Sv (mm2 mm-3)    0.11 ±   0.02    0.09 ±   0.02    0.13 ±   0.02    0.16 ±   0.02    0.09 ±   0.02    0.10 ±   0.02 

lp* (mm)    2.91 ±   0.64    1.96 ±   0.33    2.12 ±   0.22    2.09 ±   0.32    2.14 ±   0.35    3.14 ±   0.50 

ls* (mm)  66.81ab ±   5.75  76.27a ±   5.56  65.42ab ±   4.98  52.46b ±   4.01  73.34ab ±   4.31  74.44a ±   5.36 

gp (×10-2 mm2)    0.19 ±   0.06    0.08 ±   0.03    0.21 ±   0.07    0.20 ±   0.04    0.10 ±   0.03    0.17 ±   0.05 

gs (×10-2 mm2)    2.31ab ±   0.54     2.06b ±   0.42    2.95ab ±   0.47    3.95a ±   0.44    1.86b ±   0.31    1.77b ±   0.37 

Within rows the letters represent significant difference between mean values for each treatment using the multiple comparison Tukey–Kramer test (P=0.05). 
 
 



 

 

 

 

Table 5.5 
Mean structural parameters comparing the effects of treatment solution (T102 and T402) on the soils B001, B003, G00i, H00i and N00i 

   B001  B003  G001  G002  H001  H002  N001  N002 
Solution T102 

P (mm3 mm-3)   0.09a   0.02bc   0.02c   0.02c   0.02c   0.03bc   0.05b   0.02c 
Sv (mm2 mm-3)   0.46a   0.16bc   0.09c   0.12bc   0.09c   0.17bc   0.23b   0.09c 
lp* (mm)   2.15ab   1.24b   1.58ab   1.10b   1.82ab   1.72ab   2.61a   1.96ab 
ls* (mm) 32.55d 67.46abc 70.15abc 71.77abc 73.77ab 51.42bcd 48.63cd 76.27a 
gp (×10-2 mm2)   0.41a   0.06c   0.08bc   0.06c   0.08bc   0.12bc   0.25ab   0.08bc 
gs (×10-2 mm2)   8.85a   3.93bc   1.95c   3.90bc   2.04c   3.72bc   5.47b   2.06c 

Solution T402 

P (mm3 mm-3)   0.03abc   0.04a   0.03abc   0.01bc   0.03abc   0.01c   0.04a   0.03ab 
Sv (mm2 mm-3)   0.24a   0.26a   0.18ab   0.11bc   0.11bc   0.04c   0.20ab   0.16ab 
lp* (mm)   1.26bc   1.89bc   2.14bc   1.15c   3.41a   1.89bc   2.20b   2.09bc 
ls* (mm) 60.80bc 61.41bc 49.87c 69.36b 67.54bc 91.26a 60.01bc 52.46bc 
gp (×10-2 mm2)   0.42ab   0.48a   0.15c   0.07c   0.18bc   0.04c   0.27abc   0.20bc 
gs (×10-2 mm2)   7.01a   6.46a   4.27ab   3.88abc   1.88bc   0.87c   4.34ab   3.95abc 
Within rows the letters represent significant difference between mean values for each soil using the multiple comparison Tukey–Kramer test 
(P=0.05). 
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5.4.3 Comparing the structural form attributes of the nine Vertosols 

The B001, B003, G00i, H00i and N00i soils are compared using the structural form attributes 

determined for the 50–90 mm depth of the T102 and T402 irrigation treatments (Table 5.5). These 

eight Vertosols have significantly different structural form attributes and show several significant 

differences between soils from the same sampling region i.e. Bourke, the lower Gwydir, Hillston or 

the lower Namoi. 

The T102 treatment results in significantly different structural form attributes between the B001 and 

B003 soils and between the N00i soils, but not between the G00i soils or the H00i soils. After being 

irrigated with T102, the B001 and N001 soils have significantly larger values of P (0.09 and 0.05 

mm3 mm-3), Sv  (0.46 and 0.23 mm2 mm-3), gp (0.41 and 0.25 ×10-2 mm2) and gs (8.85 and 5.47 ×10-2 

mm2), and significantly smaller values of ls* (32.55 and 48.35 mm) than the B003 and N002 soils, 

respectively (P=0.02 mm3 mm-3, Sv =0.16 and 0.09 mm2 mm-3, gp=0.06 and 0.08 ×10-2 mm2, gs=3.93 

and 2.06 ×10-2 mm2 and ls* =67.46 and 76.27 mm). 

The T402 treatment results in fewer significant differences between the soils than the T102 

treatment. The structural attributes of the B001 and B003 soils and the N00i soils are not 

significantly different, while the lp* and ls* attributes give the only significant differences between the 

G00i soils and between the H00i soils respectively, whereas the G001 and H001 soils have larger 

estimates of pore size (2.14 and 3.41 mm) and smaller estimates of solid size (49.87 and 67.54 mm) 

than the G002 and H002 soils (lp*=1.15 and 1.89 mm, and ls*=69.36 and 91.26 mm). 

The three B00i soils are compared using the FW00i irrigation treatment (Table 5.6). For these soils 

the only significant difference is in values of gs, where the solid phase of the B001 is significantly less 

connected than the solid phase of either the B002 or the B003 soils. 

Table 5.6 
Comparing the different structural parameters for the three B00i soils after 

irrigation using the field water treatment (FW001) 

 B001            B002 B003 

P (mm3 mm-3)   0.06   0.07   0.05 
Sv (mm2 mm-3)   0.26   0.38   0.35 
lp* (mm)   2.53   2.22   1.64 
ls* (mm) 52.28 39.31 41.32 
gp (×10-2 mm2)   0.33   0.46   0.32 
gs (×10-2 mm2)   5.16b   9.01a 10.12a 
Within rows the letters represent significant difference between mean values for each soil 
using the multiple comparison Tukey–Kramer test (P=0.05). 
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The comparisons between the T102 and T402 treatments of the B001, B002, G00i, H00i and N00i 

soils, and the FW001 treatment of the B00i soils are used to rank the nine Vertosols according to 

the structural form characteristics. These soils are ranked based on increasingly large values of P, Sv, 

lp* and gp, and smaller values of ls*. Larger values of P, Sv, lp* and gp, and smaller values of ls* represent 

increasingly desirable soil structural form (e.g. Pillai and McGarry 1999). Consequently, these soils 

have increasingly desirable structural form attributes in the order: 

H002<G002<H001<N002≈G001≈B003≈B002<N001<B001 

5.4.4 Determining the effect of water quality on pore sieve distributions 

The pore sieve distributions (50–90 mm depth) for irrigation treatments of the G001 and H001 soils 

are presented in Figures 5.8 and 5.9. The distributions (50–90 mm depth) for irrigation treatments of 

the B00i, G002, H002 and N00i soils are given in appendix 5.3. 

The nine soils tend to have two pore sieve size ranges that are important where the irrigation 

treatments are compared. These two size ranges included all effective pore sieve sizes between 0.1–

0.5 mm and between 1.0–2.0 mm. In general, soil columns treated with the T401 solution contain a 

greater volume of macropores of 0.1–0.5 mm and of 1.0–2.0 mm than soils treated with solution 

T102. Likewise, soils treated with FW00i have a greater proportion of macropore space present in 

the larger pore sieve classes than soil treated with T102. The SARw treatments show that soil treated 

with T402 has a greater proportion of larger pores than soil treated with T401. However, soil treated 

with solutions of largest SARw (T403 or T404) tend to have greater contributions of larger pore 

sieve sizes and less larger pores than soil irrigated with the small SARw solutions (T401 or T402). 

The distributions of pore sieve classes for the B00i, G00i, H002 and N00i soils do not show large 

differences between the different treatments. Unlike these soils, the illitic H001 soil (Figure 5.9) 

shows large differences between contributing sieve classes for the different SARw treatments that 

have been applied. For this soil, only the T401 and T402 treatments show large contributions of 

pore sieve sizes 1.0–2.0 mm, but where this soil has been treated using T403 or T404, the pore sieve 

distribution is dominated by sieve sizes of 0.1–0.5 mm. In addition, the T403–treated soil has a sieve 

distribution containing no effective porosity in the 1.0–2.0 mm sieve range. 
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Figure 5.8 The distribution of the pore sieve diameter (sp) for the 50–90 mm depth of the G001 soil. 

Comparisons are made between the irrigation treatments; (a), for solutions of increasing SARw [T401 
(▬), T402 (▬), T403 (▬) and T404 (▬)], (b), for salinity treatments [T102 (▬) and T401] and, (c), 
for field water and clean water [FW00i (▬) and T102 (▬)]. 
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Figure 5.9 The distribution of the pore sieve diameter (sp) for the 50–90 mm depth of the H001 soil. 

Comparisons are made between the irrigation treatments; (a), for solutions of increasing SARw [T401 
(▬), T402 (▬), T403 (▬) and T404 (▬)], (b), for salinity treatments [T102 (▬) and T401] and, (c), 
for field water and clean water [FW00i (▬) and T102 (▬)]. 

5.4.5 Determining the effect of water quality on pore star–shape distributions 

The pore star–shape distributions (50–90 mm depth) are presented for the G001 and H001 soils in 

Figures 5.10 and 5.11. The pore star–shape distributions (50–90 mm depth) for each of the 

remaining soils are given in appendix 5.4. The distributions of pore star–shape do not tend to show 

any dominance of pores with either spheroid shapes or long–thin shapes for any of the treatments 

of the nine Vertosols. However, the centre of each distribution tends to have a mid point at 

approximately 0.6, indicating that all nine Vertosols tend to contain pore shapes that are more 

cubic/spheroid than elongated, irrespective of applied irrigation treatments. 
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One of the nine soils tends to show large differences in the pore star shape distributions of the 

SARw treatments (T401–4). The H001 soil has a large increase in the proportion of rounded pore 

shapes where solutions of larger SARw are applied (T401→3). The B001, B003, H002 and N001 

soils also tend to show trends of increasingly rounded pore shapes, where each is irrigated with 

solutions of increasingly large SARw (T401–4), but these trends are much less apparent for these 

soils than for the H001 soil. The G00i and N002 soils generally have star–shape distributions that 

indicated more long–thin pore star shapes where soils have been irrigated with solutions of larger 

SARw (T401→4), but like the B001, B003, H002 and N001 soils, there are no large differences 

between the distributions for these treated soils (G00i and N002).  
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Figure 5.10 The distribution of the pore star shape (Rap
*) for the 50–90 mm depth of the G001 soil. Comparisons 

are made between the irrigation treatments; (a), for solutions of increasing SARw [T401 (▬), T402 
(▬), T403 (▬) and T404 (▬)], (b), for salinity treatments [T102 (▬) and T401] and, (c), for field 
water and clean water [FW00i (▬) and T102 (▬)]. 
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Figure 5.11 The distribution of the pore star shape (Rap
*) for the 50–90 mm depth of the H001 soil. Comparisons 

are made between the irrigation treatments; (a), for solutions of increasing SARw [T401 (▬), T402 
(▬), T403 (▬) and T404 (▬)], (b), for salinity treatments [T102 (▬) and T401] and, (c), for field 
water and clean water [FW00i (▬) and T102 (▬)]. 
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of the long, thin pore shapes. Irrigating this H002 soil using the T102 solution, rather than the 

FW00i solution, results in a larger proportion of the long thin, pore star–shapes. 

5.5 Discussion 

Soils that have large estimates of porosity, surface area and phase connectivity, and which have small 

size estimates of solid phase components can be regarded as possessing desirable structural 

attributes. Consequently, desirable soil structural form will consist of a large proportion of small 

aggregates surrounded by many small, well–connected macropores. This structural arrangement will 

encourage the flow of water, the diffusion of air and be most suitable for plant root growth 

(Ringrose–Voase 1996). Any processes that contribute to a decrease in the values of soil 

macroporosity, surface area and connectivity, and an increase in estimates of aggregate size are 

detrimental to soil structural form and will be problematic for cotton production. 

5.5.1 The impact of irrigation water quality on the different Vertosols 

The changes in structural form attributes with increased depth were assessed to compare the 

treatment solutions used to irrigate each of the nine Vertosols. There were few consistent 

differences in soil structural form attributes that were attributable to the irrigation solutions, so the 

mean values of structural form attributes for all images between certain depths were compared. The 

0–40 mm and the 100–160 mm layers did not show large irrigation treatment effects for each of the 

Vertosols. In the uppermost layer (0–40 mm), this reflected the transient features of the surface soil 

(Moran and McBratney 1992) rather than the impacts of various water quality treatments. In the 

lowest layer (100–160 mm), the different water treatments resulted in only small differences in 

structural form attributes and reflected the position of this layer in each of the soil columns. The 

larger moisture content of this layer (appendix 4) meant more extensive swelling than in the upper 

layers, and consequently, differences in structural form attributes were less readily identified. 

Furthermore, it was evident from the soil chemical properties of each irrigation treatment of the 

soils (chapter 4), that there did not tend to be large differences in the Na+ content at soil depths 

greater than 100 mm. 

The impact of the different solution treatments on the structural form of these soils was most 

apparent in the 50–90 mm depth soil layer. The irrigation of each soil with the FW00i or clean water 

(T102) solutions did not consistently yield significant differences in the estimated structural form 

attributes of this surface layer. This was partly due to the different ECw and SARw attributes of each 
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FW00i solution (Table 3.1). For example, some FW00i solutions contained larger solute 

concentrations and/or larger Na+ contents (i.e. FW001 and FW006) than others (i.e. FW002). 

However, it was clear from the B001 and B003 soils that the different FW00i solutions applied were 

not the only cause of the observed structural form attributes. Where these two Bourke soils were 

treated with the FW001 solution (ECw=0.98, SARw=4.69), they exhibited similar structural form 

attributes (Table 5.6), but a comparison of the FW001 and T102 treatments for the B001 and B003 

soils resulted in different trends. The B001 soil had more desirable structural form attributes after 

having been treated using the T102 solution, than where this soil had been treated using FW001. In 

contrast, the B003 soil had more desirable structural form attributes after treatment using FW001 

rather than where it had been treated with T102. Like the FW001 comparison of the three B00i 

soils, the impacts of FW001 or T102 on the structural form attributes of B001 and B003 reflected 

the different initial soil ESPs and electrical conductivities (ESPs of 8.1 and 3.6 and ECs of 0.37 and 

0.14, respectively). In these cases, larger solute concentrations suppressed clay expansion and larger 

soil Na+ contents increase the extent of clay swelling. 

Comparing the Vertosols that had been irrigated using the T102 solution or the T401 solution did 

not tend to show significantly different structural form attributes. However, treating each soil using 

the T401 solution rather than the T102 solution broadly suggested that the former of these 

solutions led to more desirable structural form attributes. This supported the consideration that the 

SARw and ECw of each field water solution influenced the extent of expression of the different 

structural form attributes, rather than other solution properties (e.g. anion contributions). In 

addition, comparison between the FW00i–T102 treatments or T102–T401 treatments of the 

Vertosols showed that irrigation with clean water tended to influence the expression of structural 

form attributes in these soils differently to the other solutions. The irrigation of the G00i, H00i and 

N00i soils using each treatment solution reduced the soil solution EC, but using T102 (ECw 0, SARw 

0) resulted in ECs that were marginally lower (0.01–0.02 dS m-1 less) than those of the FW00i– and 

T401–treated soils (chapter 4.3.2.2). The soil electrical conductivity influences the extent of swelling 

of 2:1 expanding lattice phyllosilicates; increasing the solute concentration, even by very small 

amounts, may suppress double layer expansion, and swelling will be determined by the 

contributions of different cations to solution and soil ESP. Consequently, applying solution T401 

(ECw 0.47, SARw 0) tended to result in a ‘better’ structured soil according to P, Sv, ls*, gp and gs, while 

the application of T102 tended to result in structural form descriptors that were comparable to the 

T402 or T403 treatments of each soil. 

The irrigation of the Vertosols with the SARw solutions (T401–3) resulted in some clear trends in 

the structural form descriptors. The G002 soil had more desirable structural attributes for 
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treatments of larger SARw i.e. small increases in the values of porosity and surface area, increases in 

estimates of connectivity and smaller size estimates of the solid phase. However, the T401–3 treated 

G002 soil columns all had less than 2 % macroporosity. The significant differences in the other 

structural attributes reflect difference in the distribution of this pore space. Similarly, the T401–3 

treated G001 and N00i soils all contained 3 % porosity and generally had no differences between 

estimates of surface area and connectivity, but had an increased estimate of soil ped size for the 

larger SARw treatments. These four soils (G00i and N00i) were dominated by 2:1 expanding lattice 

clays in the coarse and fine clay fractions (Tables 2.16 and 2.17). The B00i and H002 soils contained 

less coarse 2:1 expanding lattice clays than the G00i and N00i soils, while the H001 soil was 

dominated by illite clay in both size fractions (Tables 2.16 and 2.17). The structural form descriptors 

of these B00i and H00i soils showed less porosity, surface area and connectivity, and increased 

estimates of size for the solid phase where solutions of larger SARw had been applied. Of these soils, 

the H00i soils (particularly H001) tended to contain macropore attributes that were most affected by 

the SARw of the applied irrigation solutions. 

Irrespective of the soil investigated, the T404 treatment of each Vertosol tended to result in 

structural form attributes that were similar to the structural form attributes of the T403–treated soil. 

This was despite the much larger SARw of the T404 treatment solution. Soils treated with T404 

tended to have greater quantities of ponded surface water post–irrigation. This is because of 

increased slaking, swelling and dispersion in these soils brought about by the disruptive potential of 

solution applications and by the impact of large increases in Na+ at the soil surface. Consequently, 

very little irrigation solution drained through T404–treated soil columns, and as a result this solution 

did not impact on soil chemical properties or structural form attributes to the same extent as the 

other T40i treatments. 

5.5.2 The pore sieve and star–shape distributions 

The pore sieve and pore star–shape distributions provided two pieces of important information. 

They demonstrated the key pore sizes that were influenced by the quality (ECw and SARw) of applied 

irrigation water and they highlighted the dominance of more rounded pore shapes relative to the 

long, thin crack–shaped pores. The pore sieve distributions tended to show two sieve classes that 

contain most pore volume in the presented range, and which tended to show the largest differences 

between the treatments. These were pore sieve sizes of 0.1–0.5 mm and 1.0–2.0 mm; very fine 

macropores are less than 1.0 mm in size and fine macropores are 1.0–2.0 mm in size (Brewer 1964). 

In general, the soils treated with the FW00i and T401 solutions contained more fine macropore 

space (1.0–2.0 mm sieve sizes), while the T102 treated soils had a larger proportion of very fine 
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macropore space (0.1–0.5 mm sieve sizes). This was not a consistent trend, and several soils (G001, 

G002 and H001) that had been treated with FW00i or T401 had a larger proportion of very fine 

macropores (0.1–0.5 mm sieve sizes) than when they had been treated using the T102 solution. The 

T401–4 treatments of each soil were different. Unlike the structural form attributes previously 

described (porosity, surface area, size estimates and connectivity), which tended to show a consistent 

trend of either increasing or decreasing with increasing SARw, the pore sieve range tended to show 

the greatest proportion of fine macropores (1.0–2.0 mm) occurring where each Vertosol had been 

treated using T402. Then, the T402–4 treatments of each soil generally showed decreases in the 

contributions of fine macropores as larger SARw solutions were applied. This observation was most 

apparent for the sieve distributions of the G00i and N00i soils. This implicated the importance of 

some small quantities of Na+ in maintaining desirable pore size, particularly in soils with larger 

contributions of 2:1 expanding lattice clays. 

The pore star–shape distributions of each Vertosol were largely unaffected by the application of the 

different irrigation solutions. This is, in part, a reflection of the number of irrigation treatments and 

of the moisture content at the time of sampling (appendix 4.3). For example, the number of 

irrigation events was insufficient to cause a large change in the SAR and exchangeable cation 

contributions of these soils. Alternatively, the moisture content at the time soil columns were filled 

with fluorescent resin will influence the extent of structural form expression. The development of 

surface cracks in an irrigated Vertosol was measured by Ringrose–Voase and Sanidad (1996). 

However, currently there has been insufficient research in this area to characterise the formation of 

structural form attributes as different soils dry. At the moisture content of these Vertosols the star–

shape factor indicated small trends in the distributions that indicated increasingly long, thin pores or 

more rounded pores reflecting differences between the shrinkage of soil and the different cracking 

patterns that are evident for the applied water quality treatments. For example the B00i, H00i and 

N001 soils showed a trend toward increasingly rounded pore shapes, while the G00i and N002 soils 

showed a trend toward long, thin pore shapes as the SARw of solution was increased. These 

observations showed a small association with the proportions of 2:1 expanding lattice phyllosilicate 

clays. Only one of the Vertosols had a large trend in pore star–shape distributions that indicated 

changing cracking patterns where water of larger SARw was applied. Unlike the other soils, the H001 

soil was dominated by illite clay. This soil showed a significant increase in the contribution of 

rounded pores as the SARw of treatment increased. 
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5.5.3 Structural form and the impact of soil physico–chemical properties 

For each Vertosol, the impact of irrigation treatment solution on the structural form descriptors 

tended to correspond to differences in the fundamental soil properties. The extent of differences 

between structural form attributes for these soils reflected the proportions of fine and coarse clay 

phyllosilicate minerals in the different soils and the different cation exchange capacities. In the fine 

clay fraction the B00i, G00i, H002 and N001 soils contained more than 70 % smectite, while the 

N002 soil had approximately 60 % smectite. The H001 soil had no detected smectite in this size 

fraction. The coarse clay fractions of the B00i and H00i soils contained larger contributions of 

kaolinite and illite, while the G00i and N00i soils had coarse fractions with approximately 50–60 % 

2:1 expanding lattice clays (smectite and vermiculite). Unlike the stability of these Vertosols (chapter 

3), the soils with more 2:1 expanding lattice phyllosilicates and larger CECeff values tended to have 

structural form attributes that showed less difference, where the treatments were compared. This 

potentially reflects the greater ability of these soils to resile structural form after a disruption is 

introduced (e.g. increased soil Na+ content) through shrink–swell processes. In contrast, the soils 

with a smaller content of 2:1 expanding lattice phyllosilicates and lower CECeff values have a smaller 

capacity to shrink–swell and are less resilient. These soils tend to show different structural form 

attributes for the different treatment solutions applied. 

The G00i and N00i soils did not show any association between the structural form attributes after 

each treatment and their chemical properties, either prior to irrigation (Table 3.3) or where irrigated 

soil columns (chapter 4) had been assessed for changes in soil chemical properties. These four soils 

(G00i and N00i) tended to have exchangeable cation contributions that were significantly more 

affected by irrigation treatments (chapter 4) than the B00i or H00i soils. In addition, the G00i and 

N00i soils had larger moisture contents at the time columns were filled with fluorescent resin. 

Consequently, the structural form exhibited in these soils may reflect both the increased moisture 

content of these soils and the distributions of cations, and consequently increased swelling. It is 

probable that this relates to differences in the adsorption of exchangeable Na+ at the exchange 

interface (e.g. Quirk 1994). The soils with larger 2:1 expanding lattice phyllosilicates (G00i and N00i) 

and with a larger charge (e.g. CECeff) have a greater ability to exchange at the outer face of clay 

domains with very little Na+ moving to the charged surfaces of individual clay minerals. In contrast, 

it is probable that a larger proportion of Na+ moved to the charged faces of the B00i and H00i soils, 

particularly the illite/kaolinite dominated H001 soil, thereby influencing physical properties to a 

greater extent. The B00i and H00i soils tended to have structural form descriptors for each of the 

irrigation treatments that were described by the initial soil chemical properties (Table 3.3) and the 

soil chemical properties of irrigated soil columns (chapter 4). For these soils, the extent of 
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degradation to soil structural form depended primarily on the clay phyllosilicate suite, the initial 

ESPs and ECs and then on the ESPs of soil post–irrigation. 

The different Vertosols tended to show associations between certain soil properties and the 

observed structural form attributes, but these soils did not all show the same treatment effects. 

Consequently, it was difficult to draw comparisons between those soils with increasingly desirable 

structural form attributes and their physico–chemical properties (chapter 5.4.3). This is most 

probably a reflection of the initial differences in the structural form of the intact soil columns prior 

to irrigation, and may reflect current landuse practices (e.g. trafficking or tillage). For example, the 

B003, G002 and N001 soils had all been tilled prior to sampling, while the other soils had not, but 

none of the soils showed visible affects of wheel trafficking. Comparing the soils using the T102 

solution showed that the B001, B003, H002 and N001 soils had the most desirable soil structural 

form descriptors, while the G002, H001 and N002 soils tended to have the least desirable structural 

attributes. Importantly, the G002, H001 and N002 soils were all selected for sampling because of 

their specific soil attributes; the G002 soil was described by the grower as structurally problematic, 

the H001 soil was a red illitic Vertosol (unlike the other soils studied), while the N002 soil was part 

of a continuous no–tillage cotton production trial. Irrigation of soils using the T402 solution showed 

a similar pattern in the structural form attributes, with the B001, B003 and N00i soils tending to 

have the most desirable characteristics, while the G00i and H00i soils had the least desirable values 

for the structural descriptors. 

5.6 Conclusions 

In general, these laboratory irrigated soils contained very small contributions of macroporosity 

(frequently <5 %), but despite these small quantities of pore space, irrigation water quality 

influenced soil structural form attributes. Irrigating with solutions of increased sodicity resulted in 

increased estimates of the size of soil aggregates, decreased pore surface area and connectivity, and 

resulted in less desirable soil structural form. However, each of the Vertosols investigated in this 

study reflected the influence of solution composition differently. These differences were attributed 

to different suites of clay phyllosilicates in the soils and then to the ESPs and ECs of each soil. 

Primarily, soils containing larger contributions of fine and coarse 2:1 expanding lattice phyllosilicates 

had structural form attributes that were least affected by irrigation water quality. Soils with large 

contributions of fine 2:1 expanding lattice phyllosilicates, but small contributions of coarse 2:1 

expanding lattice phyllosilicates had small changes in structural form attributes. The soil containing 

only sub–dominant contributions of 2:1 expanding lattice phyllosilicates in either size fraction are 
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least resilient and had structural form descriptors that were most affected by the quality of irrigation 

water. This may reflect an insufficient number of irrigation events and it is likely that continued 

irrigation of the more resilient G00i and N00i soils with the different treatment solutions will elicit 

changes in desirable structural form descriptors. 
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TTHHEE  IIMMPPAACCTT  OOFF  WWAATTEERR  QQUUAALLIITTYY  OONN  TTHHEE  WWAATTEERR  

RREETTEENNTTIIOONN  CCUURRVVEESS  OOFF  TTWWOO  VVEERRTTOOSSOOLLSS  
~ 

Retention: cōnservātiō (L): The act of retaining or condition of being retained. 
~ 

6.1 Introduction 

The expression of structural form in Vertosols is related to soil moisture and shrinkage 

characteristics (Yoshida and Adachi 2004), which are in turn determined by soil physico–chemical 

properties and the solution composition of any applied irrigation water. Consequently, electrolyte 

solutions have frequently been used to study the hydraulic properties of soil or soil–sand columns in 

the laboratory (e.g. Martin et al. 1964; Shainberg and Gal 1982; Curtin et al. 1994). Unfortunately, a 

large proportion of this research has focused on prepared soil or clay systems and the use of 

homeoionic preparations of Ca2+, Mg2+ or Na+ to determine soil–water relations. The use of intact 

field soil has been less common, but the merits of studying intact soil columns, and improvements 

in assessment techniques have meant that intact field soils are being used more frequently to 

determine the impacts of different water quality treatments on soil structure. For example, Barlow 

and Nash (2002) obtained soil moisture characteristic curves using small intact soil cores obtained 

from a Ferrosol and a Dermosol. Using pressure plates to determine water retention, they compared 

the effects of de–ionised water and a NaCl solution, showing that small changes in structure could 

be observed from differences in the wet–end of soil moisture characteristic curves obtained for each 

treatment. The wet–end of the soil moisture characteristic gives the water retention curve, and is 

that part influenced by changes in soil structural porosity. Structural porosity was defined by Quirk 

(1994) as all pore spaces with a radius greater than 15 µm; textural pores include all spaces with a 

smaller radius. 

The preparation of water retention curves using pressure plates is time–consuming and provides 

only a small number of data points for the description of soil hydraulic properties. In contrast, the 

evaporation method is a less time–consuming technique for the determination of soil water 

retention. For example, Minasny and Field (2004) used the ku/pF–Apparatus (Umwelt–Gerate–

Technik GmbH) to measure the hydraulic properties of different soils at potentials of 5 and 600 cm 

(|h|) by applying the evaporation method. Then, they used the van Genuchten (1980) equation to 

derive models of water retention, hydraulic conductivity and the water capacity functions, where 

capacity functions can then be used to describe effective pore size distributions.  
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The aim of chapter 6 is twofold; firstly, to investigate the effect of water quality on the water 

retention curves of two Vertosols (G001 and H001), and secondly to determine the water capacity 

functions and effective distribution of structural porosity for each soil. The effect of the water 

quality treatments on the effective distribution of porosity will also be compared to the total soil 

porosity and to the pore sieve distributions determined in chapter 5. 

6.2  Materials and Methods 

6.2.1 Determining the water potential and moisture content using the ku/pF–Apparatus 

Soil water retention curves were determined using cores (73 mm i.d. × 60 mm h.) sampled from the 

50–110 mm zone of irrigated soil columns. This was done using the duplicated irrigation treatments 

(FW00i, T102 and T401–4) of two Vertosols; G001 and H001. For this experiment each of the 

twenty four cores sampled were obtained from the soil columns irrigated in chapter 4. 

For each irrigation treatment of the two Vertosols, water retention curves were determined using an 

evaporation experiment (Minasny and Field 2004). To do this, all of the soil–filled cores were 

prepared by fitting a perforated plastic bottom, lined with a filter paper (70 mm d.), to the base. Two 

apertures in the side of each metal core, at depths of 15 mm and 45 mm, were sealed and the soil–

filled cores were placed into a bath of de–ionised water.  The depth of water was gradually increased 

during a 14 day interval until soil saturation was achieved. The soil–filled cores were then removed 

from the bath and a bore was inserted horizontally into each of the two apertures. Once soil was 

removed from each bore channel, the prepared cores were pressed into one of ten baskets of a 

ku/pF–Apparatus (Figure 6.1) and a tensiometer, calibrated at potentials of 0 and 600 cm (|h|) and 

with a ceramic tip of 7 mm o.d. × 21 mm l., was inserted 53 mm into each bore channel. Each basket 

was hung from one of the ten extended arms of the machine and the experiment began. The 

sampling interval used was 30 minutes and the experiment was conducted in a laboratory at 20 °C. 

The average evaporation rate in this laboratory is 2 mm d-1 (Minasny and Field 2004). At each 

sampling interval the matric potential at each tensiometer and the change in weight were logged by 

the apparatus. This occurred over a period of 5–14 days and the length of the experiment was 

determined by the time taken for soil matric potential to reach 700 to 800 cm (|h|), as measured by 

the upper tensiometer. This generally represented the point at which the upper tensiometer tended 

to fail. Once soil cores had failed they were taken from the apparatus and the perforated plastic 

bottom was removed. These soils were oven–dried (105 °C) and the weight of soil solids 

determined. 
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Figure 6.1 The ku/pF apparatus. Individual soil cores were hung in each of the ten baskets. This apparatus 

determines changes in matric potential and soil weight as moisture evaporates from the surface of 
individual soil cores. 

6.2.2 The soil–water retention curves 

The change in soil weight and the change in water potential were used to determine the water 

retention properties of each irrigation treatment of the two Vertosols. First, the Schindler (1980) 

method was used to calculate the standard water content of each individual soil core. This assumes 

that each core consists of two compartments (the upper 0–3 cm and the lower 3–6 cm). In the 

centre of each compartment a tensiometer measures water pressure. Therefore, the change in weight 

between sampling intervals and the difference in pressure between the two tensiometers gives the 

average water content,⎯θ, and the corresponding average matric potential,⎯h (cm): 

2
5451 ..h

hh +
=  [10] 

Using the average water content and the corresponding matric potential, moisture retention curves 

were prepared for each soil core. These curves were used to derive a simulated model of water 

retention for each treatment of each Vertosol. This was conducted using the van Genuchten (1980) 

equation (equation 11), which was fitted to the experimental retention data obtained from duplicate 

soil cores. This gave six water retention curves for each of the two Vertosols. The van Genuchten 

equation fits a simulation to the changing soil water content according to the change in potential, 

and is determined by the unknown parameters of θs, θr, α and n: 
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where θs is the saturated water content and θr is the residual water content, and both α and n are 

fitting parameters of unknown magnitude. The θs and θr values control the vertical ‘legs’ of the soil 

moisture characteristic; θs controls the saturated end and θr controls the dry end of the function. The 

parameter α controls the location of the S–shaped function, while the parameter n controls the 

gradient of the S–shaped function. The inverse of α is accepted as an estimate of the air–entry 

potential (cm) of a soil. These van Genuchten parameters (θs, θr, α and n) are shown in Figure 6.2 for 

the moisture characteristic curves of a compacted soil and an aggregated soil. 

For the treated Vertosols examined here, each of the four unknown parameters was determined by 

minimising the sum of squares error for the fitted van Genuchten equation. The sum of squared 

error was determined as: 

222 )XM....()XM()XM(SSE −−+−Σ= 2211 ii  [12] 

where X is the measured water content and M is the predicted water content for each increment of 

matric potential. This was used to calculate the root mean square error:  

N
SSERMSE =  [13] 

where N is the total number of points used in the prediction of θ values using the van Genuchten 

equation. Once the four unknown parameters were determined (θs, θr, α and n), the van Genuchten 

equation was used to plot the water retention curves of the G001 and H001 soils following each of 

the six treatment solutions (FW00i, T102 and T401–4), between the potentials of 0 and 600 cm 

(|h|). From this point, the simulated water retention curves are indicated by the suffix *. For 

example, T102 and FW00i become T102* and FW00i* for each soil, G001 and H001. 
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Figure 6.2  The soil moisture characteristics of two differently structured soils (adapted from Hillel 1982). 

6.2.3 The water capacity function 

Water capacity functions, Cw(h), were determined using the predictions of θs, θr, α and n for each of 

the six water retention curves of the G001 and H001 soils. Cw(h) is determined as: 
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This function describes the slope of the soil water retention curve and is the change of water 

content per unit change of matric potential. Hence, large values of Cw are associated with the wet 

end of the water retention curve, where larger pores are emptying with modest changes in applied 

pressure. At saturation this function equals zero and again approaches zero as the soil dries, where 

large increases in pressure are met by small changes in moisture content. 

The distribution of pore drainage radii was then determined to give an indication of the volume of 

moisture contained in pore spaces with a particular drainage aperture. The radius of this aperture (r) 

is related to the matric potential (h) by: 

)cm(h
)cm(r =

15.0  [15] 

This function may be used to give an estimate of the hierarchical arrangement of pore drainage radii 

from which water loss occurs during evaporation. 
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6.2.4 Total porosity of the treated columns 

The total porosity of each soil core was determined to identify the effect of treatment on the volume 

contribution of each soil phase (solid, liquid and gaseous). This was calculated from the bulk density 

of soil cores used in determining the soil water retention properties and the moisture content of 

these cores at the time each was sampled from the irrigated soil columns. The bulk density and 

moisture content were used to determine the volume fraction of soil solid, Vs, of soil solution, Vl, 

and of soil air, Vg. 

s
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−−1  [19] =

where ρ is the bulk density of soil, ρs is the bulk density of soil solids (estimated as 2.65 g cm-3) and 

w is the soil wetness at the time cores were sampled from each of the soil columns. 

6.3  Results  

6.3.1 The simulated water retention curves of G001 and H001 

The parameters of θs, θr, α and n are given in Table 6.1 for each of the treatments of G001 and 

H001. The RMSE values are given in Table 6.1. These values indicate a similar level of accuracy for 

the van Genuchten model for all the treatments of the two soils, with two exceptions. The T102* 

and T404* curves for the G001 soil and the T402* curve for the H001 soil show much larger RMSE 

values. This shows that the two retention curves, to which the van Genuchten model was fitted for 

each treatment, lost moisture during the evaporation experiment at different rates and that the 

contained different θ values at each interval of potential. 

The predicted saturated water content following the T404* treatment for the G001 soil and 

following the T102* treatment for the H001 soil are larger than those of the θs values obtained for 

the other treatments of these soils, and are least for the T403* curve of the G001 soil and for the 
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T401* and T403* curves of the H001 soil. The predicted residual water content (θr) approaches 0 for 

treatment curves of each soil. The α and n values do not show a consistent trend for the simulated 

water retention curves for either of these soils. This reflects the absence of the characteristic S–

shaped curve of the soil moisture characteristic. 

Table 6.1 
Parameter values for the van Genuchten Model of the treated soils and the associated RMSE values. The θs, θr, α  

and n  values were used to derive the water capacity function for each treatment of each soil (G001 and H001) 
Treatment θs θr α (cm1/n) n RMSE 

Site G001 

FW00i* 0.58 0.00 2.31 1.04 0.01 
T102* 0.53 0.00 0.83 1.03 0.06 
T401* 0.52 0.00 0.96 1.05 0.01 
T402* 0.55 0.00 0.96 1.04 0.00 
T403* 0.49 0.00 0.00 1.21 0.01 
T404* 0.68 0.00 2.92 1.07 0.06 

Site H001 

FW00i* 0.56 0.00 0.39 1.07 0.01 
T102* 0.72 0.00 1.36 1.11 0.01 
T401* 0.55 0.00 0.03 1.19 0.01 
T402* 0.61 0.00 2.86 1.11 0.05 
T403* 0.55 0.00 0.79 1.07 0.01 
T404* 0.62 0.00 2.52 1.08 0.01 

 
* denotes attributes derived for the two soils using the van Genuchten equation 

The predicted parameters in Table 6.1 are used to model water retention according to the irrigation 

treatments of each soil. The curves developed using the van Genuchten equation are given, for both 

soils, in Figure 6.3 and as a natural log function in Figure 6.4. The T401*, T403* and T404* treated 

soils tend to have fitted water retention characteristics that are similar for both G001 and H001, 

where |h| was between 200 and 600 cm. However, where |h| is between 0 and 200 cm, the T401* 

and T402* retention curves are different for each of the two soils. 

The treatment of the G001 soil with increasingly sodic solutions (T401→4) does not show any trend 

in the water retention curves. For this soil, the T401* treatment gives a θs value less than that of the 

T402* treatment, and the fitted curves following treatment with these solutions have the same α 

values and give the same estimate of air–entry point. These two curves have a similar gradient at |h| 

100 to 600 cm, showing a similar unit decrease in θ per increase in potential, while at lower 

potentials (|h| 0 to 100 cm), small changes in |h| give large changes in θ. In contrast, the T403* and 

T404* curves have different water retention properties for both the 0–100 cm and 100–600 cm 

potentials. The T403* curve has an estimated air entry potential of zero (Figure 6.3), and appears to 

have a consistent gradient of decreasing θ as |h| is increased. At |h| 100–600 cm, the T404* water 
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retention curve is similar to the T403* retention curve, but where |h| is less than 100 cm, T404* has 

the largest loss of water of all four of the G001 T401–4* curves. 

The H001 soil has similar T403* and T404* water retention curves. These systems have similar n 

values, but α is much larger for the T404* retention curve. These treatments have a similar gradient 

to the T402* treatment in the |h| 200–600 cm, but T402* has smaller θ values at all potentials. The 

T401* curve is most similar to the curve of the T402* treated soil. However, unlike the air–entry 

values for the other SARw curves, which are between 0 and 3 cm, T401* has an estimate of air–entry 

point at |h| 33 cm. 



Chapter 6      Water quality and the water retention curves of two Vertosols 
 

 
185 

 
Figure 6.3  Predicted water retention curves for the soils G001 and H001 for each of the laboratory 

irrigation treatments [FW00i* (▬), T102* (▬), T401* (▬), T402* (▬), T403* (▬) and T404* 
(▬)].  
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Figure 6.4 Predicted water retention curves, using a natural log scale, for the soils G001 and H001 for each 

of the laboratory irrigation treatments [FW00i* (▬), T102* (▬), T401* (▬), T402* (▬), T403* 
(▬) and T404* (▬)]. 
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6.3.2 The water capacity of irrigation treatments for G001 and H001 

The water capacity functions of the simulated G001 and H001 water retention curves are given in 

Figures 6.5 and 6.6. In general, the modelled functions of these two soils tend to have largest values 

of Cw occurring at a potential of 2–3 cm. 

The FW00i*, T102*, T401*, T402* and T404* capacity functions of G001 have largest Cw values at 

potentials of 2–3 cm, but the T403* treatment does not show any large changes in Cw at any of the 

measured matric potentials (0–50 cm). The water retention curves following the T401* and T402* 

treatments of G001 tend to have capacity functions that are similar, while the T404* treatment has a 

much larger Cw at potentials of 2–3 cm. The Cw of the T102* and FW00i* treated soils are similar to 

those curves of the T401* and T402* examples. 

Following the T401* treatment, the H001 soil tends to have similar Cw values for all matric potentials 

between saturation (0 cm) and 50 cm (|h|). For this soil, the T402–4* capacity functions have largest 

Cw values at |h| 2–3 cm, but as matric potential is increased the water capacity decreases rapidly. 

The T402* curve has the largest Cw and the T403* curve has the smallest Cw. The T404* treatment has 

a water capacity at 2–3 cm potential that is intermediate between those values for the T402* and 

T403* systems. 

The functions presented in Figures 6.5 and 6.6 show changes in Cw for pore spaces with a drainage 

radius greater than 10 µm (0.01 mm). These figures show that H001 tends to have a greater volume 

of structural porosity than G001 for all fitted retention curves. Generally, all curves show a similar 

distribution of connected pore space, but two capacity functions have different distributions of 

effective porosity. The distribution of pore drainage radii of the G001 T403* curve shows only small 

contributions of porosity throughout. The H001 soil, following treatment using solution T401*, has 

pore size contributions from a broad range of radius sizes. This is not a characteristic of any of the 

other retention curves. In this case, the largest Cw values of this curve are indicative of effective 

drainage porosity with a radius of approximately 0.15 mm. Like the other treatments of the G001 

and H001 soils, Cw then approaches 0 cm-1 for this water capacity function. 
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Figure 6.5 Water capacity as a function of matric potential and of effective pore radii for each of the 

laboratory irrigation treatments of G001 [FW00i* (▬), T102* (▬), T401* (▬), T402* (▬), T403* 
(▬) and T404* (▬)]. 
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Figure 6.6 Water capacity as a function of matric potential and of effective pore radii for each of the 

laboratory irrigation treatments of H001 [FW00i* (▬), T102* (▬), T401* (▬), T402* (▬), T403* 
(▬) and T404* (▬)].  
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6.3.3 The effect of irrigation water quality on the total soil porosity 

For the G001 and H001 soils, the volume fractions of solid and pore (solution and air) space are 

given in Figure 6.7. This comparison shows two general trends. The T401–4 treatments of each soil 

tends to result in a small decrease in the volume of solid, where solutions of larger SARw (0, 7.5, 15 

or 30) have been used to irrigate soil columns. This is indicative of the greater swelling of 2:1 

expanding lattice phyllosilicates in the presence of increased Na+. However, the change in moisture 

content for these same treatment applications is different for each of the two soils. The G001 soil 

tends to have greater air–filled porosity for the larger SARw treatments. In contrast, the T401 and 

T402–treated H001 soil cores have greater air–filled porosity than the T403 and T404–treated H001 

soils.  

The T102 treatment of each soil tends to result in a greater volume fraction of pore space than 

either the FW00i or the T401 treatments. This suggested that an increase in swelling took place in 

these soils due to increased expansion of the diffuse double layer where the soil solution had a small 

ionic concentration. In the G001 soil, the T102 treatment tends to result in less solid volume than is 

observed for all other treatments of this soil. The FW00i–treated soil contains a solid volume that is 

comparable to the T403–treated soil. For H001, the T102 and T403–treated soil cores have a similar 

volume of solids, while the FW00i and T401–treated cores have similar values. 
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Figure 6.7  The contribution of each phase (solid, liquid and air) to soil volume for soils G001 (a) and H001 (b). 
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6.4  Discussion 

6.4.1 Determination of unknown parameters using the van Genuchten equation 

Historically, the unknown parameters of θs, θr, α and n have been estimated using the saturated 

moisture content of a soil with a specified clay texture (e.g. Carsel and Parrish 1988). However, 

fitting the van Genuchten equation to develop simulated retention curves for the treated G001 and 

H001 soils tended to result in different estimates to those obtained by Carsel and Parrish (1988) (θs 

=0.38, θr =0.068, α =0.008 and n =1.09) i.e. the G001 and H001 soils had larger θs values and smaller 

θr values. 

The values of n obtained for the G001 and H001 curves in this study are similar to the Carsel and 

Parrish (1988) value, but the estimated α values obtained here did not show a similarity with their 

estimate for clay textured soils. Richard et al. (2001) determined the unknown parameters by fitting 

the van Genuchten equation to soil moisture characteristic curves. They found a range of α values 

(0.2–9.5 m-1) that were independent of the applied treatment for non–clay soils. 

The values of θs, θr, α and n obtained in this thesis (chapter 6.3.1) were estimated using only the wet–

end of the moisture characteristic, and the predicted water retention curves included only part of, or 

none, of the characteristic S–shape (Figure 6.2). This will impact on the values derived for θr, n and 

α. The parameters n and α are determined by the contribution of different pore sizes; a soil 

containing a large proportion of macropores of similar size will drain at potentials close to zero, 

while a soil containing a distribution of smaller pores will drain at larger potentials. The θr parameter 

controls the dry–end of the soil moisture characteristic, but with no data for potentials larger than 

|h| 600 cm and in the absence of all, or part of, the S–shaped zone, this estimate is unlikely to give 

an accurate prediction of the residual water content of these soils. However, given the fit (RMSE 

<0.06) of the simulated retention properties to the experimental retention curves, these values were 

acceptable for investigations of the fitted water retention curves applied to different irrigation 

treatments of the G001 and H001 soils. 

6.4.2 The moisture retention of soils G001 and H001 

The fitted water retention curves for the two Vertosols are similar to those of other swelling soils 

(e.g. Minasny and Field 2004). The water retention curves for treatments of G001 and H001 all had 

one zone of significant moisture loss and this occurred at very small suction (|h|=0 to 100 cm), as 

the soil commenced draining from saturation. Unlike the moisture characteristic curves of non–

swelling soils and soils with smaller clay contents, none of the treatments tended to show the 
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distinct S–shaped function (Figure 6.2), within the measured potential range (|h|=0 to 600 cm). 

The absence of this S–shaped function between matric potentials of 0 to 600 cm is indicative of 

fine–textured swelling clay soils. These soils contain porosity that closes during wetting, and 

consequently, there is often a large proportion of very small pores. 

The water retention properties of the two soils were influenced by the quality of water applied in 

irrigation, but G001 tended to be affected less by water quality than H001. Treating these soils with 

sodic water tended to result in increased saturated water contents, but where these soils had been 

treated with the T403 and T404 solutions, they tended to lose more water with smaller changes in 

potential. In chapter 5, the H001 soil had structural form that was influenced most by the SARw of 

applied solutions, while G001 did not have significantly different structural form attributes after soil 

had been irrigated with the SARw solutions. These observations are reflected by the simulated water 

retention curves determined for the treatments of these two Vertosols. The H001 soil tended to 

show a trend in water retention curves that was consistent with its structural form attributes after 

each SARw treatment. The T401–treatment of this H001 soil had a fitted water retention curve that 

showed a more consistent moisture loss with changes in matric potential, where this was compared 

to the other solution treatments. This trend suggested a larger distribution of structural porosity in 

the T401–treated soil cores, than in cores treated with the other solutions. Overall, the H001 T402* 

curve tended to show larger water loss than the other sodicity treatments, while T403* and T404* 

indicated similar moisture losses. 

There were two key differences in the physical properties of these two soil types that were identified 

in chapter 2 and 3; these soils had different organic carbon contributions and clay mineral suites. 

The G001 soil contained more than twice as much organic carbon than the H001 soil (0.96 % and 

0.45 % respectively). Organic matter has been reported as contributing to the stability of small 

aggregates (<500 µm) in Vertosols (Warkentin 1982). However, it is unlikely that these very small 

organic contributions significantly influenced the different water retention properties of these two 

soils. 

The G001 soil contained a much larger content of 2:1 swelling phyllosilicates (smectite and 

vermiculite) than the H001 soil, which was dominated by illite. Moderate differences in the content 

of 2:1 swelling phyllosilicates (smectite and vermiculite) have been consistently associated with 

different soil stabilities and structural form attributes in this work. It was shown in chapter 3 and in 

chapter 4 that soils with a larger contribution of smectite tended to have a larger amount of 

dispersed clay after shaking. This reflected less compression of the diffuse double layer of swelling 

clays in dilute soil solutions and was discussed by Wilding and Tessier (1988) as a major contributor 
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to the swelling of Na+–smectite soils. In this chapter, the increased swelling of these treated G001 

soil columns was expected to reduce the content of structural porosity making treatment 

comparisons difficult. In comparison, the illitic H001 soil should swell less and thus, cores from the 

irrigated H001 columns appeared to contain larger contributions of structural porosity. 

The contributions of Na+ to the 50–100 mm soil layer (chapter 4) following the irrigation of soil 

columns in the laboratory tended to be broadly associated with the different water retention curves 

of each of these Vertosols. The other chemical attributes (e.g. Ca2+, Mg2+ and EC) did not appear to 

be linked with different water retention properties. In the G001 soil, the T401–treated soil had a 

smaller ESP than the other SARw treated columns (50–100 mm). The T402–3 treated soil columns 

had similar ESPs, but the T404–treated soil had a larger ESP and SAR than the other SARw 

treatments. For the G001 soil, the irrigation treatments that led to larger ESPs and SARs resulted in 

larger moisture contents at saturation. This reflects increased swelling in the G001 soil where the soil 

Na+ content is larger. The treatment of the H001 soil with larger SARw solutions, similarly, led to 

increases in ESP and SAR. In this soil, these larger ESPs and SARs were generally associated with 

the observed water retention properties; soil with larger Na+ contents had smaller changes in 

moisture content as matric potential increased. Similar associations were observed between the Na+ 

content and the FW00i* and T102* water retention curves of each soil.  

6.4.3 Water capacity as a function of effective pore drainage radii for the two Vertosols investigated 

In the soil matrix there exists an array of complex inter–aggregate and intra–aggregate cavities which 

vary in amount, size, shape, tortuosity and continuity (Danielson and Sutherland 1986). Soil–water 

relations provide one method for characterising the hydraulic connectivity of this soil matrix. 

However, it does not account for any soil moisture retained on the surfaces of microstructures, in 

non–connected pore spaces (i.e. in a collapsed structure) or within pores that have a drainage radius 

less than 2.5 μm. 

During the evaporation experiment in this thesis, most of the moisture loss occurred at potentials 

less than 10 cm (|h|). This is indicative of drainage from the larger pore spaces, which remained 

filled with water after saturation of these swelling soils. These larger pores have an effective drainage 

radius of greater than 150 μm, and these pores correspond to soil macroporosity (Brewer 1964). 

These macropores were characterised using image analysis in chapter 5. The smallest effective pore 

drainage radius identified in the water capacity functions (Figures 6.5 and 6.6) was approximately 10 

μm; these are micropores (Brewer 1964) and drain at a potential of 150 cm (|h|). Consequently, this 

distribution of pore radii represents the macropore (>75 μm d.), mesopore (30–75 μm d.) and 

micropore (5–30 μm d.) spaces (Brewer 1964); or according to Quirk (1994) the total distribution of 
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soil macropores. Quirk (1994) considered mesopores and macropores as one class with an effective 

radius greater than 15 μm; these pores he considered to represent soil structural porosity. 

The irrigation treatments of the two Vertosols (G001 and H001) tended to result in water capacity 

functions that reflected the contributions of Na+ content. For the G001 soil, the irrigation 

treatments (T401–3) that led to larger ESPs and SARs tended to result in less pore space reflecting 

increased soil swelling, but the T404–treated cores had largest ESPs and had a larger contribution of 

pores with a drainage radius greater than 100 μm. This potentially reflects other soil properties i.e. 

the initial soil structural form. The treatment of the H001 soil with larger SARw solutions, similarly, 

led to increased swelling and treating this soil with solutions of larger SARw, led to a reduction in the 

contribution of connected pore spaces. Treating either of these soils with the FW00i and T102 

solutions led to similar associations between the distributions of pore drainage radii and the soil Na+ 

content. 

6.4.4 The soil solid, liquid and gaseous phases 

Soil water capacity functions can be used to derive the effective pore size distribution, but give no 

indication of total soil porosity. The determination of soil bulk density and the contribution of 

discrete phases (solid, liquid and gaseous) is perhaps the most frequently used measure of assessing 

soil porosity and structural condition. In this research, irrigating soil columns with each of the 

treatment solutions affected the volume fractions of solid, liquid and gas in both the G001 and 

H001 soils. These two soils showed similar small changes in bulk density for the applied irrigation 

treatments, but comparison of the air–filled and solution–filled phases showed differences between 

G001 and H001. Generally, these soils contained more pore space (i.e. all space occupied by liquid 

and gas) where soil had been treated with solutions of larger SARw. This showed that treatment of 

the G001 and H001 soils with waters of larger sodicity, led to small increases in swelling due to 

increased expansion of the diffuse double layer (e.g. Slade et al. 1991). This larger porosity for soils 

treated using solutions of larger SARw did not reflect the distribution of air–filled and solution–filled 

porosity. The G001 soil samples tended to have increasing contributions of soil air, where soil had 

been irrigated with solutions of greater SARw. In contrast, the H001 had the opposite relationship, 

containing less soil air and more soil solution after treatments of larger SARw. This is presumably 

indicative of a less connected pore network, brought about by structural collapse. The G001 soil, 

with a much larger content of 2:1 swelling phyllosilicate clays, does not appear to have collapsed in 

this way. In so doing, the G001 soil has a structural form consistent with increased mineral swelling 

where larger SARw solutions were applied, but the structural arrangement of soil aggregates has not 
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been changed. Consequently, changes in the effective drainage radius of pore space or the pore sieve 

distribution did not reflect the different irrigation treatments of this soil. 

Irrigating these soils with FW00i and T401 led to less total porosity than treating soil using the T102 

solution. This did not reflect observations of the effective distributions of porosity. For example, the 

FW00i and T401–treated G001 soil samples appeared to contain more porosity (radius >10 μm) 

than the T102–treated G001 soil. Consequently, the larger volume of total porosity in the T102–

treated G001 cores is a reflection of increased clay swelling. In contrast, the T102 treatment of the 

H001 soil tended to have a similar contribution of effective drainage porosity (radius >10 μm) to 

that of the T401 treatment of this soil, but this tended to be in the larger effective pore sizes (Figure 

6.6). The comparison of the FW00i and T102 treatments of H001 indicated that the treatment of 

this soil using clean water similarly led to larger pore spaces than the field water treatment. This 

reflected increased crack development in the T102–treated H001 soil. For example, the analysis of 

soil structural form in chapter 5 indicated that the treatment of this soil using T102 led to an 

estimate of soil solid size that was comparable to the T403–treated soil columns, while the estimated 

size of pore space was significantly larger for the T102–treated soil. 

6.4.5 Comparing the pore distributions obtained from the soil moisture retention curve and from the image 
analysis procedure 

The effective distributions of pore drainage radii provided a cumulative account of soil textural 

porosity. This measurement is dependent on the connectivity of pore space and on the neck size of 

the smallest pores in the connected network; the smallest pores in the network determine the 

potential required for drainage to occur (Dexter 2004). These effective distributions of pore radius 

were compared with the pore sieve distributions determined using image analysis (chapter 5). Both 

the distributions of pore radius and pore sieve size tended to give similar relationships between the 

different irrigation treatments of each soil i.e. treatment of the H001 soil with solutions of larger 

SARw resulted in less porosity which was less connected. However, the estimates of the pore 

distribution derived from water capacity functions tended to be better related to the observed 

physico–chemical properties of each soil. This could have occurred for several reasons: (i), the 

resolution of porosity studied using each of the methods, (ii), the water content at the time images 

were obtained for analysis and, (iii), the impact of re–wetting soil cores for determination of 

hydraulic properties. The image analysis procedure addressed all pore spaces with a minimum 

diameter of 120 μm. This image analysis method provided a much coarser resolution than 

determinations of the effective pore radii, which included connected pore space with an effective 

radius greater than 10 μm. The different water contents at which these cores were studied will 

influence the extent of development in structural characteristics. For example, the assessment of soil 
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columns to determine structural form characteristics contained much smaller volumetric water 

contents than cores that had been re–wetted to determine water retention properties. Consequently, 

as the soils used for the assessment of soil structural form were drier, this method of analysis will 

include a greater contribution of large pores, due to soil shrinkage. The moisture retention curves 

were wetted to saturation using clean water (T102) and left to equilibrate. This diluted the soil 

solution, promoting the re–distribution of exchangeable and solution cations within the structural 

arrangement of clay domains, and potentially resulting in the collapse of soil aggregates. This will 

account for the observed association between the ESP, SAR and the stability and moisture retention 

properties. In contrast, the pore sieve distributions did not show the same association with Na+ 

contributions. This was attributed to the distribution of Na+ on exchange sites prior to water 

retention samples being re–wetted. In the soil columns ‘de–mixing’ (Halliwell et al. 2001) was likely 

to have resulted in Na+ occupying the outer faces of clay domains rather than on the surfaces of 

individual clay particles. During re–wetting with clean water, this distribution is likely to have 

changed, with Na+ becoming more evenly distributed at the exchange sites of clay particles. 

6.5  Conclusions 

In this chapter, the impact of irrigation treatment on the water retention properties of the G001 and 

H001 soils was investigated. This allowed the comparison of the effective distribution of pore 

drainage radii with total soil porosity and with pore sieve distributions (chapter 5). These methods 

provided a descriptive analysis of two different swelling soils (G001 and H001). In addition, they 

provide an understanding of the activity of intact soil samples after treatment with different water 

quality solutions. These methods showed that the clay phyllosilicate suite was the most influential 

property contributing to soil structural form and hydraulic properties where irrigation water quality 

is changed. In this case, soil dominated by 2:1 expanding lattice clays (G001) was affected by 

solution quality much less than the illite–dominated H001 soil. This tended to reflect changes in 

structural condition; the G001 soil appeared to maintain a connected pore distribution, but the illitic 

H001 soil seemed to show structural collapse where solutions of large SARw were applied.  
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DDEEVVEELLOOPPIINNGG  AA  DDEESSCCRRIIPPTTIIVVEE  MMOODDEELL  OOFF  TTHHEE  

SSTTRRUUCCTTUURRAALL  SSTTAABBIILLIITTYY  OOFF  IIRRRRIIGGAATTEEDD  VVEERRTTOOSSOOLLSS  
~ 

Description: dēscrīptio (L): a representation in words of the nature or characteristics of a thing 
~ 

7.1 Introduction 

One of the most perplexing issues in soil science has proven to be the development of a suitable 

description of structural stability in agricultural soils. Consequently, a large body of research has 

focused on this objective, and the principles of aggregate liberation, clay dispersion and soil 

hydraulic properties are generally understood. This understanding has been used to develop several 

descriptors that characterise the structural behaviour of particular soil types; these have related 

physico–chemical properties to soil structural stability (e.g. Rengasamy et al. 1984; Sumner et al. 1998; 

Hulugalle and Finlay 2003), soil structural form and soil hydraulic characteristics (e.g. Quirk and 

Schofield 1955; Quirk 2001; Dexter 2004). However, to maintain or improve soil structural stability, 

land managers have tended to focus on reducing sodicity (ESP) or clay dispersion by changing the 

balance of specific ionic species in a soil system e.g. increasing exchangeable Ca2+ and reducing Na+ 

contributions, or by raising the cation concentration of irrigation waters (e.g. Quirk and Schofield 

1955). These methods have tended to consider exchangeable Na+, ESP, SAR and EC singularly, or 

in combination, as the dominating descriptors of structural behaviour. In this thesis, and other work 

(e.g. Rengasamy et al. 1984; Wilding and Tessier 1988), structural responses have been linked to 

differences in the clay phyllosilicate suite. However, while the clay mineral suite is often discussed, it 

is rarely quantified in soil stability studies, and techniques predicting soil structural stability have not 

included the suite of clay minerals. 

This chapter aims to compare the stability of the nine soils investigated using current assessment 

practices. Then, a descriptive model of the structural stability of irrigated Vertosols is presented. 

This model uses soil physico–chemical properties to describe potential instability where soil is 

immersed in different water quality solutions. The objective of this model is to demonstrate how 

irrigation sources of differing quality will impact on the stability of different Vertosols. 
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7.2 Estimating the structural stability of the nine Vertosols using current 
methods 

7.2.1 The soil samples and data used for comparisons 

The soils to be assessed using current methods of predicting stability include those nine surface soils 

assessed in chapter 3, and each of the individual soil layers (0–50 mm, 50–100 mm, 100–150 mm 

and >150 mm) sampled from soil columns (G00i, H00i and N00i) irrigated in the laboratory in 

chapter 4. The important physico–chemical attributes of each soil layer, and the estimated 

contributions of phyllosilicate minerals to the coarse and fine clay fractions at each of the sites 

investigated, are presented in appendix 6. SI<2 values are used as indicators of stability for each soil 

sample; these values were determined after the EOE–disruption of soil immersed in solution T102. 

The ASWAT score for each of the nine surface Vertosols is first compared with the key stability 

thresholds provided in the SOILpak manual. Then, the stabilities of all soil samples are compared 

using the: 

1. Exchangeable Sodium Percentage (ESP) 

2. Electrochemical Stability Index (ESI) 

3. EC1:5/Na+
exch 

4. Classification scheme for dispersive behaviour in red–brown earths (Rengasamy et al. 
1984) (to be referred to as the Rengasamy classification scheme) 

7.2.2 Factors affecting the structural stability of cotton–producing Vertosols in water 

The SOILpak manual (McKenzie 1998) was developed by the cotton industry to assist growers and 

extension staff in the management of Vertosols for cotton production. In this resource, the ASWAT 

test (Field et al. 1997) is used as a method of assessing the extent of clay dispersion from aggregates 

and from re–moulded soil (Figure 7.1). The SOILpak resource also provides key stability thresholds 

for some soil properties of cotton–growing Vertosols. These key stability thresholds are given in 

Table 7.1, and are compared with the estimates of stability given by the ASWAT test for the nine 

furrow soils (Table 7.2). 
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Figure 7.1 The ASWAT dispersion classes (Field 2000). ASWAT scores (0–4) are determined at intervals of 10 
minutes and 2 hrs by immersing air–dry soil aggregates, and then re–moulded soil, in de–ionised 
water. The result is an ASWAT score out of 16, where 0–1 represents negligible dispersion, 2–6 
represents moderate dispersion and 7–16 represents serious dispersion. 

Table 7.1 
Thresholds associated with the structural stability or structural instability of cotton–growing Vertosols 

(McKenzie 1998) 

 Values associated with stability Values associated with instability 
 

 (small ASWAT scores i.e. <2) (large ASWAT scores i.e. >7) 

ESP <2 >2 (small EC) 
>15 (large EC) 

Electrochemical Stability Index 
(ESI) (EC1:5/ESP) 

>0.05 <0.05 

Ca2+:Mg2+ ratio >2.0 <2.0 

CaCO3 content (%) >0.3 <0.3 

Organic matter (%) * * 
 

*  Critical limits for organic matter contributions have not been established for the different Vertosols used in cotton 
production. However, in terms of soil structural condition, larger values of organic matter are considered more 
beneficial, if accompanied by an adequate supply of calcium ions (McKenzie 1998). 

The ASWAT scores assigned to each of the nine Vertosols are not consistently correlated with the 

measured values of ESI or Ca2+:Mg2+ ratio. The stable G00i, H002 and N002 soils (ASWAT <2) all 

have ESI values greater than 0.05, but the unstable soils (ASWAT >2) have a mixture of ESI values. 
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The unstable B001 and B003 soils have ESI values <0.05, whereas the unstable B002, H001 and 

N001 soils all have ESI values that indicated stability. The Ca2+:Mg2+ ratios are all close to the 

minimum suggested as a threshold for stable soils. These values tend to be similar for all the 

Vertosols, and show no relationship with ASWAT scores. The content of organic carbon is very 

small for all soils and does not appear to be linked with the observed ASWAT scores, except for the 

B00i soils. These soils have the smallest organic carbon contents and all have ASWAT scores greater 

than 3. The ASWAT dispersion scores are much more closely linked with soil ESP. The soils with 

ESPs larger than 2 all have ASWAT scores of 3 or greater. For these soils, the magnitude of each 

ASWAT score tends to reflect different ESP and electrical conductivity values, but this relationship 

is not described by the values of ESI. 

Table 7.2 
Selected physico–chemical chemical attributes of the nine furrow soils described in chapter 3 

 Sampled field 

 B001 B002 B003 G001 G002 H001 H002 N001 N002 
 

ASWAT score 9 3 9 0 0 4 0 9 0 

ESP 8.1 5.3 3.6 1.3 1.6 3.1 1.8 6.4 0.7 

EC (dS m-1) 0.37 1.19 0.14 0.09 0.15 0.21 0.20 0.96 0.17 

ESI 0.05 0.22 0.04 0.07 0.10 0.07 0.11 0.15 0.26 

Ca2+:Mg2+ 1.9 2.3 2.6 2.9 2.6 1.9 2.1 2.9 3.0 
Organic carbon 
(%) 

0.22 0.27 0.32 0.96 0.39 0.45 0.40 0.62 0.88 
 

The ASWAT procedure provides a method of allocating potential dispersion classes to the nine soils 

investigated. However, while descriptive, this method is qualitative, and in the absence of laboratory 

analysis it gives no measure of the soil properties that may cause potential instability. Furthermore, 

the absence of a clear relationship between electrical conductivity and ESP (or ESI), for the ASWAT 

scores, highlights the difficulty of using these descriptive comparisons as stability predictors; this is 

because other soil physico–chemical properties affect structural stability. This is demonstrated by 

two examples; (i), the B002 soil has an ESI of 0.22 and the N001 soil has an ESI of 0.15 (indicating 

stability for both soils), yet neither soil is stable according to their ASWAT scores and, (ii), both the 

B003 and H001 soils have similar ESP and electrical conductivity values, yet the assigned ASWAT 

scores indicated dissimilar structural stability. This may be, in part, explained by the suite of clay 

phyllosilicates in each Vertosol. The H001 soil has a much smaller content of 2:1 swelling 

phyllosilicates than the B003 soil, while the B002 soil has a smaller content of 2:1 swelling 

phyllosilicates than the N001 soil. This link is observed in chapter 3 and chapter 4 between the 

content of 2:1 swelling phyllosilicate clays and the SI<2 values of each soil. Similarly, it is apparent 

that an important factor controlling the ASWAT scores of the nine Vertosols is the contributions of 
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specific phyllosilicate minerals (i.e. smectite and vermiculite) in the clay fraction. Soils with similar 

clay mineral suites tend to have ASWAT scores that are differentiated by ESP and electrical 

conductivity values. 

7.2.3 Comparing ESP, ESI and EC1:5/Na+
exch with the stability index of clay dispersion 

7.2.3.1 Comparing all chapter 3 soils and all chapter 4 soils 

To test the suitability of ESP, ESI and EC1:5/Na+
exch as predictors of the stability of different 

Vertosols, each attribute is compared (in chapter 3) with the SI<2 values of the nine furrow soils, and 

with each of the soil layers collected from the irrigated columns (chapter 4 soils). The nine furrow 

soils do not show any relationship where SI<2 values are compared with either ESP, ESI or 

EC1:5/Na+
exch (Figure 7.2a,b,c), while comparing the ESP, ESI and EC1:5/Na+

exch values with SI<2 

values for the laboratory–irrigated soils does not show any conclusive relationship (Figure 7.2d,e,f). 

For example, the chapter 4 soil samples that have large values of SI<2 have small ESI and 

EC1:5/Na+
exch values, but the soil samples that have small SI<2 values are not associated with either 

large or small ESI and EC1:5/Na+
exch values. 

Despite there being no overall relationships, the SI<2 values are larger for soil samples with bigger 

ESPs for each Vertosol. For each of the six Vertosols irrigated in the laboratory, increased ESPs are 

reflected by larger values of dispersion (SI<2) (e.g. G00i, H002 and N002). However, ESP is not the 

only determinant of stability in these soils and other physico–chemical attributes are influential in 

determining a linear description of SI<2. The laboratory–irrigated soils have much smaller values of 

ESI and EC1:5/Na+
exch than the furrow soils, yet the SI<2 values suggest that the chapter 4 soil 

samples have similar stability to the chapter 3 topsoil samples. This suggested that either soil 

electrical conductivity is not as influential in determining the stability of these soils as considered in 

previous research, or that other soil properties are more influential in determining soil stability i.e. 

the clay mineral suite, the exchangeable Mg2+ content and/or organic matter contributions. In this 

work, the irrigation of the soil columns in the laboratory tends to dilute the soil solution, and the 

subsequent electrical conductivity values tend to be similar for all treatments and all soil layers. This 

was likely to be the reason for the limited association between electrical conductivity and the stability 

of these irrigated soil samples. Consequently, the small EC1:5 values tend to result in small values of 

ESI and EC1:5/Na+
exch, and hence, the critical ESI of 0.05 for Vertosols (McKenzie 1998) is not a 

useful stability descriptor for these soil samples. 
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Figure 7.2  The SI<2 values for the furrow soils related to, (a), ESP (y=0.9x+16.3 R2=0.12), (b), ESI (y=23.3x0.1 

R2=0.03) and, (c), EC1:5/Na+exch (y=18.1x-0.1 R2=0.00) and the SI<2 values for the laboratory–irrigated 
soils according to, (d), ESP (y=1.5x+10.1 R2=0.27), (e), ESI  (y=11.1x-0.1 R2=0.01) and, (f), 
EC1:5/Na+exch (y=2.3x-0.4 R2=0.11). The soils B00i (▲), G001 (●), G002 (■), H001 (○), H002 (□), 
N001 (●) and N001 (■) are given individually. 

7.2.3.2 Differentiating the irrigated Vertosols (chapter 4 soils) according to the suite of clay phyllosilicates 

The contribution of organic matter to the irrigated soil columns is not considered in this research, 

due primarily to time and financial constraints. While organic contributions are not considered, the 

clay phyllosilicate suite is consistently associated with the different stabilities of the nine Vertosols 

investigated. Consequently, by grouping the soils according to those with a very small contribution 

of expanding lattice clays (H001) and the ‘other soils’ (the G00i, H002 and N00i soils), which 
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contain larger contributions of expanding lattice clays, the relationships between SI<2 and ESI or 

EC1:5/Na+
exch are improved. Figure 7.3 presents the SI<2 values as a function of ESI and 

EC1:5/Na+
exch for the H001 soil and for the five ‘other soils’. The fitted curves for the ‘other soils’ 

have R2 values of 0.36 for SI<2 against ESI or EC1:5/Na+
exch, while the R2 for the different H001 

comparisons are 0.03 and 0.11 respectively. The R2 values for the ‘other soils’ (G00i, H002 and 

N00i) are consistent with those obtained by Hulugalle and Finlay (2003) for the comparison of the 

ESI and EC1:5/Na+
exch indices with the stability of several Grey Vertosols from northern NSW. 

However, the exclusion of laboratory–irrigated soil layers of the illitic Red Vertosol (the H001 soil) 

highlighted the poor suitability of these indices as predictors of stability for different irrigated 

Vertosols used in cotton production. 

 
Figure 7.3 The SI<2 values determined for the laboratory–irrigated soils as a function of ESI and of 

EC1:5/Na+exch. The B00i, G00i, H002 and N00i soils (●) form one group (ESI y=1.7x-0.66 R2=0.36 and 
EC1:5/Na+exch y=1.0x-0.57 R2=0.36), the second group are the H001 (○) samples (ESI y=2.2x-0.33 
R2=0.03 and EC1:5/[Na+]exch y=0.64x-0.59 R2=0.11). 

7.2.4 The Rengasamy classification scheme 

The ESI descriptor (Blackwell et al. 1991; McKenzie 1998; Hulugalle and Finlay 2003) was preceded 

by the Rengasamy classification scheme (Rengasamy et al. 1984). This classification scheme uses soil 

electrical conductivity and the Na+ concentration, in the forms of Total Cation Concentration 

(equation 1) (where TCC≈10×EC (dS m-1)) and SAR, to class soils according to observations of 

spontaneous and mechanical dispersion. In their description, Rengasamy et al. (1984) noted the 

different dispersive activity of Vertosols compared to red–brown earths (i.e. Chromosols and 

Sodosols). So to overcome this observation, they only included red–brown earths in their scheme, as 

these soils have similar suites of clay minerals. This exclusion highlighted the difficulties associated 

with considering soils dominated by different phyllosilicate clay suites. 
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7.2.4.1 The furrow topsoils (chapter 3 soils) 

In this research, the nine initial furrow soils and the laboratory–irrigated soil samples are compared 

using the Rengasamy et al. (1984) format to demonstrate the poor suitability of this classification 

scheme for describing the stability of Vertosols. The TCC and SAR attributes of the furrow soils are 

presented in Figure 7.4. In this figure, all but three of the soils are described as potentially dispersive 

(class 2a) and have small SARs, while two other soils are potentially dispersive but contain larger 

SARs (class 2b). This classification does not appear to be consistent with the behaviour of these soils 

according to the ASWAT test or the values of SI<2 obtained after spontaneous dispersion (Figure 

3.1). This was shown where the different Vertosols are identified according to their dispersion 

classes (described in chapter 3.4.2) (Figure 7.5a) and according to the region from which each soil 

was sampled (B00i, G00i, H00i or N00i) (Figure 7.5b). In Figure 7.5a, the Rengasamy classification 

scheme gives a poor description of the behaviour of the nine Vertosols. For example, the N001 soil 

is positioned in class 3a (flocculated), yet it has an ASWAT score indicative of serious dispersion, and 

it exhibits the largest SI<2 values of all nine soils, where spontaneous dispersion and EOE–

disruption were applied. In Figure 7.5b each of the nine soils is grouped according to sampling 

region. The B00i, G00i and H00i soils all tend to show the same linear relationship between SAR 

and TCC, irrespective of stability, but the N00i soils both tend to have a larger ratio of TCC to SAR. 

This suggested that the N00i soils should have greater stability than the other soils, but this is not 

supported by the dispersion classes indicated in Figure 7.5a. 

 
Figure 7.4  The Rengasamy classification scheme (Rengasamy et al. 1984); the nine Vertosols from chapter 3 have 

been added to estimate stability according to this classification scheme. The descriptions of each Class 
are given in Table 1.4. 
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Figure 7.5  The Rengasamy classification scheme (Rengasamy et al. 1984) is presented for the furrow soils 

according to, (a), SI<2 values  [0–5 (○), 5–10 (□), 10–15 ( ), 15–20 (●), 20–25 (■), 25–30 (●) and >30 
(■) %] and, (b), as a function of sampling region [B00i ( ),G00i (●), H00i (○), and N00i (●)]. 

7.2.4.2 The laboratory irrigated soils (chapter 4 soils) 

The soil samples collected from the laboratory irrigated columns (chapter 4 soils) (Figure 7.6) are all 

described as potentially dispersive according to their SARs and TCCs. These soil samples have very 

similar conductivities, and hence similar TCC values, irrespective of the applied irrigation treatment 

or the sampling site from which soil columns were obtained. This is indicative of leaching during 

irrigation, which reduced the electrical conductivity values of the G00i, H00i and N002 soil columns 

by approximately 0.1 dS m-1, and the electrical conductivities of the N001 soil columns by 

approximately 0.8 dS m-1. Like the ESI and EC1:5/Na+
exch descriptors, this influenced the 

classification of these soils using the Rengasamy classification scheme (Rengasamy et al. 1984). 

The irrigated soil samples all tend to have TCCs less than 4 and SARs less than 6, which gives a 

small distribution of data, and this distribution does not reflect the range of observed SI<2 values of 

these soils. Figure 7.7a shows that the soils with SI<2 values of greater than thirty, have largest SARs 

and TCCs, while the soils that have smaller TCCs and SARs have consistently smaller SI<2 values. 

However, this trend is more a reflection of the individual soils, rather than the SAR and TCC values 

of each soil sample. Figure 7.7b shows the distribution of the six different Vertosols (G00i, H00i and 

N00i) marked by sampling region, and shows three distinct groups. The G00i and N002 soils tend 

to have SARs less than 3, while the N001 samples tend to have SAR values of 3–6. The H00i soils 

generally have a broad distribution of SARs (1–4 (mmol(+) L-1)1/2). 
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Figure 7.6  The Rengasamy classification scheme (Rengasamy et al. 1984) showing all soil layers from the 
laboratory–irrigated Vertosols (chapter 4). The descriptions of each Class are given in Table 1.4. 

 
Figure 7.7  The Rengasamy classification scheme (Rengasamy et al. 1984) is presented for the soils irrigated in the 

laboratory according to, (a), SI<2 values for each soil  [0–5 (○), 5–10 (□), 10–15 ( ), 15–20 (●), 20–25 
(■), 25–30 (●) and >30 (■) %] and, (b), as a function of sampling region [B00i ( ),G00i (●), H00i (○), 
and N00i (●)]. 

7.2.5 The problems with these current predictive models 

The current techniques used for predicting the dispersive potential of soils generally classify 

different soils according to the concentration of the soil solution (EC) and soil Na+ contributions 

(Na+
exch, ESP or SAR). They do not include any other soil physico–chemical attributes (Ca2+

exch, 
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FLOCCULATED SOILS

TC
C=

0.
16

SA
R+

0.
14

Class  2b

TCC=1.2
1SA

R+3.3POTENTIALLY DISPERSIVE 
SOILS

Class  3b
Class  3c

Class  2a

Class  3a

 

0

1

2

3

4

5

6

0 1 2 3 4

So
di

um
 A

ds
or

pt
io

n 
Ra

tio
 (m

m
ol

(+
) L

-1
)1/

2

0

1

2

3

4

5

6

0 1 2 3 4

(a) (b)

Total Cation Concentration (mmol(+) L-1)



Chapter 7      A descriptive model of structural stability 
 

 
207 

water quality on the stability of immersed soils. For example, Rengasamy et al. (1984) only included 

soils dominated by similar clay mineral species (i.e. illite and kaolinite), while the critical ESI level 

(ESI <0.1 considered detrimental) for red–brown earths (Blackwell et al. 1991) is double the critical 

level applied to Vertosols (ESI <0.05 considered detrimental) (Table 7.1). 

This research has shown that the quantity of 2:1 expanding phyllosilicates in the fine clay fraction, 

and subsequently the CECeff (determined by the clay phyllosilicate suite and organic contributions), 

is positively correlated with increased mechanically dispersed clay (SI<2) for the Vertosols 

investigated. Furthermore, soils with larger contributions of 2:1 expanding clay minerals (G00i and 

N001) tend to have chemical properties that are influenced to a greater extent, than soils with a 

smaller content of these phyllosilicates, where different irrigation water treatments are compared 

(chapter 4). 

The use of irrigation water will also influence the electrical conductivity and the SAR of the soil 

solution directly. For example, shaking each of the nine soils end–over–end using solutions of 

differing ECw and SARw has a significant impact on values of SI<2 (chapter 3). These solution effects 

have been well understood for more than 50 years (Quirk and Schofield 1955), yet predictions of 

dispersive potential do not consider these characteristics. Furthermore, there have been only limited 

attempts to differentiate the impacts of treatment solutions of different ECw and SARw values from 

the impact of clean water (ECw 0, SARw 0) on stability. This may be appropriate for non–irrigated 

rain–fed soils, but Vertosols used in cotton production are reliant on alternate water resources to 

supplement annual rainfall. Consequently, it is important to predict the impact of differing water 

quality on soil structural stability. 

7.3 Developing predictions of structural stability according to soil physico–
chemical properties and water quality 

This research provides the opportunity to develop a prediction of the impact of different water 

quality parameters (ECw and SARw) on the stability of Vertosols with different physico–chemical 

properties (e.g. phyllosilicate suite, exchangeable Na+ and soil EC). Generally, the different soil 

samples (appendix 6) tend to have a broad range of soil chemical properties (e.g. ESPs range from 0–

11). The soil physical properties (e.g. clay content) are typically less wide ranging, but the differences 

in clay phyllosilicate suites are substantial, and have a major impact on the different structural 

stabilities of these soils. 



SD Speirs / Structural stability and form characteristics of sodic cotton–growing soils 
 

 
208 

To develop a prediction of stability according to soil physico–chemical attributes and water quality 

parameters, three processes are undertaken: (i), to identify those physico–chemical properties 

associated with the observed values of SI<2, (ii), to identify the impact of differing water quality on 

SI<2 values and, (iii), to consider the different dispersion thresholds described in chapter 3, in light of 

the proposed prediction technique. 

7.3.1 The association between soil physico–chemical properties and SI<2 

The soil physico–chemical properties reported in the literature as those that are most influential in 

determining the structural condition of Vertosols are the exchangeable cations (Ca2+, Mg2+ and Na+), 

electrical conductivity, clay content, the proportion of fine clay and the clay phyllosilicate suite 

(McGarry 1996). However, previous prediction models describing potential instability do not 

include clay content, the proportions of different phyllosilicates (or cation exchange capacity) or the 

contents of exchangeable Ca2+ and Mg2+. These properties must be considered, particularly as 

different Australian Vertosols show large variations in these attributes (e.g. Isbell 1989; McKenzie et 

al. 2004). Therefore, in this study, other soil properties, in addition to the ESP, SAR and EC, are 

considered. The soil attributes that were used to derive a prediction of SI<2 were: 

Soil physical properties Soil chemical properties 

Total clay content* Ca2+exch (cmol(+) kg-1) 

Coarse clay content* Mg2+exch (cmol(+) kg-1) 

Fine clay content* Na+exch (cmol(+) kg-1) 

C2:1 clay* (contribution of coarse 2:1 phyllosilicates) CECeff (cmol(+) kg-1) 

F2:1 clay* (contribution of fine 2:1 phyllosilicates) Ca2+:Mg2+ ratio 

Illite clay* ESP 

Kaolinite clay* EC (dS m-1) 

* denotes estimated contributions of soil properties as a percentage of 
all soil material 

SAR (mmol(+) L-1)1/2 

The quantity of mechanically dispersed clay (SI<2) is predicted for all soil samples (including all 

chapter 3 and chapter 4 soils) (appendix 6), using stepwise linear regression. This was done using the 

SI<2 values obtained after EOE–disruption of each soil sample for 30 minutes in de–ionised water 

(solution T102). The stepwise model is used to recognise those soil attributes that are most strongly 

associated with the observed SI<2 values. In addition, all soil properties strongly associated with SI<2 

values are examined, and dependent soil attributes are not included i.e. only Na+
exch or ESP was 

included, not both. 
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Once soil attributes were selected, standard least squares regression is used to derive a linear 

prediction of mechanically dispersed clay using the SI<2 values. The selected predictor of dispersion 

(Dispersion in water) is given by equation 20. 
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EC55.4CEC92.0Na32.365.8)D(waterinDispersion
 [20] 

The predicted Dispersion in water (Dw) of all soil samples is presented in Figure 7.8 against the 

measured SI<2 values. This model gives a robust description of SI<2 (R2 of 0.65), but the linear trend 

tends to reflect the influence of two soils in particular. In this research, the N001 soil samples are 

consistently more dispersive than the other soils, and dominate the larger prediction values of Dw. 

The least dispersive illitic H001 soil dominates the smaller estimates of mechanically dispersed clay. 

The other soils tend to occupy the central positions of this function. 
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Figure 7.8 The measured SI<2 values for all soil samples as a function of the Dispersion in water (Dw) prediction 

(y=x+0.03, R2=0.65). The soils have been labelled according to soil site [B00i (▲), G001 (●), G002 
(■), H001 (○), H002 (□), N001 (●) and N001 (■)]. 

Using the Dw prediction, increased contributions of Na+ (Na+
exch and SAR) and a larger CECeff are 

associated with increased dispersion (larger values of SI<2), while larger values of electrical 

conductivity, clay content and a reduced Ca2+:Mg2+ ratio are associated with increased stability 

(smaller values of SI<2). Throughout this research, the suite of clay phyllosilicates has been 

consistently linked with the structural condition of the different Vertosols. However, in this 

prediction, no contribution of clay phyllosilicate type is directly included by the stepwise regression 

approach. Instead, this model includes the CECeff and clay content as descriptors of the clay mineral 

environment. In chapter 3, the CECeff was the soil property which gave the strongest correlation 
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with the observed values of SI<2; those soils with larger exchange capacities are those soils with 

larger contributions of 2:1 expanding lattice phyllosilicates (the G00i and N001 soils). 

7.3.2 The impact of water quality on SI<2 

7.3.2.1 Development of a prediction of SI<2 according to water quality characteristics 

The stability of the nine Vertosols, after EOE–disruption using ‘clean’ water (solution T102), is 

predicted according to physico–chemical attributes using equation 20. However, this prediction does 

not account for the effects of increasing the ECw and SARw of immersion solution on the 

mechanical dispersion of clay–sized particles. Consequently, the SI<2 values obtained using EOE–

disruption, where soils are shaken in the FW00i, T102, T30i, T40i and T50i solutions, were used to 

estimate the effect of water quality treatments on mechanical dispersion. 
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Figure 7.9 Values of SI<2, at each of three different ECw intervals of 0.2 (a), 0.5 (b) and 2.7 (c) (dS m-1), with 
increasing SARw [B001 (○), B002 (□), B003 ( ), G001 (○), G002 (□), H001 (○), H002 (□), N001 (○) 
and N002 (□)]. 

In chapter 3, it was shown that the T30i, T40i and T50i solution treatments generally resulted in 

similar dispersion trends for each of the nine Vertosols, but the magnitude of SI<2 values differed 
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for each of the different furrow topsoils (Figure 7.9). The B00i and H00i soils tend to have similar 

SI<2 values for each of the T30i, T40i and T50i treatments applied, while the N002, G001, G002 and 

N001 soils all tend to show larger values of SI<2 for each treatment SARw applied.  

As the nine Vertosols all have similar trends in SI<2 values for the SARw treatments, the impact of 

the different irrigation solution parameters (ECw and SARw) is used to develop a prediction of 

average SI<2. Unlike the soil physico–chemical properties that described SI<2 by Dispersion in water 

(Dw), there is no linear relationship that describe the interaction of ECw and SARw for descriptions of 

the observed SI<2 values. Therefore, a non–linear function is applied for this description. Initially, a 

stepwise statistical model is applied to derive associations between the input attributes (ECw and 

SARw) and the SI<2 values using a surface response function. Then, multi–linear regression is applied 

to develop a prediction of the SI<2 values (the Dispersion under irrigation function) obtained using 

EOE–disruption and the FW00i, T102, T30i, T40i and T50i solutions. The Dispersion under irrigation 

function is given by equation 21, where ECw (dS m-1) and SARw are the characteristics of each 

treatment solution applied (Tables 3.1–2).  
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0.90))-(EC0.90)(2.02-(EC+13.07EC-23.66)D(irrigationunderDispersion
7.98))-(SAR27.98)(-0.0-(SAR+0.61SAR+                                                www

wwwi =
 [21] 

The model given in Figure 7.10 shows the fitted Di function by using all ECw values of 0–3 dSm-1 

and all SARw values of 0–30. Thus, the predicted average SI<2 value for these Vertosols, where 

EOE–disruption is applied using ‘clean water’ (T102), is indicated by the point ○ in Figure 7.10; 

where ECw and SARw are both equal to 0. Any point along the x–axis (the ECw axis) represents the 

effect of increasing the electrolyte concentration of immersion solution on stability, while 

maintaining SARw at zero. Similarly, the effect of increased SARw, on stability, can be described at 

any interval of ECw. 
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Figure 7.10 The predicted Dispersion under irrigation (Di) response surface fitted to all ECw values between 0.0 and 

3.0 (dS m-1) and all SARw values between 0 and 30 (mmol(+) L-1)1/2. The predicted average SI<2 value 
for these Vertosols where ECw and SARw are both equal to 0 is indicated by ○. 

This Di prediction averages the extent of dispersion for all nine Vertosols for each combination of 

ECw and SARw. However, to develop a predictive tool describing the structural stability of these 

Vertosols in different ECw and SARw solutions, and to link this to the physico–chemical attributes of 

each soil, it is necessary to consider the effect of water quality in the same way for all the 

investigated soils. 

7.3.2.2 Predicting SI<2 for individual Vertosols according to water quality characteristics 

Due to the similar trends in SI<2, where soils are treated using the T30i, T40i and T50i solutions, it 

was expected that the Di function could be used to describe the stability of each different Vertosol. 

To do this, the Di prediction needed to be adjusted for each soil. This can be done by considering 

equation 21 at the point where ECw and SARw are equal to zero (the y–intercept). This point of the 

Di function represents the predicted SI<2 after EOE–disruption in the T102 solution; this is termed 

SI<2 (T102), and the given value of the SI<2 (T102) in equation 21 is 23.66. Consequently, by substituting 

the actual SI<2 (T102) values for each of the different Vertosols into equation 21, the Di function can be 

adjusted to describe the response of each of the different Vertosols to changes in water quality. This 

is described by the Dispersion of irrigated Vertosols (DiV) function, shown in equation 22. 

7.98))-(SAR27.98)(-0.0-(SAR+0.61SAR+                                                www

www(T102)2i < 0.90))-(EC0.90)(2.02-(EC+13.07EC-SI)VD(VertosolsirrigatedofDispersion =
 [22] 
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Figure 7.11 gives the Dispersion of irrigated Vertosols function for two of the soils investigated (G001 

[SI<2 (T102)=20.1] and H001 [SI<2 (T102)=12.9]). The actual SI<2 values obtained after EOE–disruption 

using the T30i, T40i and T50i solutions and the Di prediction (equation 21) are included for each of 

the soils. Generally, the DiV function tends to underestimate the SI<2 values for the G001 soil, but 

gives an accurate prediction of the SI<2 values of the H001 soil. 

Similarly, when the Dispersion of irrigated Vertosols function is fitted using the SI<2 (T102) values for the 

B00i, G002, H002 and N00i soils there are two trends. The B00i and H002 soils tend to have SI<2 

values that are accurately predicted by the DiV function. In contrast, DiV tends to under–estimate 

the SI<2 values for the G002 and N00i soils. This reflects the differences between the SI<2 values for 

the nine Vertosols, where the four G00i and N00i soils are less stable than the five B00i and H00i 

soils. In this case, the similar stabilities of the B00i and H00i soils are expected to have a greater 

influence on the derived model of stability (equation 21). 
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Figure 7.11 The actual values of SI<2 obtained after the EOE–disruption of the G001 (○) soil in solutions of, (a), 

EC 0.19, (b), EC 0.47 and, (c), EC 2.35 (dS m-1) and of the H001 (○) soil in solutions of, (d), EC 0.19, 
(e), EC 0.47 and, (f), EC 2.35 (dS m-1). For each of the soils the DiV [G001 (▬) and H001 (▬)] and Di 
(▬) are given. 
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7.3.3 Summary of the dispersion classes 

In chapter 3 classes were derived to characterise the magnitude of SI<2 after soils were treated with 

EOE–disruption for 30 minutes. These dispersion classes are: 

Class 1                 SI<2 0–10 %        very limited dispersion 
Class 2                 SI<2 10–15 %        limited dispersion 
Class 3                 SI<2 15–20 %        moderate dispersion 
Class 4                 SI<2 20–30 %        severe dispersion 
Class 5                 SI<2 >30 %        very severe dispersion 

The dispersion classes are included here so that they may be incorporated into the descriptive model of 

structural stability. These classes provide the threshold increments that classify soils according to 

their behaviour in solutions of different ECw and SARw increments. 

7.4 A model of the structural stability of the nine Vertosols 

7.4.1 The structural stability of irrigated Vertosols 

A predictive model of structural stability is derived using the Dispersion of irrigated Vertosols (DiV) 

function, where SI<2 (T102) values are predicted using Dw. The dispersion classes are used to classify the 

predicted stability of the different Vertosols according to changes in ECw and SARw. This model 

(Figure 7.12) is prepared to predict the extent of clay dispersion at all intervals of ECw between 0 

and 3 (dS m-1), which represent the usual range of ECw values of irrigation waters (Ayers and 

Westcot 1985), and all SARw intervals between 0 and 30 (mmol(+) L-1)1/2. The x– and z–axes of the 

predictive model are described by the irrigation solution parameters ECw and SARw, respectively. 

The y–axis is described by the DiV function, which includes a prediction of SI<2 (T102) given by Dw for 

different Vertosols according to different physico–chemical properties (equation 20). Therefore, the 

DiV function gives a predicted response describing the expected dispersion of a soil with a specific 

Dw, where ECw and SARw are not equal to zero.  

For the prediction model given in Figure 7.12, the FAO criterion describing saline irrigation 

solutions is included (Ayers and Westcot 1985). According to the FAO, irrigation solutions that 

have an ECw greater than 0.7 (dS m-1) should restrict the growth of certain sensitive crop species. 

Cotton (Gossypium hirsutum) is a crop which is tolerant of salinity and can be irrigated with waters 

with much larger ECw values than 0.7 (dS m-1), but some crops grown in rotation with cotton (e.g. 
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soybean [Glycine max] and maize [Zea mays]) are less tolerant of saline conditions. In addition, where 

the climate is not suitable for cotton production, other irrigated Vertosols are used for the 

production of much more sensitive crops e.g. paddy rice (Oriza sativa) and sugarcane (Saccharum 

officinarum). Ayers and Westcot (1985) indicated that cotton suffers potential losses in yield only after 

the ECw of irrigation water exceeds 5 (dS m-1); maize, sugarcane, rice and soybean crops are likely to 

suffer yield losses where the ECw of irrigation water exceeds between approximately 1.0 and 3.3 (dS 

m-1). However, the overall impact of salinity on the yield of these crops will depend on soil texture. 

For example, McKenzie (1998) indicated that cotton grown on ‘very highly saline’ Vertosols would 

potentially suffer yield losses. He suggested that a ‘very highly saline medium’ clay soil would have a 

root zone EC1:5 of 1.33 (dS m-1), while a ‘very highly saline’ heavy clay soil would have a root zone 

EC1:5 of 1.72 (dS m-1). 
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Figure 7.12 The predictive model, describing the structural stability of the nine different Vertosols in solutions of 

different ECw and SARw. In this model the dispersion class limits occur at DiV values of 10 (■), 15 
(■), 20 (■) and 30 (■) %. The impact of water quality on the stability of different Vertosols is 
described by DiV, where the Dw function gives the predicted value of SI<2 (T102). The regions of ‘No 
water use restrictions’ and ‘Some water use restriction for agriculture’ represent the degree of 
restrictions applied by the FAO on irrigation supplies according to crop water availability (Ayers and 
Westcot 1985). 

7.4.2 Modelling the stability of each of the nine Vertosols  

For each of the nine Vertosols, the SI<2 values obtained using the T30i, T40i and T50i solutions are 

compared to the prediction model described in Figure 7.12. The actual SI<2 values are compared 
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with the DiV stability predictions for each soil at three intervals; (i), for changes in SARw at ECw 

0.19, (ii), for changes in SARw at ECw 0.47 and, (iii), for changes in SARw at ECw 2.35. At each of 

these three ECw intervals a slice is taken through the z–axis (Figure 7.13), and the DiV function 

prepared using the specified ECw and all values of SARw (0–30). These predictions are presented for 

each Vertosol individually in Figures 7.14–17 (the B00i, G00i, H00i and N00i soils, respectively). 

Each figure gives all three fitted DiV predictions ((i), (ii) and (iii)) and the actual SI<2 values of each 

individual soil for each treatment series (T30i, T40i and T50i). 
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Figure 7.13 A predictive model for describing the structural stability of the nine different Vertosols in solutions of 

different ECw and SARw. In this model the dispersion class limits occur at DiV values of 10 (■), 15 
(■), 20 (■) and 30 (■) %. The impact of water quality on the stability of different Vertosols is 
described by DiV, where the Dw function gives the predicted value of SI<2 (T102). The cross section slices 
((i), (ii) and (iii)) represent the irrigation water ECw intervals used during the treatment of each of the 
nine Vertosols using the different T30i, T40i and T50i solutions. 

Figures 7.14–17 show the suitability of the developed model for describing the stability of the nine 

topsoils. The best predictions tend to occur where soils have been treated in solutions of largest ECw 

(at any SARw) or with solutions that contained SARw values approaching zero. Overall, the DiV 

function gave a robust description of the actual SI<2 values of the B00i and H00i soils for all the 

treatments. However, the DiV function tends to underestimate the extent of dispersion occurring 

for the G00i and the N00i soils. For these soils, DiV tends to be consistently less than the actual 

SI<2 values, where the T30i (ECw 0.19 dS m-1) and T40i (0.47 dS m-1) series treatments are compared. 

These inconsistencies reflect the dataset used to prepare the response functions; the G00i and N00i 
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soils exhibit more variable SI<2 values for each ECw–SARw treatment solution, while the five B00i 

and H00i soils all have very similar stabilities, irrespective of the applied treatment solution. 
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Figure 7.14 Predicted DiV for the soils, (a), B001, (b), B002, and (c), B003. For each soil, the three slices (i), (ii) and 

(iii) represent predicted mechanically dispersed clay after EOE–disruption using solutions of ECw 0.19 
(▬), 0.47 (▬) and 2.35 (▬) dSm-1, between the SARw values of 0 and 30. The dispersion class 
thresholds are given where DiV equals 10 (▬), 15 (▬), 20 (▬) and 30 (▬) %. The actual values of 
SI<2 are given according to the ECw of the treatment solutions applied; EC 0.19 ( ), 0.47 ( ) and 2.35 
( ) dS m-1. 
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Figure 7.15 Predicted DiV for the soils, (a), G001, and (b), G002. For each soil, the three slices (i), (ii) and (iii) 

represent predicted mechanically dispersed clay after EOE–disruption using solutions of ECw 0.19 
(▬), 0.47 (▬) and 2.35 (▬) dSm-1, between the SARw values of 0 and 30. The dispersion class 
thresholds are given where DiV equals 10 (▬), 15 (▬), 20 (▬) and 30 (▬) %. The actual values of 
SI<2 are given according to the ECw of the treatment solutions applied; EC 0.19 ( ), 0.47 ( ) and 2.35 
( ) dS m-1. 

 
Figure 7.16 Predicted DiV for the soils, (a), H001, and (b), H002. For each soil, the three slices (i), (ii) and (iii) 

represent predicted mechanically dispersed clay after EOE–disruption using solutions of ECw 0.19 
(▬), 0.47 (▬) and 2.35 (▬) dSm-1, between the SARw values of 0 and 30. The dispersion class 
thresholds are given where DiV equals 10 (▬), 15 (▬), 20 (▬) and 30 (▬) %. The actual values of 
SI<2 are given according to the ECw of the treatment solutions applied; EC 0.19 ( ), 0.47 ( ) and 2.35 
( ) dS m-1. 
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Figure 7.17 Predicted DiV for the soils, (a), N001, and (b), N002. For each soil, the three slices (i), (ii) and (iii) 

represent the predicted increments of mechanically dispersed clay after EOE–disruption using 
solutions of ECw 0.19 (▬), 0.47 (▬) and 2.35 (▬) dSm-1, between the SARw values of 0 and 30. The 
dispersion class thresholds are given where DiV equals 10 (▬), 15 (▬), 20 (▬) and 30 (▬) %. The 
actual values of SI<2 are given according to the ECw of the treatment solutions applied; EC 0.19 ( ), 
0.47 ( ) and 2.35 ( ) dS m-1. 

In each of these prediction models (Figures 7.14–17), increasing the SARw of the T30i and T40i 

series led to increased estimates of clay dispersion, particularly where SARw is less than 15. For 

stability predictions at SARw values greater than 15, the DiV function tends to show much smaller 

increases in the predicted dispersion of the Vertosols. In this region of the prediction, it is assumed 

that other soil attributes determine differences in the extent of clay dispersion for different Vertosols 

i.e. organic bonds or other cementing agents. These models show that only the N001 soil have 

predicted values of SI<2 that occurred in Class 5, and this occurs only at very large values of SARw 

(15–30). This N001 soil is the least stable according to the developed prediction. The N001 soil and 

the B00i, G00i and H002 soils all have dispersion classes indicating spontaneous dispersion (Classes 4 

and 5) at some increment of SARw for the T30i and T40i predictions. In general, the least dispersive 

soils (H001 and N002) do not have predicted dispersion values in any Class greater than 3, meaning 

that these soils are only moderately dispersive when shaken in solutions of SARw =7.5–30 (T30i 

solutions) and SARw =17.5–30 (T40i solutions). In solutions with smaller SARw values these soils are 

much more stable. Consequently, these predictions ranked the nine Vertosols in the same way as 

had been done using the dispersion classes in chapter 3.4.2.  These soils have decreasing stability in the 

order: H001 ≈ N002 < H002 < B003 ≈ B002 < B001 ≈ G00i < N001.  

0

10

20

30

40

50

0 5 10 15 20 25 30
0

10

20

30

40

50

0 5 10 15 20 25 30

) (
%

) 
 

D
isp

ers
ion

 of
 ir

rig
at

ed
 V

ert
os

ols
 (D

iV

Class 5 Class 5

Class 4 Class 4

Class 3 Class 3

Class 2 Class 2

Class 1 Class 1

Irrigation water SARw (mmol(+) L-1)1/2



Chapter 7      A descriptive model of structural stability 
 

 
221 

7.5 Conclusions 

In this chapter, a critical ESP of 2 appears to delineate the stable soils from those that are non–

stable, where the ASWAT test is used to describe potential instability. However, when the SI<2 

values are compared using the ESP, ESI and EC1:5/Na+
exch values, there does not appear to be any 

critical threshold intervals that delineate the stable soils from those that are not stable. Similarly, the 

prediction of stability using the SAR and TCC thresholds, provided by the Rengasamy classification 

scheme (Rengasamy et al. 1984), does not provide a suitable description of clay dispersion for the 

Vertosols investigated. This is because the stability of these Vertosols is partly determined by the 

suite of clay phyllosilicates and consequently, by the exchange capacity of each soil. Once these 

properties are considered, stability is a function of other soil attributes i.e. the Na+ content and the 

electrical conductivity. Consequently, a predictive model is developed to determine the extent of clay 

dispersion for a soil of specific physico–chemical attributes. This model incorporates the soil 

physico–chemical properties of each Vertosol to predict the extent of clay dispersion (Dispersion in 

water). A surface response function (Dispersion of irrigated Vertosols) is then used to predict the extent 

of dispersion in different water solutions at various increments of ECw and SARw. This allows the 

nine Vertosols to be presented in terms of the impact of water quality on dispersion. 

Initially, it was proposed that a predictive scheme similar to that developed by Rengasamy et al. 

(1984) could be developed to consider dispersion as a function of the soil electrical conductivity, the 

Na+ content (either SAR, Na+
exch or ESP) and the clay mineral suite or the soil exchange capacity. 

This was not possible with the soil data set developed. This task must be undertaken as a future 

research opportunity. 
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~ 

Future: futūrus (L): the indefinite time yet to come 
~ 

8.1  The structural integrity of cotton–producing Vertosols  

In eastern Australia, the Vertosols on which most irrigated cotton production occurs frequently 

contain sodic subsoils (ESP >5), and in some cases exhibit sodicity at the soil surface. The elevated 

Na+ contributions of these soils and their other physico–chemical properties (i.e. clay content, clay 

phyllosilicate suite and solution concentrations) result in significant swelling and potential instability. 

In addition, the cotton industry is expected to become increasingly reliant on finite supplies of good 

quality irrigation water i.e. waters of low ECw and small SARw. This is leading to the use of alternate 

water sources, which are potentially of poor quality and have elevated levels of ECw and/or SARw. 

Irrigation using these solutions is likely to impact on the structural condition of both sodic and non–

sodic Vertosols. 

8.1.1 The irrigated Vertosols: their physico–chemical properties 

In non–swelling soils, stability is generally determined by the contribution of Na+, the electrolyte 

concentration of solution (EC) and by other transient soil properties (i.e. organic matter content). 

However, the primary attribute controlling the structural behaviour of Vertosols is the contribution 

of expanding phyllosilicate clays (e.g. smectite and less frequently, vermiculite). In this soil type, 2:1 

expanding clays do not always dominate the phyllosilicate suite (e.g. Vervoort et al. 2003), and 

consequently different Vertosols may exhibit dissimilar behaviour when wetted. For example, illite 

and kaolinite clays have shrink swell activity that is 1/2–1/5 that of the 2:1 expanding lattice 

phyllosilicates (Wilding and Tessier 1988). Consequently, when illite and kaolinite clays co–dominate 

or dominate the suite of phyllosilicates, soil structural behaviour will reflect these differences. In 

addition, the proportions of exchangeable Ca2+, Mg2+, and Na+ influence the extent of mineral 

expansion during hydration. Thus, the concentration of the soil solution that is required to maintain 

stability will depend on the clay species and on the proportions of different exchangeable cations. 

Nine Vertosols (B00i, G00i, H00i and N00i) were sampled to represent variations in phyllosilicate 

suites and in physico–chemical properties of cotton–producing soils from eastern Australia (Table 

8.1). The distribution of the measured soil properties for these soils is generally consistent with the 
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documented physico–chemical attributes of other Vertosols from eastern Australia (e.g. Isbell 1989; 

Hulugalle et al. 1999; Hulugalle and Finlay 2003; Vervoort et al. 2003). The G00i and N00i soils are 

Black Vertosols (Isbell 1989) dominated by 2:1 expanding phyllosilicates, the B00i and H002 soils 

are Grey Vertosols, and the H001 soil is an illitic Red Vertosol. Each of these nine soils contains a 

topsoil clay content of between 55 and 65 %, of which 60–70 % is fine clay. The nine soils have 

ESPs that range between 1 and 10, ECs of 0.1 to 1.2 dS m-1 and CECeff values that are largest for 

those soils that contain more 2:1 expanding phyllosilicates. 

Table 8.1 
A summary of selected physico–chemical properties for the nine Vertosols 

The number of (+) represent increasing contributions of 2:1 expanding lattice phyllosilicates  
 Sampled furrow topsoil 

 B001 B002 B003 G001 G002 H001 H002 N001 N002 

Clay content (%) 60.5 60.0 63.0 54.9 63.7 59.9 54.1 57.3 55.3 

Fine 2:1 
expanding clays 

++++ ++++1/2 ++++ +++++ ++++1/2 +1/2 +++1/2 ++++1/2 +++ 

Coarse 2:1 
expanding clays 

– + 1/2 ++1/2 +++ – + ++1/2 ++1/2 

Organic Carbon 
(%) 

0.22 0.27 0.32 0.96 0.39 0.45 0.40 0.62 0.88 

EC (dS m-1) 0.37 1.19 0.14 0.09 0.15 0.21 0.20 0.96 0.17 

CECeff       
(cmol(+) kg-1) 

35.5 40.5 40.5 51.3 48.8 30.8 38.2 49.0 43.7 

Ca2+:Mg2+ ratio 1.9 2.3 2.6 2.9 2.6 1.9 2.1 2.9 3.0 

ESP (%)a 8.1 5.3 3.6 1.3 1.6 3.1 1.8 6.4 0.7 

ASWAT score 9 3 9 0 0 4 0 9 0 

a Vertosols with ESPs >5 % are sodic, while Vertosols with ESPs 2–5 % have been identified as potentially unstable 
(McKenzie 1998). 

8.1.2 The irrigated Vertosols: structural stability 

In the laboratory, each of the nine furrow topsoils was subjected to different stability assessment 

techniques involving the immersion of soil aggregates in different solutions and the application of 

different disruptive forces. The ASWAT test (Field et al. 1997) generally differentiated the dispersive 

potential of the nine Vertosols according to their individual physico–chemical attributes (Table 8.1). 

The soils with ESPs greater than 2 are moderately to seriously dispersive, while the soils with ESPs 

less than 2 each have ASWAT scores of 0. The magnitude of the assigned ASWAT scores for the 

dispersive soils is a function of the ESP and solution EC, but soils with similar ESPs and ECs do 

not have the same ASWAT scores. For example, the B003 and H001 soils have similar ESPs and 
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ECs, but have different stabilities according to the ASWAT test. Thus, the different ASWAT scores 

appear to reflect different contributions of 2:1 expanding lattice clays in these soils. This 

relationship, between phyllosilicate suite (or cation exchange capacity) and stability, is more apparent 

for the different Vertosols where sub–samples are treated using different disruptive forces and then 

using different water quality treatments. The extent of dispersion for each of the soils, after each 

applied disruptive force and after disruption using each treatment solution, is given in Table 8.2. In 

all treatments, the G00i and N00i soils are less stable than the B00i and H00i soils. 

Table 8.2 
A summary of the dispersion of the nine Vertosols 

The (+) signs provide a rank to each of the soils according to the observed dispersion of clay after each applied 
treatment. Soil that was not dispersive in an applied treatment is given the sign (–) 

 Sampled furrow topsoil 

 B001 B002 B003 G001 G002 H001 H002 N001 N002 

Disruptive force treatments after immersion in clean water 

Spontaneous 
dispersion 

+ – + + ++ – – ++ – 

EOE–disruption ++ + + ++ ++ + + +++ + 

Ultrasonic 
agitation 

+ ++ + + ++ + + +++ + 

Water quality treatments applied during EOE–disruption 

T102 + + + ++ ++ + + +++ + 

FW00i + + + +++ +++ + + ++++ +++ 

T30i + ++ + +++ +++ + + ++++ +++ 

T40i + + + ++ ++ + + +++ ++ 

T50i + – + ++ ++ + + ++ + 

In general, the application of increased disruptive force (spontaneous dispersion → EOE–disruption 

→ ultrasonic agitation) gives greater liberation of particles of <100 µm and <2 µm. The G00i, H00i 

and N00i soils tend to show the same trends of increased SI<100 for larger disruptive forces, but the 

B00i soils have SI<100 values that showed a different trend. Comparing all of the Vertosols shows 

that the B00i soils have the largest SI<100 values after the small disruptive force is applied, but these 

SI<100 values are the same after EOE–disruption. This reflected the smaller organic carbon content 

of the Bourke soils (Table 8.1). These B00i soils appear to slake more extensively than the other 

soils when they are immersed in de–ionised water and this reflects less organic binding of soil 

aggregates. 
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The organic carbon content of each soil does not appear to be related to the dispersed clay content 

(SI<2) of soils treated with different disruptive forces. For all nine Vertosols, the extent of clay 

dispersion is determined by the disruptive energy applied, the content of 2:1 expanding lattice clays 

(or CECeff), Na+ contributions and soil solution EC (Table 8.1). The G00i and N001 soils have the 

largest CECeff values and are the most dispersive, while those soils with smaller CECeff values (the 

H00i and N002 soils) are much more stable (Table 8.2). In addition to this trend, the B002 soil 

shows an additional response to the disruptive treatments that is not observed for the other soils. 

The sodic B002 soil has similar stability to the B001 and B003 soils, where the small and medium 

forces are applied, but is less stable than the other Bourke soils where the largest disruptive force is 

applied. In this case, the force applied using ultrasonic agitation was sufficient to overcome the 

influence of this soils large solution EC (1.19 dS m-1) on the expansion of clay particles, but the EC 

of the subsequent soil suspension is insufficient to cause the flocculation of dispersed clay in 

solution. 

The different water quality solutions differentiated the nine Vertosols based on the extent of 

dispersion occurring as a response to treatment solution characteristics (i.e. ECw and SARw). The 

treatment solutions have only a small influence on the liberation of <100 µm particles, and the 

observed trends in SI<100 are typically the result of increased clay liberation in solutions of larger 

SARw. 

The different Vertosols dispersed in the different water quality treatments (FW00i, T102, T30i, T40i 

and T50i) according to their content of 2:1 expanding lattice phyllosilicates (and the CECeff). 

Consequently, the G00i and N00i soils are more dispersive than the B00i and H00i soils (Table 8.2). 

The soils with similar clay phyllosilicate suites then tend to disperse in the different solutions 

according to the soil Na+ contributions (i.e. Na+
exch and soil solution SAR) and the electrical 

conductivity of each treatment solution. Treating each of these soils with solutions of larger SARw 

(e.g. T301–4, T401–4 or T501–4) gives more clay dispersion, while shaking the soils in solutions of 

larger ECw (e.g. T30i, T40i or T50i) gives less clay dispersion. 

8.1.3 The impact of irrigation water quality on selected soil properties, structural form and water retention 

The treatment of each of the Vertosols using the three disruptive forces and the different water 

quality solutions identified the mechanisms controlling their differing stabilities after immersion. 

This did not necessarily describe potential changes in ‘field’ characteristics of Vertosols irrigated 

with different water quality treatments i.e. changes in soil chemical properties or structural condition. 

To investigate the impact of water quality on structurally–intact soils, columns of field soil were 

irrigated using different water quality solutions (FW00i, T102 and T401–4). The impacts of these 



Chapter 8      General discussion, conclusions and future research opportunities 
 

 
227 

solutions on selected chemical properties and on soil structural condition (structural stability after 

immersion, structural form and water retention properties) were determined. 

Irrigating these structurally–intact soils meant that, unlike the immersion techniques used to 

determine stability (chapter 3), the solution treatments flowed differentially through the soil matrix, 

according to the distribution of connected porosity. This affects changes in soil chemical and 

structural attributes. Each of the irrigated soils subsequently has larger ESPs where larger SARw 

solutions had been applied, and soils with larger ESPs tend to be more dispersive. However, the 

response of each Vertosol to the applied irrigation treatments reflected the 2:1 suite of phyllosilicate 

clays. The soils that have larger contributions of 2:1 phyllosilicates, and consequently larger CECeff 

values, are more dispersive when immersed in clean water and shaken. In addition, the soils with 

large CECeff values generally have greater differences in the chemical attributes (e.g. ESP) for soil 

columns irrigated with the different solutions. 

The structural form attributes of the intact soils show a different response to the applied solutions 

than was observed during the immersion assessments of stability. Intact field soils with larger 

contributions of 2:1 expanding lattice clays (the G00i and N00i soils) contained a macropore 

distribution that does not alter greatly under the irrigation treatments. The B001, B002 and H002 

soils have less 2:1 expansive clays and these soils show some small decreases in desirable structural 

form attributes as the SARw of treatment solution is increased (T401→4). The soil with a very small 

content of expansive clays, the illitic H001 soil, is the most stable soil where immersion and shaking 

techniques are applied, but is the soil most affected by the different irrigation solutions. Treating this 

soil using increasingly Na+–rich waters (T401→4) results in much less porosity, smaller estimates of 

surface area and reduced connectivity than for the other soils. Consequently, the application of 

increasingly Na+–rich waters give a rapid reduction in the desirable structural form attributes that is 

not observed for the other soils. A similar response is observed for the water retention properties of 

the G001 and H001 soils. The illitic H001 Vertosol has water retention properties that show a 

strong influence of the solution SARw treatments applied; while the 2:1 expansive clay dominated 

G001 soil appears much less affected by solution Na+ content. 

The structural form and the water retention studies of the structurally–intact field soils do not 

account for the impact of solution SARw on phyllosilicate swelling. The determination of the 

different volume contributions (solid, pore and solution) (chapter 6) shows that both the G001 and 

H001 soils have smaller volume fractions of solid space and more porosity where they have been 

treated using the increasingly Na+–rich T40i solutions or using clean water (the T102 solution). 

Consequently, the irrigation of these soils with solutions of increasing SARw or with clean water 

results in increased phyllosilicate swelling, indicated by a smaller volume fraction of solid space. This 
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is despite the small observed effects of treatment solution on the chemical attributes of both soils 

and on the structural form attributes of the G001 soil. However, these two soils have different 

additional responses to the SARw treatments that explain the different observations of structural 

form and water retention. The G001 soil is more swollen after being treated with large SARw 

solutions, but appeared to maintain structural form. This is indicated by similar volume 

contributions of solution to each of the treated soil cores (Figure 6.7a). In contrast, the large SARw 

treatments of the H001 soil have a larger volume of pore space, but contain larger volumes of soil 

solution. In this soil, the increasingly large SARw treatments result in the collapse of structure and a 

less connected pore network. Consequently, the structural form attributes and hydraulic properties 

of this soil tend to describe this collapsed condition as reductions in desirable structural form 

attributes and degraded hydraulic properties. 

8.1.4 A model describing the stability of Vertosols in solutions of different ECw and SARw characteristics 

The structural stability of all Vertosol samples (chapter 3 and chapter 4 soils) is comprehensively 

characterised by treating immersed soil using different increments of disruptive energy and different 

treatment solutions. The dispersed clay contributions of these soils are compared with current 

indicators of potential instability i.e. ESP, ESI or EC/Na+
exch, but these do not describe the observed 

dispersion that occurs where these soils are subjected to wetting and disruption in the laboratory. In 

addition, there does not appear to be any suitable critical stability thresholds that delineate stable 

soils from the unstable soils using ESP, ESI or EC/Na+
exch. This results from fundamental 

differences between these Vertosols, particularly differences between the clay phyllosilicate suites, 

but the ESI and EC/Na+
exch ratios are also strongly influenced by the diluted electrical conductivity 

of the irrigated soil columns. 

The predictive model developed (Figure 7.12) integrates a multitude of soil physico–chemical 

attributes (Na+
exch, EC, SAR, Ca2+:Mg2+, CECeff and clay content) to describe the laboratory 

measured structural stability of Vertosols in a clean water solution. In this predictive model, CECeff 

and clay content are used to account for the different phyllosilicate suites of the soils studied. This 

prediction is then extended to consider the stability of Vertosols according to water quality attributes 

(ECw and SARw). Consequently, the predictive model describes the attenuation of dispersion for 

different Vertosols as the ECw of irrigation solutions is increased, or conversely as the SARw of 

treatment solutions is reduced. This model provides considerable benefit for predicting the 

mechanical liberation of Vertosols immersed in different solutions, and it has potential for use 

beyond the cotton industry for describing the stability of other soil types. However, to extend the 

model in this way, the Dispersion in water term and the Dispersion of irrigated Vertosols function may 
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require calibration to account for differences in the clay phyllosilicate suites (or clay content and 

CECeff values) of other soil types. 

8.1.5 Cotton soils that are most likely to exhibit structural degradation where poor quality solutions are applied 
as irrigation supplies 

The research conducted can be used to derive an estimate of those soils that will be most dispersive 

and those soils that will be influenced most by the application of poor quality irrigation waters i.e. 

solutions with large SARw. The nine Vertosols investigated all tend to show the effects of irrigation 

SARw and ECw attributes on soil structural condition. However, the soils exhibit two different 

trends; (i), the soils with largest CECeff values are potentially the most dispersive when immersed in 

different solutions, but (ii), these soils have structural form attributes that are influenced less by the 

applied solutions during the irrigation procedure. Those soils that have smaller CECeff values are less 

dispersive when immersed and shaken in solution, but these soils tend to undergo changes in 

structural form that reflect the collapse of the structured soil matrix in solutions of large SARw (e.g. 

the H001 soil). 

In solution, the hydration of these soils with larger contributions of 2:1 expanding lattice 

phyllosilicates results in sufficient expansion of clays that attractive forces are overcome and 

dispersion occurs. However, the swelling of these minerals in structurally–intact soils is confined by 

the volume of each soil column and aggregates, while swollen, remain intact. In contrast, the soils 

that contain increasing contributions of non–expansive clays (i.e. illite and kaolinite) appear to swell 

less, and consequently, the increased Na+ content of large SARw solutions results in aggregate 

breakdown and structural collapse. 

This research shows that the structurally–intact field soils most likely to exhibit structural 

degradation, where poor quality water supplies are used to irrigate cotton–producing Vertosols, are 

those soils with small contributions of 2:1 expanding lattice clays and which have smaller exchange 

capacities. Thus, in NSW the cotton–producing Vertosols that are likely to suffer structural 

degradation due to the application of sodic irrigation waters (elevated SARw), or clean water (ECw 0, 

SARw 0) are those from the Hillston, Bourke and Macquarie cotton–producing valleys. In this thesis, 

soils from the Macquarie valley are not included. McKenzie (1992) and Vervoort et al. (2003) 

determined the clay mineral suite and exchange capacities of different soils from this region. These 

reports show many soils from this region to contain smaller contributions of smectite and have 

exchange capacities that are much smaller than those determined for soils from the lower Gwydir 

and lower Namoi investigated by Vervoort et al. (2003). However, all nine of the intact Vertosols 

irrigated in the laboratory contain increased Na+ contributions after being treated with the larger 
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Na+–rich solutions. Consequently, the continued application of sodic waters is likely to impact on 

the structural condition of all Vertosols. 

The soils dominated by 2:1 expansive clays are likely to be influenced less by poor quality irrigation 

waters over time than those soils with larger contributions of illite and kaolinite clays. For example, 

the irrigation of a Namoi Vertosol dominated by 2:1 expansive clays (Soil 1) using a water source 

with an SARw of 15 through 10 wetting events will lead to an increased soil ESP and more swelling, 

but this soil is likely to maintain a desirable structural form. The irrigation of an illitic Macquarie 

Vertosol (Soil 2) with this same water source and 10 wetting events will lead to an increased ESP, 

but the structural form of this soil will deteriorate and be much less desirable for cotton production. 

However, applying the SARw 15 solution and a solution of SARw 1 (i.e. FW002) alternately to Soil 1 

and Soil 2 will lead to a less rapid increase in soil ESP. Consequently, Na+ will contribute less to 

swelling in these soils and the structural condition maintained for cotton production over a longer 

period.  

However, all Vertosols are likely to be degraded by the application of irrigation solutions with large 

SARw values to some extent. Consequently, to maintain a porous soil structure, which contains many 

small well–connected macropores and small aggregates, the contribution of exchangeable Na+ in 

irrigation waters should be minimised. If possible the topsoil ESP should be maintained at less than 

2. This is a difficult proposal for many sodic Vertosols (e.g. the B001 and H001 soils), but an ESP of 

2 has previously been suggested as a lower limit of exchangeable Na+, above which Vertosols may 

disperse (Cook et al. 1992; McKenzie 1998). This was supported by the ASWAT test conducted on 

each of the soils in this research. To achieve this reduction in ESP, both Soil 1 and Soil 2 could be 

treated with waters of large ECw, but small SARw or with soil ameliorants (e.g. Gypsum). Applying 

these water sources or ameliorants would reduce the content of Na+ at exchange sites and raise the 

soil solution EC, thereby reducing soil swelling and the potential for structural collapse. In so doing 

the limitation guidelines of irrigation ECw for different crops (Ayers and Westcot 1985) should be 

consulted so as to minimise the risk of crop yield reductions.  
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8.2  Conclusions  

Regarding the structural stability of the nine different Vertosols after immersion and shaking in different solutions: 

The dispersion of clay for the different Vertosols is determined by the contributions of 2:1 

expanding lattice phyllosilicates irrespective of the applied disruption force or treatment solution. 

The soils with larger contributions of 2:1 expanding lattice clays are more dispersive than soils with 

smaller contributions of these clays. In these soils, this relationship is reflected by the strong 

correlations between the SI<2 values and CECeff. Soils that have similar contributions of 2:1 

expanding lattice phyllosilicates then disperse according to exchangeable Na+ contents (and ESP) 

and soil solution EC. 

Vertosols immersed in increasingly sodic solutions (increased SARw), at constant ECw, are more 

dispersive, until a threshold limit is reached. This threshold limit reflected the maximum level of 

dispersion for each of the soils after they have been immersed and shaken in the T30i and T40i 

solutions. 

Vertosols immersed in increasingly saline solutions (increased ECw), at constant SARw, are less 

dispersive. In solutions of very large ECw (i.e. T50i) at low SARw (i.e. <7.5 (mmol(+) L-1)1/2) these 

Vertosols are not dispersive. This potentially reflects the flocculation of suspended clays from 

solution after the shaking procedure is complete. 

Regarding the impact of irrigation water quality on the condition of the nine different structurally intact Vertosols: 

The soils with larger contributions of 2:1 expanding lattice phyllosilicates tend to have bigger 

changes in the contributions of specific exchangeable cations after irrigation and are more dispersive 

after immersion than soils with smaller contributions of these clays. Consequently, irrigating 

different Vertosols with large SARw solutions leads to smaller contributions of exchangeable Ca2+ 

and Mg2+ and larger contributions of exchangeable Na+. 

The 2:1 expansive clay dominated G00i and N00i soils have structural form attributes that do not 

show treatment effects where the different irrigation treatments are compared. The soils that have 

only the fine clay fraction dominated by 2:1 expanding lattice phyllosilicates (the B00i and H002 

soils) show small reductions in desirable structural form attributes after being treated with solutions 

of increased SARw, while the illitic Red Vertosol (the H001 soil) has structural form attributes that 

are much less desirable after the large SARw treatments than after the small SARw treatments. 
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The water retention curves and effective distributions of connected porosity show the effect of clay 

mineral suite for the two different Vertosols that are compared in this way (the G001 and H001 

soils). The G001 soil does not appear to show any effect of treatment SARw on the soil water 

retention properties. The H001 soil shows a large treatment effect and treating this soil with 

solutions of larger SARw results in smaller contributions of connected porosity. 

For the G001 and H001 soils, it is evident from the volume fractions of solid, solution and soil air 

that increased swelling occurred in response to large SARw treatments or in response to clean water. 

However, the different response of the illitic H001 soil reflects the collapse of the structural 

arrangement in this soil; increasing the SARw of the treatment solution leads to more swelling, but 

more of the pore space is occupied by soil solution in an unconnected network of soil porosity. The 

G001 soil does not show any sign of structural collapse. 

Regarding the prediction of structural stability in Vertosols: 

A model of structural stability is developed to describe the interaction of selected soil physico–

chemical properties and irrigation solution attributes. The proposed model provides an estimate of 

the attenuation of dispersion for different Vertosols, where soils are immersed in solutions of 

varying SARw and ECw. 

Regarding those cotton–producing regions of eastern Australia that are most likely to suffer changes in soil structural 

conditions where alternative water supplies are used to irrigate cotton fields: 

Those cotton producing regions that are most likely to suffer structural degradation, where waters of 

increased SARw are used to irrigate fields, are the soils with smaller contributions of 2:1 expanding 

lattice phyllosilicates, and hence those soils with smaller exchange capacities. The regions that 

incorporate these soil types are the Bourke, Macquarie valley and Hillston cotton producing regions. 

The soils dominated by the 2:1 expanding lattice phyllosilicates (e.g. the G00i and N001 soils) are 

likely to suffer structural degradation if prolonged application of sodic solutions takes place, but 

overall these soils tend to have structural form attributes that are less affected by application of 

sodic irrigation solutions than the B00i and H00i soils. 
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8.3  Future research opportunities  

The research undertaken during the completion of this thesis highlighted several future research 

opportunities. 

8.3.1 Current methods of determining structural stability and the clay mineral suite 

The current methods of quantifying structural stability involve the immersion of soil aggregates in 

either de–ionised water or solutions of variable quality. These methods have several inherent 

problems; it is difficult to compare the stability of soils treated in different laboratories or using 

different methods of analysis to quantify aggregate liberation and the dispersed clay content. In 

addition, this research identified the large clay mineral effect on the dispersion of clay from 

immersed soil samples. Soils with larger contributions of 2:1 expanding lattice minerals were 

consistently more dispersive than those soils with smaller contributions of these particular clay 

mineral species, irrespective of the soil ESP or soil solution EC. However, irrigating structurally–

intact soils with different solutions showed that soils with larger contributions of 2:1 expanding 

lattice clays had structural form attributes that showed less solution SARw effects than the soils with 

smaller contributions of 2:1 expanding lattice clays, which appeared to slump. Rengasamy et al. 

(1984) made a similar observation. They noted that the heavy clay soils (Vertosols) dispersed 

differently to the red–brown earth soils after immersion. Hence, they excluded Vertosols from their 

classification scheme and concentrated solely on the red–brown earths. 

Vertosols are used widely for irrigated agriculture and they show a wide variation in the 

contributions of different phyllosilicate clays. For these soils the different swelling capacities of 

different clay mineral species contribute significantly to differences in stabilities where immersion 

techniques are applied. Future work must quantify the different stabilities of Vertosols containing 

different phyllosilicate clays and will assist in developing a more robust understanding of the 

liberation of clay during immersion methods of testing stability. This will make comparisons 

between immersion tests and the field behaviour of Vertosol more relevant for management 

decisions. 

8.3.2 The impact of organic carbon contributions 

There is currently no specific threshold organic matter content for Vertosols that has been 

categorically linked to the stability of soil aggregates (McKenzie 1998), but increased organic matter 
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in these soils is generally associated with increased stability. This general understanding was 

observed for these soils in chapter 3 where the liberation of material of the <100 µm fraction during 

spontaneous dispersion appeared to be associated with the organic carbon content. The three B00i 

soils contained less organic carbon than the other soils and they slaked much more extensively when 

immersed in water. In addition, the irrigation procedure applied to structurally–intact soil columns 

tended to result in soil samples that had similar stabilities to the initial furrow topsoils. This was 

despite the irrigated soils having larger ESPs and smaller ECs than the corresponding furrow 

topsoils. The organic carbon content of the different irrigated soil columns was not quantified due 

to cost and labour restrictions. In addition, the different organic carbon contents of each soil are 

likely to have been composed of different organic matter types. For example, organic matter 

contributing to the stabilisation of soil structure of the irrigated soil columns was likely to result 

from fungal proliferation, while the organic content of the furrow soils was likely to have consisted 

of mineralised organic carbon types. These different types of organic material and their impact on 

the structural stability of Vertosols must be characterised. 

8.3.3 The structural form of Vertosols: the impact of moisture content 

The Vertosols that were irrigated in the laboratory for the analysis of soil structural form attributes 

were allowed to dry for 50 days prior to being filled with fluorescent resin. However, at this time the 

intact soil columns contained significant moisture (0.10–0.35 g g-1). This moisture content may have 

influenced the expression of structural form attributes, and could have masked differences between 

the structural form of soil columns treated using the different irrigation solutions. In chapter 5 it was 

observed that the soils containing large contributions of both coarse and fine 2:1 expanding lattice 

phyllosilicates (the G00i and N001 soils) did not show any significant differences between the 

desirable soil structural form descriptors where the six treatments were applied. This may reflect the 

moisture content of these soil columns. 

Currently, only limited research has addressed the formation of cracks in Vertosols as they dry. For 

example, Ringrose–Voase and Sanidad (1996) looked at the development of cracks in two 

Philippines Vertosols by measuring the width and depth of cracks along a 7 m transect as each soil 

dried. However, this method is unsuitable for describing the development of smaller cracking 

patterns in Vertosols i.e. cracks that are <10 mm in width. Recent developments in the area of X–ray 

computed tomography (CT–scanning) are likely to provide a method by which soil–filled columns 

(e.g. 150 mm d.) can be used to identify the formation of cracks for Vertosols as they dry. CT–

scanning is frequently used for the determination of root development in soil columns (e.g. Mooney 

2002; McNeill and Kolesik 2004), but until recently the resolution of scanners appears to have been 
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a limitation restricting the analysis of soils at fine resolutions. However, Gregory et al. (2003) recently 

reported on a CT–scanner with the potential to analyses soil samples of approximately 120 mm d. at 

a resolution of 50 µm. Using an apparatus such as this, the development of cracks during drying 

could be characterised, and an understanding of the formation of cracks in Vertosols developed. 

This is likely to provide a more descriptive indication of what soil moisture content is best suited for 

the analysis of soil structural form attributes.  

8.3.4 Developing a model of soil structural stability 

The predictive tool that was developed in this research project was not that which was initially 

proposed. Initially, this project aimed to develop a predictive model of potential instability that 

considered soil chemical properties (i.e. ESP, SAR and electrical conductivity) in relation to other 

soil attributes (i.e. the suite of clay phyllosilicates, CECeff or organic contributions). This was 

expected to be completed using a three dimensional approach to discriminate between the 

spontaneous and mechanical dispersion of the different Vertosols. However, the number of 

different Vertosols assessed in this research was insufficient. Initially, it was anticipated that the 

laboratory irrigated soil samples would provide an array of different chemical conditions (large 

variations in EC and SAR) that could be used to differentiate these soils, but this procedure led to 

the dilution of the soil solution. This resulted in only small distributions of electrical conductivity 

and SAR values (0.05–0.40 dS m-1 and 0.5–5.5 (mmol(+) L-1)1/2) for all soil samples. 

To develop the proposed predictive model, future research must undertake three tasks. A large 

number of soil samples must be collected, which are representative of the different clay 

phyllosilicate suites (or cation exchange capacities) of Vertosols used for cotton production 

throughout eastern Australia. For example, Rengasamy et al. (1984) used 138 different red–brown 

earth soil samples in their classification scheme. The sampled Vertosols need to be assessed for an 

array of soil physico–chemical attributes (e.g. clay content, exchangeable cations and the cation 

exchange capacity, electrical conductivity and organic matter contributions). Then, the structural 

stability of these Vertosols should be assessed using different immersion techniques i.e. 

spontaneously dispersion and EOE–disruption. This information will help to categorise the 

dispersion of different soils and should consider the impact of swelling on the liberation of clay 

during stability assessments.  

8.3.5 Remediation of sodic conditions in Vertosols 

During this research no attempt was made to address the remediation of structural behaviour 

resulting from inherent sodicity or from increased contributions of Na+ due to irrigation water 
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quality. However, the research conducted for this project provides a basis for this future research 

opportunity.  

Research into remediation methods should specifically focus on the application of lime or gypsum 

as an amendment, where either of these salts is applied directly to the field in the absence of 

irrigated crops or as an additive to poor quality water supplies prior to field irrigation. This is an 

issue that should be considered as a high priority for the cotton industry given the current condition 

of some irrigation water resources and recent predictions of increasing salt content in some river 

systems (Jolly et al. 2001) used for the irrigation of cotton. 
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Appendix 1:  Position of the nine different Vertosols according to the topographic and 
geological landscapes 

 

a) b)

B001

251 

Figure A1.1 Position of each of the B00i soils according to, a), the topographic landscape (topographic map 8037, 
NSW Department of Lands) and, b), the geological landscape (Bourke geological map, NSW Department of 
Primary Industries). Geological reference unit Qd represents red sand forming undulating plains, and 
reference unit Qrs represents alluvial floodplains of clayey silt, sand and gravel. 
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b)a) 

G002

G001 

N N2 km2 km 

c)

G001
G002

N5 km 

Figure A1.2 Position of each of the G00i soils according to, a) and b), the topographic landscape (topographic map 
8839–II and III, NSW Department of Lands) and, c), the geological landscape (Moree geological map, NSW 
Department of Primary Industries). Geological landscape consists of alluvial riverine deposits of black and 
red clayey silt, sand and coarse gravel. 
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b)a) 

H001

H002

NN2 km 2 km

c) 

H002 

H001 

N 5 km 

Figure A1.3 Position of each of the H00i soils according to, a) and b), the topographic landscape (topographic map 
7931, NSW Department of Lands) and, c), the geological landscape (Cargelliogo geological map, NSW 
Department of Primary Industries). The H00i soils are both positioned on alluvial deposits of black and red 
clayey silt, sand and gravel in the geological landscape. 
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Figure A1.4 Position of each of the N00i soils according to, a) and b), the topographic landscape (N001 is positioned 

on the 8738–II and III topographic map and N002 is positioned on the 8837–I and IV topographic map, NSW 
Department of Lands) and, c) and d), the geological landscape (N001 is positioned on the Moree geological map 
and N002 is positioned on the Narrabri geological map, NSW Department of Primary Industries). The N001 and 
N002 geological landscapes consists of alluvial riverine plain deposits of black and red clayey silt, sand 
and coarse gravel. 
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Appendix 2.1:  X–ray diffraction patterns of randomly arranged soil minerals for the 
B00i, G002, H002 and N00i Vertosols 
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Figure A2.1 The primary suite of soil minerals from site B001 at depths of 0.2–0.4 and 1.0–1.2m. The labels 

identify the basal spacings (nm) corresponding to the dominant mineral species: quartz (Q), 
plagioclase feldspars (P–F), smectite clay (Sm) and kaolinite clay (Ka). 
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Figure A2.2 The primary suite of soil minerals from site B002 at depths of 0.2–0.4 and 1.0–1.2m. The labels 

identify the basal spacings (nm) corresponding to the dominant mineral species: quartz (Q), smectite 
clay (Sm) and kaolinite clay (Ka). 

0.150.200.250.300.350.400.450.50

B002p  0.2–0.4 

Q
 0

.33
4 

nm

Q
 0

.25
4 

nm

Q
 0

.24
6 

nm

K
a 

0.2
28

 n
m

Q
 0

.18
2 

nm

K
a 

0.1
67

 n
m

Q
 0

.15
4 

nm

K
a 

0.1
98

 n
mQ

 0
.42

5 
nm

S
m

 0
.44

2 
nm

m

B002p  1.0–1.2 m

d (nm)



Appendices 
 

 
257 

 

 
Figure A2.3 The primary suite of soil minerals from site B003 at depths of 0.2–0.4 and 1.0–1.2m. The labels 

identify the basal spacings (nm) corresponding to the dominant mineral species: quartz (Q), smectite 
clay (Sm) and kaolinite clay (Ka). 
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Figure A2.4 The primary suite of soil minerals from site G002 at depths of 0.2–0.4 and 1.0–1.2m. The labels 

identify the basal spacings (nm) corresponding to the dominant mineral species: quartz (Q), feldspars 
(F), plagioclase feldspars (P–F), alkali–feldspars (A–F), smectite clay (Sm) and kaolinite clay (Ka). 
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Figure A2.5 The primary suite of soil minerals from site H002 at depths of 0.2–0.4 and 1.0–1.2m. The labels 
identify the basal spacings (nm) corresponding to the dominant mineral species: quartz (Q), smectite 
clay (Sm) and kaolinite clay (Ka). 
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Figure A2.6 The primary suite of soil minerals from site N001 at depths of 0.2–0.4 and 1.0–1.2m. The labels 

identify the basal spacings (nm) corresponding to the dominant mineral species: quartz (Q), feldspars 
(F), plagioclase feldspars (P–F), alkali–feldspars (A–F), smectite clay (Sm) and kaolinite clay (Ka). 
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Figure A2.7 The primary suite of soil minerals from site N002 at depths of 0.2–0.4 and 1.0–1.2m. The labels 

identify the basal spacings (nm) corresponding to the dominant mineral species: quartz (Q), feldspars 
(F), plagioclase feldspars (P–F), smectite clay (Sm) and kaolinite clay (Ka). 
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Appendix 2.2:  X–ray diffraction patterns of the fine (<0.2 μm) and coarse (0.2–2 μm) 
mineral suites of each of the B00i, G002, H002 and N00i Vertosols 

KaIll, SmSm

    
Figure A2.8 Fine (▬) and coarse clay minerals (▬) sampled at depths of 0.2–0.4 and 1.0–1.2 m from site B001, 

after treatment with,(a), KCl (air–dry, 100 °C, 300  °C and 550 °C) and, (b), MgCl2 (air–dry and 
glycerated). The labels identify the different clay minerals; smectite clay (Sm), illite clay (Ill), kaolinite 
clay (Ka), quartz (Q) and mica (Mi). 
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Figure A2.9 Fine (▬) and coarse clay minerals (▬) sampled at depths of 0.2–0.4 and 1.0–1.2 m from site B002, 

after treatment with,(a), KCl (air–dry, 100 °C, 300  °C and 550 °C) and, (b), MgCl2 (air–dry and 
glycerated). The labels identify the different clay minerals; smectite clay (Sm), illite clay (Ill), kaolinite 
clay (Ka), quartz (Q) and mica (Mi). 
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Figure A2.10 Fine (▬) and coarse clay minerals (▬) sampled at depths of 0.2–0.4 and 1.0–1.2 m from site B003, 

after treatment with,(a), KCl (air–dry, 100 °C, 300  °C and 550 °C) and, (b), MgCl2 (air–dry and 
glycerated). The labels identify the different clay minerals; smectite clay (Sm), illite clay (Ill), kaolinite 
clay (Ka), quartz (Q) and mica (Mi). 
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Figure A2.11 Fine (▬) and coarse clay minerals (▬) sampled at depths of 0.2–0.4 and 1.0–1.2 m from site G002, 

after treatment with,(a), KCl (air–dry, 100 °C, 300  °C and 550 °C) and, (b), MgCl2 (air–dry and 
glycerated). The labels identify the different clay minerals; smectite clay (Sm), illite clay (Ill), kaolinite 
clay (Ka), quartz (Q) and mica (Mi). 
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Figure A2.12 Fine (▬) and coarse clay minerals (▬) sampled at depths of 0.2–0.4 and 1.0–1.2 m from site H002, 

after treatment with,(a), KCl (air–dry, 100 °C, 300  °C and 550 °C) and, (b), MgCl2 (air–dry and 
glycerated). The labels identify the different clay minerals; smectite clay (Sm), illite clay (Ill), kaolinite 
clay (Ka), quartz (Q) and mica (Mi). 
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Figure A2.13 Fine (▬) and coarse clay minerals (▬) sampled at depths of 0.2–0.4 and 1.0–1.2 m from site N001, 

after treatment with,(a), KCl (air–dry, 100 °C, 300  °C and 550 °C) and, (b), MgCl2 (air–dry and 
glycerated). The labels identify the different clay minerals; smectite clay (Sm), illite clay (Ill), kaolinite 
clay (Ka), quartz (Q) and mica (Mi). 
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Figure A2.14 Fine (▬) and coarse clay minerals (▬) sampled at depths of 0.2–0.4 and 1.0–1.2 m from site N002, 

after treatment with,(a), KCl (air–dry, 100 °C, 300  °C and 550 °C) and, (b), MgCl2 (air–dry and 
glycerated). The labels identify the different clay minerals; smectite clay (Sm), illite clay (Ill), kaolinite 
clay (Ka), quartz (Q) and mica (Mi). 
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Appendix 3.1: The change in weight for all individual intact soil columns (B00i, G00i, 
H00i and N00i) irrigated in the laboratory  

Table A3.1 
The change in weight for soil columns sampled from B001 and B003 after irrigation in the laboratory 

The weights recorded represent the difference between before and after each irrigation event  
Replicate 1  Replicate 2   Replicate 1  Replicate 2 Treatment 

Solution 
Irrigation 

event (kg) 

  Site B001  Site B003 
           

FW00i 1 – –  –  – 
 2 – –  –  – 
 3 – 0.38  –  0.31 
 4 0.30 0.60  0.30  0.43 
 5 0.42 0.42  0.42  0.31 
 6 0.32 0.36  0.33  0.24 
           

T102 1 – –  –  – 
 2 0.30 0.38  0.30  0.30 
 3 0.44 0.56  0.42  0.40 
 4 0.33 0.43  0.31  0.32 
 5 0.27 0.37  0.25  0.24 
 6 – –  –  – 
           

T401 1 0.32 0.33  0.31  0.32 
 2 0.24 0.29  0.08  0.24 
 3 0.38 0.39  0.35  0.40 
 4 0.21 0.19  0.19  0.20 
 5 0.30 0.31  0.35  0.31 
 6 0.21 0.21  0.20  0.19 
           

T402 1 0.23 0.28  0.26  0.28 
 2 0.37 0.43  0.38  0.41 
 3 – –  –  – 
 4 – –  –  – 
 5 0.29 0.36  0.30  0.30 
 6 0.30 0.38  0.26  0.33 
           

T403 1 0.26 0.29  0.28  0.20 
 2 0.39 0.41  0.42  0.34 
 3 – –  –  – 
 4 – –  –  – 
 5 0.31 0.35  0.32  0.27 
 6 0.34 0.40  0.30  0.26 

 

Table A3.2 
The change in weight for soil columns sampled from B002 after irrigation in the laboratory 

The weights recorded represent the difference between before and after each irrigation event  
Replicate 1  Replicate 2  Treatment 

Solution 
Irrigation 

event  (kg) 

      

FW00i 1 –  – * 
 2 –  – * 
 3 –  – * 
 4 0.27  0.45 * 
 5 0.37  0.35 * 
 6 6.86  0.26 * 

 

* Represents soil columns with surface water after the completion of irrigation. 
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Table A3.3 
The change in weight for soil columns sampled from G001 after irrigation in the laboratory 

The weights recorded represent the difference between before and after each irrigation event  
Replicate 1 Replicate 2 Replicate 3 Replicate 4 Treatment 

Solution 
Irrigation 

event (kg) 
          

FW00i 1 0.20  0.25  0.20  0.15 * 
 2 0.20  0.19  0.14  0.22 * 
 3 0.31  0.29  0.26  0.41 ** 
 4 0.14  0.16  0.15  0.26  
 5 0.24  0.27  0.24  0.39 * 
 6 0.19  0.20  0.16  0.20  
          

T102 1 0.21  0.21  0.19  0.26 * 
 2 0.21  0.20  0.18  0.24 * 
 3 0.29  0.29  0.26  0.38 * 
 4 0.21  0.17  0.23  0.23 ** 
 5 0.25  0.26  0.24  0.34 * 
 6 0.18  0.18  0.19  0.21 ** 
          

T401 1 0.34 ** 0.34 * 0.30  0.30  
 2 0.23 ** 0.22 * 0.23  0.22  
 3 0.35 ** 0.43 * 0.30  0.31  
 4 0.20 ** 0.25 * 0.17  0.19  
 5 0.37 ** 0.38 * 0.35  0.29  
 6 0.20 ** 0.30  0.22  0.22  
          

T402 1 0.22  0.25 * 0.24  0.17  
 2 0.20  0.26 * 0.28 * 0.23  
 3 0.28  0.40 * 0.40 * 0.29  
 4 0.02  0.22 ** 0.16  0.24  
 5 0.26  0.34 * 0.33  0.26  
 6 0.20  0.19 ** 0.21  0.21 * 
          

T403 1 0.30 * 0.26  0.23  0.22  
 2 0.26 ** 0.21  0.19  0.20  
 3 0.38 ** 0.30  0.32  0.31  
 4 0.19 ** 0.13  0.17  0.22  
 5 0.34 * 0.24  0.28  0.26  
 6 0.27 ** 0.18  0.20  0.19  
          

T404 1 0.21  0.27 ** 0.23  0.19  
 2 0.24  0.31 ** 0.32 * 0.23  
 3 0.31  0.39 * 0.39 * 0.29  
 4 0.30  0.41 * 0.41 * 0.31  
 5 0.35  0.43 * 0.43 * 0.36  
 6 0.29  0.38 * 0.39 * 0.29  

 

* Represents soil columns with surface water after the completion of irrigation. 
** Represents soil columns with no drainage water after the completion of the irrigation event. 
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Table A3.4 
The change in weight for soil columns sampled from G002 after irrigation in the laboratory  

The weights recorded represent the difference between before and after each irrigation event  
Replicate 1 Replicate 2 Replicate 3 Replicate 4 Treatment 

Solution 
Irrigation 

event (kg) 
          

FW00i 1 0.27  0.30  0.29  0.31  
 2 0.19  0.23  0.21  0.23  
 3 0.29  0.33  0.30  0.34  
 4 0.19  0.20  0.22  0.27 * 
 5 0.33  0.33  0.32  0.33  
 6 0.21  0.20  0.19  0.29 * 
          

T102 1 0.30  0.28  0.43 * 0.26  
 2 0.24  0.21  0.33 * 0.24  
 3 0.30  0.32  0.36 * 0.32  
 4 0.28 * 0.21  0.22 * 0.21  
 5 0.40 * 0.29  0.38 * 0.43 * 
 6 0.27 * 0.23  0.23 * 0.28  
          

T401 1 0.28  0.28  0.28  0.34 * 
 2 0.20  0.22  0.22  0.23 * 
 3 0.28  0.27  0.26  0.38 * 
 4 0.23  0.19  0.23  0.24 * 
 5 0.32  0.28  0.34  0.35  
 6 0.21  0.21  0.22  0.31  
          

T402 1 0.29  0.31 * 0.39  0.27  
 2 0.21  0.23 * 0.32 * 0.35 * 
 3 0.31  0.30 * 0.40 * 0.37 * 
 4 0.24  0.21 * 0.23 * 0.27 * 
 5 0.42  0.40 * 0.41 * 0.41 * 
 6 0.27 * 0.29 * 0.27 * 0.41  
          

T403 1 0.32  0.29  0.29 * 0.24  
 2 0.21  0.31 * 0.21 * 0.23  
 3 0.32  0.38 * 0.34 * 0.41  
 4 0.22  0.26 * 0.16  0.32 * 
 5 0.31  0.42 * 0.35 * 0.43 * 
 6 0.23  0.26 * 0.21 * 0.30 * 
          

T404 1 0.25  0.19  0.35 * 0.19  
 2 0.37 * 0.23  0.35 * 0.24  
 3 0.39 * 0.29 * 0.39 * 0.33  
 4 0.42 * 0.31  0.40 * 0.41  
 5 0.51 * 0.45  0.47 * 0.51 * 
 6 0.37 * 0.31  0.33 * 0.39  

 

* Represents soil columns with surface water after the completion of irrigation. 
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Table A3.5 
The change in weight for soil columns sampled from H001 after irrigation in the laboratory 

The weights recorded represent the difference between before and after each irrigation event  
Replicate 1 Replicate 2 Replicate 3 Replicate 4 Treatment 

Solution 
Irrigation 

event (kg) 
          

FW00i 1 0.22  0.27  0.26 * 0.22 * 
 2 0.28  0.33  0.34 * 0.32 * 
 3 0.20  0.19  0.23 * 0.25 * 
 4 0.16  0.18  0.21 * 0.23 * 
 5 0.27  0.29  0.34 * 0.33 * 
 6 0.28  0.27  0.32 * 0.35 * 
          

T102 1 0.21  0.21  0.21  0.20  
 2 0.28  0.31 * 0.34 * 0.31  
 3 0.19  0.22 * 0.24 * 0.26 * 
 4 0.20 * 0.18 * 0.19 * 0.21 * 
 5 0.32 * 0.35 * 0.28 * 0.34 * 
 6 0.32 * 0.28 ** 0.32 * 0.34 * 
          

T401 1 0.38  0.29  0.43 * 0.38 * 
 2 0.35 * 0.28  0.37  0.33 * 
 3 0.48 * 0.35  0.50 * 0.43 * 
 4 0.24  0.16  0.26  0.21 * 
 5 0.39 * 0.28  0.40  0.39 * 
 6 0.29  0.26  0.26 * 0.21 * 
          

T402 1 0.21  0.18  0.22  0.31 * 
 2 0.35  0.24  0.37 * 0.39 * 
 3 –  –  – * – * 
 4 –  –  –  –  
 5 0.33  0.19  0.27 * 0.30 * 
 6 0.29  0.24  0.26 * 0.37 * 
          

T403 1 0.27 * 0.25 * 0.30 * 0.21  
 2 0.26 * 0.38 * 0.41 * 0.34  
 3 – * – * – * –  
 4 –  –  –  –  
 5 0.27 * 0.27 * 0.32 * 0.21  
 6 0.28 * 0.29 * 0.33 * 0.28  
          

T404 1 0.28  0.27  0.35 * 0.33  
 2 0.29  0.24  0.27 * 0.28 * 
 3 0.22 * 0.24 * 0.25 * 0.24 * 
 4 0.28 * 0.30  0.25 * 0.27 * 
 5 0.23  0.21 * 0.20 * 0.27 * 
 6 0.18 * 0.20 * 0.18 * 0.18 * 

 

* Represents soil columns with surface water after the completion of irrigation. 
** Represents soil columns with no drainage water after the completion of the irrigation event. 
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Table A3.6 
The change in weight for soil columns sampled from H002 after irrigation in the laboratory 

The weights recorded represent the difference between before and after each irrigation event  
Replicate 1 Replicate 2 Replicate 3 Replicate 4 Treatment 

Solution 
Irrigation 

event (kg) 
          

FW00i 1 0.18  0.20  0.21  0.19  
 2 0.28  0.28  0.28  0.28  
 3 0.19  0.15  0.23  0.20  
 4 0.16  0.18  0.17  0.19  
 5 0.29  0.31  0.27  0.29  
 6 0.29  0.31  0.30  0.30  
          

T102 1 0.21  0.21  0.20  0.21  
 2 0.25  0.29  0.34  0.29  
 3 0.19  0.20  0.26 * 0.18  
 4 0.16  0.18  0.25 * 0.20  
 5 0.29  0.34  0.31 * 0.26  
 6 0.26  0.30  0.33 * 0.30  
          

T401 1 0.08  0.36  0.34 * 0.28 * 
 2 0.36 * 0.25  0.24  0.28 * 
 3 0.59 * 0.60  0.48  0.48 * 
 4 0.25 * 0.21  0.29  0.26 * 
 5 0.44 * 0.29  0.31  0.36 * 
 6 0.26 * 0.21  0.25 * 0.21 * 
          

T402 1 0.25 * 0.18  0.19  0.21  
 2 0.38 * 0.30  0.35  0.34  
 3 – * –  –  –  
 4 –  –  –  –  
 5 0.27 * 0.22  0.20  0.30  
 6 0.34 * 0.28  0.28  0.31  
          

T403 1 0.28 * 0.19  0.24 * 0.18  
 2 0.45 * 0.29  0.33 * 0.29  
 3 –  – * –  –  
 4 –  –  –  –  
 5 0.32 * 0.34 * 0.27 * 0.23  
 6 0.30 * 0.36 * 0.26  0.28  
          

T404 1 0.19  0.31  0.25  0.27  
 2 0.25  0.33  0.28  0.30  
 3 0.31 * 0.41 * 0.37 * 0.40 * 
 4 0.32 * 0.40 * 0.35 * 0.40 * 
 5 0.41 * 0.44 * 0.47 * 0.49 * 
 6 0.34 * 0.41 * 0.33 * 0.36 * 

 

* Represents soil columns with surface water after the completion of irrigation. 
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Table A3.7 
The change in weight for soil columns sampled from N001 after irrigation in the laboratory 

The weights recorded represent the difference between before and after each irrigation event  
Replicate 1 Replicate 2 Replicate 3 Replicate 4 Treatment 

Solution 
Irrigation 

event (kg) 
          

FW00i 1 0.26  0.27  0.25  0.36 * 
 2 0.27  0.23  0.25  0.23 * 
 3 0.18  0.14  0.14  0.24 * 
 4 0.21  0.19  0.31  0.26 * 
 5 0.14  0.16  0.13  0.20 * 
 6 0.16  0.16  0.19  0.20 * 
          

T102 1 0.28  0.25  0.39 * 0.27  
 2 0.24  0.27  0.24 * 0.28  
 3 0.17  0.17  0.24 * 0.16  
 4 0.23  0.22  0.29 * 0.19  
 5 0.18  0.18  0.20 * 0.15  
 6 0.19  0.17  0.22 * 0.17  
          

T401 1 0.29  0.23  0.28  0.27  
 2 0.16  0.17  0.17  0.15  
 3 0.17  0.23  0.21  0.14  
 4 0.23  0.20  0.23  0.24  
 5 0.25 * 0.16  0.13  0.16  
 6 0.23  0.19  0.13  0.21  
          

T402 1 0.28  0.25  0.38  0.27  
 2 0.05  0.18  0.15  0.13  
 3 0.13  0.14  0.26  0.17  
 4 0.23  0.24  0.26  0.22  
 5 0.17  0.15  0.25 * 0.19  
 6 0.18  0.21  0.24 * 0.14  
          

T403 1 0.25  0.26  0.28  0.33  
 2 0.21  0.16  0.16  0.17  
 3 0.17  0.23  0.20  0.18  
 4 0.20  0.10  0.22  0.19  
 5 0.18  0.14  0.08  0.21  
 6 0.15  0.13  0.17  0.20  
          

T404 1 0.31 * 0.37  0.39 * 0.24  
 2 0.25 * 0.26  0.18  0.21  
 3 0.23 * 0.26  0.20  0.21  
 4 0.27 * 0.26  0.18  0.19  
 5 0.28 * 0.19  0.18  0.13  
 6 0.27 * 0.25  0.22  0.09  

 

* Represents soil columns with surface water after the completion of irrigation. 
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Table A3.8 
The change in weight for soil columns sampled from N002 after irrigation in the laboratory 

The weights recorded represent the difference between before and after each irrigation event  
Replicate 1 Replicate 2 Replicate 3 Replicate 4 Treatment 

Solution 
Irrigation 

event (kg) 
          

FW00i 1 0.17  0.18  0.27  0.26 * 
 2 0.19  0.17  0.23  0.20  
 3 0.16  0.13  0.20  0.23  
 4 0.16  0.19  0.22  0.25 * 
 5 0.11  0.12  0.16  0.14  
 6 0.20  0.27  0.24  0.29  
          

T102 1 0.16  0.21 * 0.33  0.17  
 2 0.18  0.20 * 0.19  0.18  
 3 0.17  0.21 * 0.26 * 0.18  
 4 0.18  0.21 * 0.28 * 0.30  
 5 0.11  0.18 * 0.26 * 0.28 * 
 6 0.22  0.16 * 0.25 * 0.31  
          

T401 1 0.23  0.20  0.20  0.18  
 2 0.22  0.23  0.03  0.13  
 3 0.22  0.20  0.15  0.19  
 4 0.25  0.22  0.23  0.23  
 5 0.13  0.10  0.25  0.16  
 6 0.24  0.13  0.22 * 0.18  
          

T402 1 0.25 * 0.16  0.24 * 0.18  
 2 0.25 * 0.18  0.24 * 0.19  
 3 0.20 * 0.17  0.14 * 0.18  
 4 0.24 * 0.24  0.21 * 0.25  
 5 0.19 * 0.17  0.22 * 0.12  
 6 0.17 * 0.19  0.18 * 0.19  
          

T403 1 0.19  0.20  0.21 * 0.15  
 2 0.18  0.18  0.21 * 0.15  
 3 0.20  0.17  0.18 * 0.18  
 4 0.20  0.25  0.24 * 0.25  
 5 0.12  0.12  0.18 * 0.12  
 6 0.16  0.17  0.19 * 0.15  
          

T404 1 0.32 * 0.18  0.16  0.25  
 2 0.31 * 0.23  0.17  0.17  
 3 0.29 * 0.11  0.17  0.22  
 4 0.27 * 0.17  0.16  0.17  
 5 0.25  0.17  0.11  0.18  
 6 0.26 * 0.21  0.19  0.20  

 

* Represents soil columns with surface water after the completion of irrigation. 
 



Appendix 3.2:  The electrical conductivity, solution cations and SARw values determined after the analysis of all percolate 
solutions for each of the irrigation treatments of B00i, G00i, H00i and N00i. 

Table A3.9 
Chemical attributes of drainage water for each irrigation event of B001 using the FW00i and T102 treatment solutions 

Treatment 
Solution 

Irrigation 
Event Ca2+ Mg2+ Na+ K+ ECw  SARw 

  (mmol(+) L-1) (mmol(+) L-1) (mmol(+) L-1) (mmol(+) L-1) (dS m-1) ((mmol(+) L-1)1/2) 
                    

FW00i 1 5.07 ± 0.18 4.35 ± 0.01 17.87 ± 3.54 0.19 ± 0.02 2.25 ± 0.30 8.25 ± 1.71 

 2 5.43 ± 0.48 4.83 ± 0.22 23.39 ± 1.63 0.41 ± 0.04 2.79 ± 0.08 10.37 ± 1.07 

 3 3.27 ± 1.00 2.80 ± 0.79 18.82 ± 1.47 0.17 ± 0.06 2.16 ± 0.31 11.05 ± 0.81 

 4 2.49 ± 0.77 2.21 ± 0.60 17.51 ± 0.98 0.15 ± 0.05 1.90 ± 0.18 11.71 ± 1.10 

 5 1.88 ± 0.47 1.75 ± 0.41 15.76 ± 3.35 0.11 ± 0.03 1.69 ± 0.19 11.67 ± 1.09 

 6 1.75 ± 0.49 1.54 ± 0.37 16.66 ± 0.65 0.10 ± 0.04 1.57 ± 0.16 13.27 ± 1.25 
              

T102 1 4.24 ± 0.57 3.80 ± 0.72 18.42 ± 3.49 0.15 ± 0.02 2.16 ± 0.45 9.14 ± 1.01 

 2 3.89 ± 1.17 3.12 ± 1.11 20.50 ± 6.09 0.34 ± 0.02 2.30 ± 0.69 10.85 ± 1.48 

 3 2.78 ± 0.84 2.53 ± 0.82 18.61 ± 5.57 0.11 ± 0.02 2.07 ± 0.60 11.30 ± 1.65 

 4 1.90 ± 0.54 1.73 ± 0.61 15.83 ± 3.56 0.18 ± 0.09 1.55 ± 0.37 11.78 ± 0.76 

 5 1.20 ± 0.40 1.22 ± 0.35 10.27 ± 7.64 0.07 ± 0.02 1.01 ± 0.61 8.56 ± 5.69 

 6 1.03 ± 0.30 0.90 ± 0.27 11.32 ± 3.13 0.06 ± 0.01 0.94 ± 0.25 11.45 ± 1.52 
 

 
 
 
 



Table A3.10 
Chemical attributes of drainage water for each irrigation event of B001 using the T401–3 treatment solutions 

Treatment 
Solution 

Irrigation 
Event Ca2+ Mg2+ Na+ K+ ECw  SARw 

  (mmol(+) L-1) (mmol(+) L-1) (mmol(+) L-1) (mmol(+) L-1) (dS m-1) ((mmol(+) L-1)1/2) 
                    

T401 1 9.02 ± 2.70 8.33 ± 2.24 31.46 ± 3.64 0.36 ± 0.01 3.76 ± 0.63 10.84 ± 0.33 

 2 5.35 ± 0.54 4.81 ± 0.46 25.96 ± 1.56 0.25 ± 0.12 2.90 ± 0.03 11.59 ± 1.26 

 3 3.23 ± 0.01 2.80 ± 0.03 18.87 ± 0.29 0.12 ± 0.01 2.71 ± 0.07 10.87 ± 0.20 

 4 2.18 ± 0.07 1.98 ± 0.02 14.76 ± 0.39 0.09 ± 0.01 2.12 ± 0.06 10.24 ± 0.38 

 5 1.95 ± 0.06 1.63 ± 0.01 14.45 ± 0.38 0.09 ± 0.01 1.90 ± 0.05 10.82 ± 0.36 

 6 1.32 ± 0.03 1.09 ± 0.02 11.40 ± 0.43 0.08 ± 0.01 1.55 ± 0.03 10.40 ± 0.40 
              

T402 1 4.40 ± 1.83 3.59 ± 1.51 26.73 ± 6.81 0.08 ± 0.01 2.70 ± 0.81 13.58 ± 0.51 

 2 4.86 ± 0.88 3.37 ± 0.83 27.57 ± 0.88 0.08 ± 0.01 2.45 ± 0.50 13.78 ± 1.01 

 3 3.00 ± 0.76 2.64 ± 0.69 23.62 ± 5.04 0.07 ± 0.01 2.13 ± 0.46 14.03 ± 1.20 

 4 2.18 ± 0.48 1.97 ± 0.51 19.36 ± 4.01 0.07 ± 0.01 1.74 ± 0.31 13.40 ± 1.19 

 5 1.80 ± 0.37 1.47 ± 0.26 16.14 ± 3.23 0.07 ± 0.01 1.53 ± 0.17 12.56 ± 1.33 

 6 1.36 ± 0.27 1.10 ± 0.17 13.23 ± 1.73 0.06 ± 0.01 1.64 ± 0.19 11.93 ± 0.49 
              

T403 1 5.76 ± 1.20 4.91 ± 1.15 27.84 ± 0.40 0.12 ± 0.00 3.13 ± 0.35 12.26 ± 1.19 

 2 4.57 ± 0.08 3.19 ± 0.34 19.47 ± 6.32 0.09 ± 0.00 2.39 ± 0.09 9.98 ± 3.48 

 3 2.30 ± 0.34 2.15 ± 0.36 20.43 ± 1.80 0.08 ± 0.00 1.84 ± 0.14 13.74 ± 0.13 

 4 1.77 ± 0.22 1.64 ± 0.25 17.19 ± 1.17 0.07 ± 0.00 1.59 ± 0.12 13.20 ± 0.02 

 5 1.43 ± 0.10 1.27 ± 0.16 14.80 ± 0.52 0.07 ± 0.00 1.41 ± 0.08 12.77 ± 0.16 

 6 1.27 ± 0.20 1.06 ± 0.10 13.50 ± 0.48 0.07 ± 0.01 1.61 ± 0.04 12.56 ± 0.36 
 

 
 



Table A3.11 
Chemical attributes of drainage water for each irrigation event of B002 using the FW00i treatment solution 

Treatment 
Solution 

Irrigation 
Event Ca2+ Mg2+ Na+ K+ ECw  SARw 

  (mmol(+) L-1) (mmol(+) L-1) (mmol(+) L-1) (mmol(+) L-1) (dS m-1) ((mmol(+) L-1)1/2) 
                    

FW00i 1 22.83 ± 0.60 16.87 ± 0.10 47.07 ±   5.44 0.34 ± 0.00 6.71 ± 0.43 10.57 ± 1.29 

 2 9.05 ± 1.60 6.28 ± 0.78 23.86 ±   8.21 0.17 ± 0.13 3.18 ± 0.79 8.46 ± 2.31 

 3 15.65 ± 8.36 12.59 ± 6.76 44.57 ± 15.23 0.28 ± 0.02 5.77 ± 2.29 12.15 ± 0.70 

 4 14.03 ± 8.23 11.73 ± 7.39 44.24 ± 18.62 0.29 ± 0.02 5.59 ± 2.59 12.60 ± 1.22 

 5 13.69 ± 8.53 9.37 ± 5.71 38.32 ± 14.52 0.16 ± 0.11 4.68 ± 1.84 11.79 ± 0.45 

 6 2.80 ± 0.64 2.02 ± 0.63 14.36 ±   9.33 0.03 ± 0.00 1.49 ± 0.83 8.67 ± 4.90 
 

 
 
 

Table A3.12 
Chemical attributes of drainage water for each irrigation event of B003 using the FW00i and T102 treatment solutions 

Treatment 
Solution 

Irrigation 
Event Ca2+ Mg2+ Na+ K+ ECw  SARw 

  (mmol(+) L-1) (mmol(+) L-1) (mmol(+) L-1) (mmol(+) L-1) (dS m-1) ((mmol(+) L-1)1/2) 
                    

FW00i 1 4.65 ± 0.41 2.85 ± 0.05 8.81 ± 0.37 0.18 ± 0.02 1.41 ± 0.01 4.55 ± 0.05 

 2 4.11 ± 0.57 2.53 ± 0.38 8.66 ± 0.14 0.28 ± 0.11 1.22 ± 0.07 4.78 ± 0.27 

 3 2.73   1.98   7.73   0.11   1.10   5.04   

 4 3.38 ± 0.26 2.08 ± 0.12 7.89 ± 0.22 0.13 ± 0.01 1.15 ± 0.02 4.78 ± 0.03 

 5 3.59 ± 0.59 2.23 ± 0.24 8.23 ± 0.76 0.22 ± 0.13 1.18 ± 0.07 4.83 ± 0.10 

 6 3.49 ± 0.67 2.07 ± 0.19 6.14 ± 3.97 0.10 ± 0.00 1.18 ± 0.06 3.53 ± 2.12 
              

T102 1 4.56 ± 0.31 3.43 ± 0.54 10.44 ± 1.14 0.14 ± 0.01 1.50 ± 0.07 5.21 ± 0.29 

 2 3.16 ± 0.40 1.97 ± 0.35 8.98 ± 0.21 0.11 ± 0.01 1.17 ± 0.12 5.64 ± 0.29 

 3 2.63 ± 0.73 1.53 ± 0.38 7.61 ± 1.09 0.21 ± 0.12 0.93 ± 0.12 5.32 ± 0.04 

 4 1.43 ± 0.31 0.93 ± 0.22 4.83 ± 1.87 0.06 ± 0.00 0.67 ± 0.09 4.33 ± 1.24 

 5 1.39 ± 0.51 0.80 ± 0.25 5.70 ± 0.16 0.16 ± 0.11 0.53 ± 0.08 5.69 ± 0.86 

 6 1.03 ± 0.31 0.77 ± 0.41 5.98 ± 1.96 0.05 ± 0.00 0.51 ± 0.22 6.28 ± 0.81 
 

 
 



Table A3.13 
Chemical attributes of drainage water for each irrigation event of B003 using the T401–3 treatment solutions 

Treatment 
Solution 

Irrigation 
Event Ca2+ Mg2+ Na+ K+ ECw  SARw 

  (mmol(+) L-1) (mmol(+) L-1) (mmol(+) L-1) (mmol(+) L-1) (dS m-1) ((mmol(+) L-1)1/2) 
                    

T401 1 6.46 ± 0.39 3.75 ± 0.39 13.01 ± 0.13 0.10 ± 0.02 1.63 ± 0.10 5.77 ± 0.27 

 2 3.89 ± 0.34 2.57 ± 0.29 10.00 ± 0.16 0.10 ± 0.02 1.35 ± 0.06 5.59 ± 0.36 

 3 3.32 ± 0.48 2.16 ± 0.18 8.98 ± 0.22 0.10 ± 0.02 1.54 ± 0.05 5.45 ± 0.19 

 4 2.87 ± 0.29 1.96 ± 0.20 6.31 ± 1.70 0.09 ± 0.02 1.43 ± 0.06 4.02 ± 0.89 

 5 2.78 ± 0.13 1.66 ± 0.12 7.48 ± 0.01 0.09 ± 0.02 1.28 ± 0.05 5.03 ± 0.13 

 6 2.54 ± 0.32 1.56 ± 0.16 7.40 ± 1.20 0.08 ± 0.02 1.20 ± 0.06 5.15 ± 0.54 
              

T402 1 2.66 ± 1.91 1.73 ± 1.14 7.73 ± 2.08 0.08 ± 0.02 1.27 ± 0.12 5.99 ± 0.91 

 2 5.06 ± 0.13 2.49 ± 0.23 9.53 ± 0.16 0.09 ± 0.01 1.24 ± 0.10 4.91 ± 0.03 

 3 3.12 ± 0.27 2.18 ± 0.21 6.01 ± 3.42 0.09 ± 0.01 1.14 ± 0.09 3.61 ± 1.94 

 4 2.89 ± 0.06 1.97 ± 0.09 8.18 ± 0.20 0.09 ± 0.01 1.08 ± 0.04 5.25 ± 0.05 

 5 3.22 ± 0.19 1.91 ± 0.03 8.71 ± 0.12 0.10 ± 0.01 1.07 ± 0.01 5.45 ± 0.18 

 6 3.29 ± 0.40 1.95 ± 0.11 8.10 ± 0.02 0.12 ± 0.02 1.42 ± 0.05 5.02 ± 0.23 
              

T403 1 3.56 ± 0.57 2.25 ± 0.41 10.55 ± 0.64 0.07 ± 0.02 1.35 ± 0.15 6.23 ± 0.15 

 2 4.78 ± 0.40 2.30 ± 0.25 6.80 ± 2.85 0.07 ± 0.01 1.33 ± 0.09 3.69 ± 1.68 

 3 3.41 ± 0.09 2.11 ± 0.17 9.65 ± 0.00 0.08 ± 0.01 1.19 ± 0.03 5.82 ± 0.13 

 4 3.19 ± 0.09 2.00 ± 0.02 8.91 ± 0.26 0.09 ± 0.01 1.20 ± 0.04 5.54 ± 0.22 

 5 2.62 ± 0.03 1.69 ± 0.06 8.28 ± 0.04 0.08 ± 0.01 1.09 ± 0.01 5.64 ± 0.01 

 6 2.76 ± 0.36 1.69 ± 0.13 8.59 ± 0.77 0.08 ± 0.01 1.37 ± 0.12 5.76 ± 0.21 
 

 
 
  



Table A3.14 
Chemical attributes of drainage water for each irrigation event of G001 using the FW00i and T102 treatment solutions 

Treatment 
Solution 

Irrigation 
Event Ca2+ Mg2+ Na+ K+ ECw SARw 

  (mmol(+) L-1) (mmol(+) L-1) (mmol(+) L-1) (mmol(+) L-1) (dS m-1) ((mmol(+) L-1)1/2) 
                    

FW00i 1 1.74 ± 0.07 1.11 ± 0.03 3.80 ± 0.31 0.04 ± 0.01 0.40 ± 0.02 3.20 ± 0.30 

 2 1.26 ± 0.35 0.77 ± 0.24 2.34 ± 0.70 0.05 ± 0.01 0.43 ± 0.04 2.23 ± 0.47 

 3 1.42 ± 0.56 0.94 ± 0.29 2.54 ± 0.72 0.05 ± 0.01 0.48 ± 0.12 2.75 ± 0.54 

 4 1.70 ± 0.11 0.96 ± 0.04 3.15 ± 0.38 0.05 ± 0.01 0.46 ± 0.04 2.74 ± 0.32 

 5 1.23 ± 0.06 0.81 ± 0.04 3.31 ± 0.30 0.04 ± 0.00 0.47 ± 0.02 3.30 ± 0.34 

 6 1.33 ± 0.06 0.86 ± 0.04 2.91 ± 0.32 0.04 ± 0.01 0.44 ± 0.03 2.79 ± 0.31 
              

T102 1 2.07 ± 0.31 1.33 ± 0.24 4.43 ± 0.38 0.04 ± 0.00 0.49 ± 0.06 3.43 ± 0.11 

 2 1.44 ± 0.87 1.02 ± 0.64 3.15 ± 1.20 0.03 ± 0.00 0.44 ± 0.23 3.08 ± 0.19 

 3 0.79 ± 0.52 0.99 ± 0.68 2.64 ± 1.29 0.04 ± 0.00 0.45 ± 0.20 3.03 ± 0.34 

 4 0.12 ± 0.09 0.07 ± 0.05 0.63 ± 0.33 0.02 ± 0.01 0.13 ± 0.02 2.70 ± 0.10 

 5 0.87 ± 0.54 0.83 ± 0.61 2.73 ± 1.36 0.03 ± 0.00 0.37 ± 0.20 3.07 ± 0.41 

 6 0.15 ± 0.05 0.10 ± 0.03 0.66 ± 0.18 0.03 ± 0.00 0.10 ± 0.01 1.89 ± 0.23 
 

 
 
 
 



Table A3.15 
Chemical attributes of drainage water for each irrigation event of G001 using the T401–4 treatment solutions 

Treatment 
Solution 

Irrigation 
Event Ca2+ Mg2+ Na+ K+ ECw  SARw 

  (mmol(+) L-1) (mmol(+) L-1) (mmol(+) L-1) (mmol(+) L-1) (dS m-1) ((mmol(+) L-1)1/2) 
                    

T401 1 2.12 ± 0.87 1.32 ± 0.47 2.98 ± 1.14 0.05 ± 0.01 0.82 ± 0.10 2.63 ± 0.20 

 2 2.74 ± 0.86 1.51 ± 0.51 4.35 ± 1.35 0.04 ± 0.01 0.98 ± 0.03 2.85 ± 0.56 

 3 2.70 ± 0.89 1.65 ± 0.55 4.57 ± 1.47 0.04 ± 0.01 1.08 ± 0.05 3.00 ± 0.56 

 4 2.29 ± 0.74 1.44 ± 0.47 3.42 ± 1.04 0.04 ± 0.01 0.91 ± 0.02 2.52 ± 0.33 

 5 2.15 ± 0.71 1.52 ± 0.51 2.90 ± 0.95 0.03 ± 0.00 0.95 ± 0.07 2.06 ± 0.39 

 6 3.12 ± 0.49 2.09 ± 0.14 3.71 ± 0.55 0.11 ± 0.08 0.81 ± 0.08 2.29 ± 0.26 
              

T402 1 2.77 ± 0.45 1.79 ± 0.26 6.05 ± 0.21 0.05 ± 0.01 0.67 ± 0.03 4.12 ± 0.31 

 2 2.52 ± 0.45 1.84 ± 0.36 5.78 ± 0.48 0.04 ± 0.00 0.75 ± 0.07 4.08 ± 0.45 

 3 2.23 ± 0.43 1.63 ± 0.34 6.07 ± 0.66 0.04 ± 0.00 0.90 ± 0.13 4.53 ± 0.46 

 4 1.36 ± 0.55 0.92 ± 0.34 3.38 ± 1.12 0.03 ± 0.00 0.68 ± 0.01 3.86 ± 0.85 

 5 2.25 ± 0.57 1.46 ± 0.39 5.51 ± 0.68 0.03 ± 0.00 0.82 ± 0.15 4.23 ± 0.27 

 6 1.41 ± 0.56 0.90 ± 0.35 3.63 ± 1.14 0.03 ± 0.00 0.76 ± 0.06 3.54 ± 0.65 
              

T403 1 1.82 ± 0.67 1.10 ± 0.42 4.37 ± 1.18 0.04 ± 0.01 0.61 ± 0.05 3.60 ± 0.70 

 2 1.23 ± 0.49 0.87 ± 0.34 4.21 ± 1.20 0.04 ± 0.01 0.63 ± 0.07 4.06 ± 0.91 

 3 0.62 ± 0.44 0.49 ± 0.28 2.46 ± 1.33 0.03 ± 0.01 0.75 ± 0.02 4.25 ± 0.33 

 4 0.96 ± 0.33 0.65 ± 0.23 3.28 ± 1.05 0.04 ± 0.01 0.59 ± 0.03 3.42 ± 0.85 

 5 1.58 ± 0.67 1.05 ± 0.42 4.64 ± 1.02 0.09 ± 0.06 0.64 ± 0.19 4.24 ± 0.15 

 6 1.12 ± 0.38 0.72 ± 0.25 3.76 ± 1.15 0.04 ± 0.01 0.73 ± 0.04 3.73 ± 0.81 
              

T404 1 2.15 ± 0.18 1.65 ± 0.06 3.97 ± 0.16 0.05 ± 0.00 0.63 ± 0.03 2.89 ± 0.11 

 2 3.33 ± 0.46 2.20 ± 0.31 5.54 ± 0.45 0.01 ± 0.01 0.90 ± 0.07 3.35 ± 0.04 

 3 2.61 ± 0.44 1.82 ± 0.28 5.06 ± 0.34 0.02 ± 0.01 0.81 ± 0.07 3.45 ± 0.06 

 4 2.55 ± 0.37 1.78 ± 0.27 5.16 ± 0.32 0.03 ± 0.01 0.82 ± 0.06 3.54 ± 0.05 

 5 2.66 ± 0.29 1.79 ± 0.21 5.13 ± 0.22 0.02 ± 0.00 0.83 ± 0.04 3.46 ± 0.07 

 6 2.95 ± 0.42 1.82 ± 0.23 5.22 ± 0.22 0.03 ± 0.00 0.85 ± 0.05 3.43 ± 0.10 
 



Table A3.16 
Chemical attributes of drainage water for each irrigation event of G002 using the FW00i and T102 treatment solutions 

Treatment 
Solution 

Irrigation 
Event Ca2+ Mg2+ Na+ K+ ECw  SARw 

  (mmol(+) L-1) (mmol(+) L-1) (mmol(+) L-1) (mmol(+) L-1) (dS m-1) ((mmol(+) L-1)1/2) 
                    

FW00i 1 3.54 ± 0.29 2.38 ± 0.17 6.19 ± 0.45 0.10 ± 0.01 1.14 ± 0.07 3.59 ± 0.14 

 2 2.63 ± 0.13 1.53 ± 0.05 6.00 ± 0.36 0.08 ± 0.00 0.84 ± 0.03 4.17 ± 0.24 

 3 1.87 ± 0.07 1.14 ± 0.05 4.44 ± 0.24 0.07 ± 0.00 0.68 ± 0.02 3.63 ± 0.22 

 4 1.54 ± 0.09 0.96 ± 0.05 3.65 ± 0.12 0.07 ± 0.01 0.59 ± 0.01 3.27 ± 0.10 

 5 1.48 ± 0.11 0.91 ± 0.05 3.27 ± 0.11 0.08 ± 0.01 0.55 ± 0.02 3.00 ± 0.14 

 6 1.64 ± 0.21 1.01 ± 0.06 3.04 ± 0.07 0.28 ± 0.03 0.51 ± 0.01 2.67 ± 0.16 
              

T102 1 3.33 ± 0.62 2.12 ± 0.42 5.91 ± 0.74 0.10 ± 0.00 1.04 ± 0.15 3.60 ± 0.21 

 2 2.28 ± 0.57 1.36 ± 0.37 5.79 ± 0.86 0.07 ± 0.01 0.77 ± 0.15 4.36 ± 0.11 

 3 1.66 ± 0.45 1.00 ± 0.28 4.59 ± 0.71 0.06 ± 0.00 0.62 ± 0.13 4.05 ± 0.12 

 4 1.12 ± 0.32 0.73 ± 0.21 3.34 ± 0.66 0.07 ± 0.00 0.47 ± 0.10 3.49 ± 0.21 

 5 1.08 ± 0.25 0.71 ± 0.15 2.93 ± 0.45 0.08 ± 0.01 0.44 ± 0.08 3.10 ± 0.15 

 6 0.76 ± 0.15 0.58 ± 0.13 2.47 ± 0.38 0.08 ± 0.02 0.33 ± 0.07 3.02 ± 0.16 
 

 
 
 
 



Table A3.17 
Chemical attributes of drainage water for each irrigation event of G002 using the T401–4 treatment solutions 

Treatment 
Solution 

Irrigation 
Event Ca2+ Mg2+ Na+ K+ ECw  SARw 

  (mmol(+) L-1) (mmol(+) L-1) (mmol(+) L-1) (mmol(+) L-1) (dS m-1) ((mmol(+) L-1)1/2) 
                    

T401 1 3.38 ± 0.24 2.09 ± 0.17 5.52 ± 0.11 0.11 ± 0.01 0.94 ± 0.05 3.36 ± 0.17 

 2 2.88 ± 0.88 1.48 ± 0.50 5.49 ± 1.66 0.08 ± 0.02 1.08 ± 0.04 3.51 ± 0.73 

 3 3.06 ± 0.18 2.15 ± 0.32 6.69 ± 0.73 0.09 ± 0.01 1.06 ± 0.04 4.14 ± 0.38 

 4 3.46 ± 0.43 2.06 ± 0.24 5.80 ± 0.67 0.11 ± 0.01 1.05 ± 0.09 3.48 ± 0.20 

 5 2.90 ± 0.27 1.94 ± 0.16 4.45 ± 0.49 0.10 ± 0.01 1.00 ± 0.07 2.85 ± 0.20 

 6 3.29 ± 0.21 2.11 ± 0.06 4.20 ± 0.32 0.15 ± 0.05 0.88 ± 0.03 2.57 ± 0.21 
              

T402 1 3.47 ± 0.40 2.22 ± 0.09 6.47 ± 0.16 0.10 ± 0.00 1.07 ± 0.04 3.87 ± 0.22 

 2 3.11 ± 0.63 2.28 ± 0.37 7.91 ± 0.61 0.08 ± 0.00 1.07 ± 0.06 4.81 ± 0.18 

 3 2.67 ± 0.33 2.02 ± 0.41 6.76 ± 0.50 0.08 ± 0.00 1.00 ± 0.10 4.42 ± 0.11 

 4 2.62 ± 0.22 1.87 ± 0.37 6.24 ± 0.53 0.08 ± 0.00 0.95 ± 0.09 4.17 ± 0.12 

 5 2.40 ± 0.10 2.07 ± 0.45 5.53 ± 0.86 0.09 ± 0.01 0.92 ± 0.04 3.66 ± 0.35 

 6 3.30 ± 0.52 2.01 ± 0.27 5.39 ± 0.59 0.11 ± 0.02 0.91 ± 0.08 3.31 ± 0.13 
              

T403 1 3.94 ± 0.19 2.43 ± 0.09 6.24 ± 0.30 0.11 ± 0.00 1.11 ± 0.07 3.49 ± 0.12 

 2 3.19 ± 0.31 1.99 ± 0.24 7.43 ± 0.52 0.08 ± 0.00 1.04 ± 0.06 4.62 ± 0.11 

 3 2.25 ± 0.37 1.48 ± 0.31 5.88 ± 0.69 0.07 ± 0.00 0.85 ± 0.10 4.32 ± 0.13 

 4 2.11 ± 0.31 1.30 ± 0.21 4.99 ± 0.57 0.08 ± 0.00 0.78 ± 0.08 3.83 ± 0.18 

 5 2.42 ± 0.17 1.56 ± 0.16 4.51 ± 0.33 0.08 ± 0.00 0.90 ± 0.06 3.19 ± 0.12 

 6 3.04 ± 0.31 1.86 ± 0.13 4.81 ± 0.45 0.13 ± 0.03 0.86 ± 0.04 3.06 ± 0.16 
              

T404 1 3.41 ± 0.56 2.22 ± 0.27 4.71 ± 0.44 0.11 ± 0.01 0.84 ± 0.11 2.82 ± 0.09 

 2 3.57 ± 0.25 2.41 ± 0.04 5.61 ± 0.12 0.08 ± 0.00 0.93 ± 0.03 3.26 ± 0.13 

 3 3.19 ± 0.18 2.15 ± 0.09 5.11 ± 0.20 0.09 ± 0.01 0.87 ± 0.02 3.13 ± 0.10 

 4 3.14 ± 0.14 2.10 ± 0.10 4.95 ± 0.26 0.09 ± 0.00 0.86 ± 0.03 3.05 ± 0.13 

 5 3.47 ± 0.17 2.29 ± 0.09 5.19 ± 0.23 0.10 ± 0.01 0.93 ± 0.03 3.06 ± 0.12 

 6 3.73 ± 0.33 2.27 ± 0.15 5.05 ± 0.31 0.09 ± 0.01 0.94 ± 0.04 2.92 ± 0.11 
 



 Table A3.18 
Chemical attributes of drainage water for each irrigation event of H001 using the FW00i and T102 treatment solutions 

Treatment 
Solution 

Irrigation 
Event Ca2+ Mg2+ Na+ K+ ECw  SARw 

  (mmol(+) L-1) (mmol(+) L-1) (mmol(+) L-1) (mmol(+) L-1) (dS m-1) ((mmol(+) L-1)1/2) 
                    

FW00i 1 1.82 ± 0.29 1.73 ± 0.32 6.77 ± 0.39 0.10 ± 0.02 0.82 ± 0.08 5.17 ± 0.40 

 2 1.15 ± 0.31 2.40 ± 0.79 8.25 ± 1.88 0.11 ± 0.01 0.94 ± 0.17 6.04 ± 0.83 

 3 1.70 ± 0.47 1.61 ± 0.41 7.76 ± 1.27 0.07 ± 0.01 0.86 ± 0.21 6.14 ± 0.44 

 4 2.37 ± 0.45 2.12 ± 0.74 8.40 ± 2.21 0.09 ± 0.01 1.01 ± 0.26 5.47 ± 0.83 

 5 1.52 ± 0.19 1.27 ± 0.18 5.69 ± 0.84 0.06 ± 0.02 0.49 ± 0.07 4.77 ± 0.44 

 6 1.87 ± 0.63 1.81 ± 0.58 6.28 ± 1.77 0.08 ± 0.01 0.88 ± 0.23 4.95 ± 0.97 
              

T102 1 3.90 ± 0.54 3.69 ± 0.35 8.57 ± 1.75 0.20 ± 0.06 1.55 ± 0.05 4.34 ± 0.82 

 2 2.35 ± 0.32 2.16 ± 0.28 8.99 ± 0.98 0.12 ± 0.01 1.11 ± 0.10 6.00 ± 0.45 

 3 1.29 ± 0.18 1.14 ± 0.15 7.60 ± 0.65 0.07 ± 0.01 1.00 ± 0.26 6.90 ± 0.16 

 4 2.19 ± 0.46 1.57 ± 0.27 8.45 ± 0.34 0.08 ± 0.01 0.85 ± 0.10 6.38 ± 0.56 

 5 1.92 ± 0.74 1.95 ± 0.77 8.22 ± 1.88 0.08 ± 0.01 0.88 ± 0.25 6.16 ± 0.54 

 6 0.53 ± 0.17 0.39 ± 0.13 2.41 ± 0.81 0.05 ± 0.01 0.26 ± 0.03 3.14 ± 1.00 
 

 
 
 
 



Table A3.19 
Chemical attributes of drainage water for each irrigation event of H001 using the T401–4 treatment solutions 

Treatment 
Solution 

Irrigation 
Event Ca2+ Mg2+ Na+ K+ ECw  SARw 

  (mmol(+) L-1) (mmol(+) L-1) (mmol(+) L-1) (mmol(+) L-1) (dS m-1) ((mmol(+) L-1)1/2) 
                    

T401 1 3.12 ± 0.66 2.41 ± 0.49 8.99 ± 0.26 0.09 ± 0.01 0.96 ± 0.13 5.61 ± 0.41 

 2 2.76 ± 0.56 2.88 ± 0.64 7.96 ± 1.54 0.11 ± 0.02 1.23 ± 0.20 5.16 ± 1.16 

 3 2.71 ± 0.37 2.70 ± 0.25 7.02 ± 1.29 0.12 ± 0.01 1.58 ± 0.07 4.44 ± 1.01 

 4 1.78 ± 0.64 1.68 ± 0.57 6.34 ± 2.00 0.08 ± 0.02 1.40 ± 0.02 5.53 ± 0.27 

 5 2.55 ± 0.23 2.27 ± 0.24 8.37 ± 0.80 0.11 ± 0.01 1.40 ± 0.10 5.41 ± 0.43 

 6 1.66 ± 0.55 1.42 ± 0.48 6.15 ± 1.93 0.13 ± 0.06 1.15 ± 0.13 4.91 ± 0.76 
              

T402 1 2.48 ± 0.39 2.46 ± 0.40 8.48 ± 0.53 0.10 ± 0.01 1.11 ± 0.11 5.48 ± 0.12 

 2 2.87 ± 0.62 2.12 ± 0.46 8.63 ± 1.13 0.08 ± 0.02 1.01 ± 0.13 5.58 ± 0.42 

 3 1.98 ± 0.31 1.72 ± 0.26 9.22 ± 0.31 0.08 ± 0.01 0.91 ± 0.09 6.94 ± 0.44 

 4 1.74 ± 0.24 1.61 ± 0.19 7.74 ± 0.59 0.09 ± 0.01 0.92 ± 0.07 6.00 ± 0.11 

 5 1.72 ± 0.28 1.57 ± 0.20 8.03 ± 0.51 0.09 ± 0.01 0.91 ± 0.08 6.37 ± 0.37 

 6 1.76 ± 0.26 1.60 ± 0.20 6.76 ± 1.03 0.09 ± 0.01 1.17 ± 0.10 5.39 ± 0.93 
              

T403 1 2.02 ± 0.43 2.05 ± 0.30 7.05 ± 1.22 0.09 ± 0.02 0.97 ± 0.09 4.96 ± 0.73 

 2 3.53 ± 0.36 3.23 ± 0.20 11.88 ± 0.46 0.11 ± 0.02 1.33 ± 0.05 6.50 ± 0.31 

 3 2.95 ± 0.37 2.66 ± 0.31 11.07 ± 1.10 0.11 ± 0.02 1.26 ± 0.11 6.63 ± 0.42 

 4 2.88 ± 0.46 2.53 ± 0.29 9.79 ± 0.80 0.12 ± 0.02 1.22 ± 0.09 5.99 ± 0.28 

 5 2.35 ± 0.33 2.09 ± 0.24 9.48 ± 0.74 0.11 ± 0.02 1.10 ± 0.10 6.41 ± 0.29 

 6 2.07 ± 0.24 1.97 ± 0.20 8.83 ± 1.04 0.11 ± 0.02 1.29 ± 0.17 6.20 ± 0.54 
              

T404 1 3.74 ± 0.38 3.55 ± 0.35 9.51 ± 0.39 0.16 ± 0.01 1.72 ± 0.11 5.00 ± 0.05 

 2 4.00 ± 0.35 3.12 ± 0.31 10.91 ± 0.73 0.13 ± 0.02 1.48 ± 0.11 5.79 ± 0.21 

 3 3.34 ± 0.43 2.84 ± 0.39 8.94 ± 1.59 0.20 ± 0.07 1.40 ± 0.15 5.10 ± 0.74 

 4 2.71 ± 0.49 2.50 ± 0.45 7.47 ± 0.73 0.26 ± 0.05 1.29 ± 0.18 4.82 ± 0.65 

 5 2.60 ± 0.38 2.25 ± 0.43 8.53 ± 1.11 0.30 ± 0.06 1.20 ± 0.17 5.47 ± 0.29 

 6 1.93 ± 0.43 2.15 ± 0.43 8.30 ± 1.08 0.10 ± 0.01 1.15 ± 0.16 5.86 ± 0.14 
 



Table A3.20 
Chemical attributes of drainage water for each irrigation event of H002 using the FW00i and T102 treatment solutions 

Treatment 
Solution 

Irrigation 
Event Ca2+ Mg2+ Na+ K+ ECw  SARw 

  (mmol(+) L-1) (mmol(+) L-1) (mmol(+) L-1) (mmol(+) L-1) (dS m-1) ((mmol(+) L-1)1/2) 
                    

FW00i 1 1.62 ± 0.18 1.44 ± 0.13 4.75 ± 0.37 0.06 ± 0.00 0.65 ± 0.06 3.84 ± 0.18 

 2 1.92 ± 0.32 1.62 ± 0.24 5.05 ± 0.64 0.11 ± 0.05 0.63 ± 0.08 3.80 ± 0.20 

 3 1.94 ± 0.22 1.41 ± 0.15 5.71 ± 0.64 0.05 ± 0.00 0.57 ± 0.06 4.40 ± 0.28 

 4 2.79 ± 0.18 1.38 ± 0.13 6.02 ± 0.55 0.04 ± 0.00 0.58 ± 0.06 4.23 ± 0.52 

 5 0.35 ± 0.35 0.29 ± 0.29 1.27 ± 1.27 0.01 ± 0.01 0.47 ± 0.00 4.47 ± 0.00 

 6 1.50 ± 0.08 1.20 ± 0.05 4.85 ± 0.15 0.04 ± 0.00 0.47 ± 0.01 4.18 ± 0.12 
                    

T102 1 1.44 ± 0.17 1.22 ± 0.09 5.08 ± 0.47 0.06 ± 0.00 0.62 ± 0.03 4.42 ± 0.32 

 2 1.24 ± 0.21 1.04 ± 0.17 3.99 ± 0.28 0.05 ± 0.01 0.49 ± 0.05 3.80 ± 0.16 

 3 1.62 ± 0.24 1.23 ± 0.28 5.33 ± 0.54 0.05 ± 0.00 0.55 ± 0.11 4.53 ± 0.24 

 4 2.29 ± 0.19 1.25 ± 0.27 6.70 ± 0.66 0.04 ± 0.00 0.52 ± 0.09 5.07 ± 0.44 

 5 1.76 ± 0.23 1.40 ± 0.19 5.35 ± 0.55 0.05 ± 0.00 0.52 ± 0.03 4.27 ± 0.17 

 6 0.97 ± 0.12 0.81 ± 0.13 4.17 ± 0.53 0.04 ± 0.00 0.36 ± 0.05 4.40 ± 0.29 
 

 
 
 
 



Table A3.21 
Chemical attributes of drainage water for each irrigation event of H002 using the T401–4 treatment solutions 

Treatment 
Solution 

Irrigation 
Event Ca2+ Mg2+ Na+ K+ ECw  SARw 

  (mmol(+) L-1) (mmol(+) L-1) (mmol(+) L-1) (mmol(+) L-1) (dS m-1) ((mmol(+) L-1)1/2) 
                    

T401 1 4.22 ± 0.69 2.51 ± 0.47 8.19 ± 0.48 0.06 ± 0.00 0.84 ± 0.12 4.66 ± 0.55 

 2 2.79 ± 0.58 2.93 ± 0.10 8.38 ± 1.01 0.07 ± 0.00 1.00 ± 0.02 5.12 ± 0.94 

 3 3.19 ± 0.76 3.31 ± 0.23 7.07 ± 0.51 0.09 ± 0.01 1.23 ± 0.14 3.93 ± 0.11 

 4 2.80 ± 0.48 3.14 ± 0.43 8.48 ± 1.48 0.07 ± 0.01 1.41 ± 0.13 4.94 ± 0.89 

 5 3.40 ± 0.86 3.50 ± 0.42 8.93 ± 1.66 0.08 ± 0.00 1.46 ± 0.14 4.95 ± 1.13 

 6 3.51 ± 0.83 3.43 ± 0.41 8.79 ± 1.80 0.08 ± 0.00 1.46 ± 0.16 4.84 ± 1.17 
                    

T402 1 2.20 ± 0.20 1.94 ± 0.20 7.89 ± 0.63 0.05 ± 0.00 0.92 ± 0.10 5.48 ± 0.19 

 2 2.27 ± 0.79 2.15 ± 0.68 7.19 ± 2.19 0.05 ± 0.01 1.06 ± 0.03 4.64 ± 1.06 

 3 3.04 ± 0.50 2.95 ± 0.31 8.77 ± 1.81 0.06 ± 0.00 1.15 ± 0.05 5.04 ± 1.02 

 4 3.07 ± 0.40 2.73 ± 0.40 9.84 ± 1.17 0.05 ± 0.00 1.05 ± 0.08 5.81 ± 0.67 

 5 2.36 ± 0.34 2.43 ± 0.49 8.55 ± 1.22 0.06 ± 0.00 1.03 ± 0.13 5.62 ± 0.70 

 6 2.21 ± 0.47 2.43 ± 0.38 8.77 ± 0.97 0.07 ± 0.00 1.24 ± 0.12 5.84 ± 0.73 
                    

T403 1 2.67 ± 0.26 2.43 ± 0.26 7.88 ± 0.32 0.07 ± 0.00 0.99 ± 0.07 4.97 ± 0.22 

 2 2.53 ± 0.41 2.97 ± 0.31 6.50 ± 2.85 0.06 ± 0.00 1.06 ± 0.07 3.76 ± 1.62 

 3 2.83 ± 0.09 2.82 ± 0.33 9.72 ± 1.01 0.06 ± 0.00 1.08 ± 0.10 5.76 ± 0.43 

 4 3.18 ± 0.42 2.80 ± 0.46 9.87 ± 1.41 0.06 ± 0.00 1.07 ± 0.11 5.66 ± 0.59 

 5 2.64 ± 0.20 2.39 ± 0.31 8.60 ± 0.87 0.07 ± 0.00 1.06 ± 0.11 5.41 ± 0.30 

 6 2.59 ± 0.14 2.28 ± 0.25 7.92 ± 0.81 0.07 ± 0.00 1.22 ± 0.14 5.06 ± 0.36 
                    

T404 1 1.80 ± 0.34 1.59 ± 0.22 5.28 ± 0.46 0.06 ± 0.01 0.71 ± 0.07 4.12 ± 0.29 

 2 2.49 ± 0.42 4.04 ± 0.28 10.96 ± 1.09 0.05 ± 0.00 1.31 ± 0.08 6.11 ± 0.67 

 3 2.07 ± 0.48 4.62 ± 0.49 11.68 ± 1.50 0.05 ± 0.01 1.33 ± 0.10 6.39 ± 0.82 

 4 2.07 ± 0.61 4.39 ± 0.55 10.98 ± 1.58 0.05 ± 0.00 1.32 ± 0.09 6.13 ± 0.90 

 5 2.10 ± 0.60 4.23 ± 0.49 10.87 ± 1.49 0.05 ± 0.01 1.33 ± 0.10 6.14 ± 0.88 

 6 3.03 ± 0.57 3.95 ± 0.44 8.58 ± 1.34 0.06 ± 0.00 1.34 ± 0.09 4.63 ± 0.80 
 

 



 Table A3.22 
Chemical attributes of drainage water for each irrigation event of N001 using the FW00i and T102 treatment solutions 

Treatment 
Solution 

Irrigation 
Event Ca2+ Mg2+ Na+ K+ ECw  SARw 

  (mmol(+) L-1) (mmol(+) L-1) (mmol(+) L-1) (mmol(+) L-1) (dS m-1) ((mmol(+) L-1)1/2) 
                    

FW00i 1 0.75 ± 0.12 0.45 ± 0.06 8.99 ± 0.56 0.05 ± 0.00 0.98 ± 0.07 11.73 ± 0.17 

 2 0.90 ± 0.09 0.58 ± 0.17 11.41 ± 1.52 0.04 ± 0.00 0.92 ± 0.13 13.21 ± 0.84 

 3 0.55 ± 0.17 0.55 ± 0.21 10.73 ± 1.80 0.09 ± 0.04 0.87 ± 0.12 15.10 ± 1.57 

 4 0.24 ± 0.07 0.44 ± 0.22 9.76 ± 1.49 0.10 ± 0.05 0.83 ± 0.12 18.17 ± 1.16 

 5 0.58 ± 0.09 0.53 ± 0.17 9.28 ± 1.34 0.10 ± 0.07 0.80 ± 0.12 12.54 ± 0.56 

 6 0.15 ± 0.18 0.49 ± 0.19 9.01 ± 1.38 0.02 ± 0.01 0.78 ± 0.12 19.49 ± 3.75 
              

T102 1 0.73 ± 0.26 0.42 ± 0.15 7.61 ± 2.53 0.05 ± 0.01 1.15 ± 0.09 9.08 ± 2.50 

 2 0.98 ± 0.10 0.61 ± 0.22 11.06 ± 2.04 0.05 ± 0.00 0.93 ± 0.17 12.22 ± 1.48 

 3 0.57 ± 0.10 0.49 ± 0.21 9.38 ± 1.90 0.05 ± 0.01 0.75 ± 0.15 12.69 ± 1.60 

 4 0.53 ± 0.20 0.53 ± 0.19 9.28 ± 1.68 0.12 ± 0.04 0.78 ± 0.13 12.81 ± 1.94 

 5 0.24 ± 0.07 0.51 ± 0.22 8.56 ± 1.99 0.18 ± 0.01 0.74 ± 0.16 14.16 ± 1.05 

 6 0.07 ± 0.07 0.44 ± 0.16 6.82 ± 0.68 0.02 ± 0.01 0.70 ± 0.11 16.38 ± 3.21 
 

 
 
 
 



Table A3.23 
Chemical attributes of drainage water for each irrigation event of N001 using the T401–4 treatment solutions 

Treatment 
Solution 

Irrigation 
Event Ca2+ Mg2+ Na+ K+ ECw  SARw 

  (mmol(+) L-1) (mmol(+) L-1) (mmol(+) L-1) (mmol(+) L-1) (dS m-1) ((mmol(+) L-1)1/2) 
                    

T401 1 0.80 ± 0.07 0.49 ± 0.03 8.08 ± 1.13 0.05 ± 0.00 1.09 ± 0.05 10.04 ± 1.23 

 2 1.20 ± 0.10 0.54 ± 0.05 10.04 ± 0.77 0.04 ± 0.00 1.19 ± 0.25 10.72 ± 0.44 

 3 1.07 ± 0.23 0.61 ± 0.09 9.27 ± 1.42 0.07 ± 0.02 1.03 ± 0.06 10.32 ± 1.33 

 4 0.75 ± 0.21 0.54 ± 0.06 9.56 ± 0.57 0.05 ± 0.01 0.95 ± 0.04 12.19 ± 1.15 

 5 1.17 ± 0.18 0.57 ± 0.06 9.24 ± 0.46 0.11 ± 0.05 0.96 ± 0.03 10.02 ± 0.42 

 6 0.58 ± 0.13 0.54 ± 0.05 8.73 ± 0.38 0.04 ± 0.00 0.91 ± 0.03 11.86 ± 0.46 
              

T402 1 0.75 ± 0.11 0.47 ± 0.05 8.30 ± 1.26 0.05 ± 0.01 1.10 ± 0.06 10.70 ± 1.43 

 2 1.26 ± 0.15 0.55 ± 0.08 10.83 ± 0.75 0.04 ± 0.00 1.02 ± 0.07 11.44 ± 0.13 

 3 0.89 ± 0.13 0.60 ± 0.07 7.36 ± 2.29 0.07 ± 0.03 1.02 ± 0.06 8.34 ± 2.36 

 4 0.78 ± 0.09 0.52 ± 0.05 9.08 ± 1.39 0.05 ± 0.01 0.97 ± 0.05 11.27 ± 1.75 

 5 0.82 ± 0.06 0.55 ± 0.06 9.74 ± 0.45 0.07 ± 0.03 0.96 ± 0.05 11.79 ± 0.45 

 6 0.35 ± 0.08 0.50 ± 0.06 8.95 ± 0.33 0.02 ± 0.00 0.92 ± 0.04 14.00 ± 0.53 
              

T403 1 0.88 ± 0.14 0.51 ± 0.09 9.40 ± 1.01 0.05 ± 0.00 1.12 ± 0.12 11.38 ± 0.22 

 2 1.34 ± 0.15 0.58 ± 0.10 11.14 ± 1.25 0.05 ± 0.00 1.06 ± 0.11 11.33 ± 0.57 

 3 1.16 ± 0.22 0.61 ± 0.11 11.22 ± 1.34 0.06 ± 0.01 1.06 ± 0.10 12.06 ± 0.63 

 4 1.09 ± 0.22 0.60 ± 0.09 10.64 ± 1.05 0.05 ± 0.01 1.04 ± 0.09 11.81 ± 0.54 

 5 0.91 ± 0.10 0.59 ± 0.07 9.96 ± 0.65 0.13 ± 0.05 1.02 ± 0.06 11.52 ± 0.20 

 6 0.73 ± 0.22 0.60 ± 0.08 10.02 ± 0.75 0.03 ± 0.01 1.00 ± 0.06 12.94 ± 0.93 
              

T404 1 0.75 ± 0.12 0.45 ± 0.08 8.66 ± 0.72 0.05 ± 0.00 0.97 ± 0.10 11.30 ± 0.14 

 2 1.22 ± 0.28 0.95 ± 0.20 13.55 ± 1.55 0.05 ± 0.01 1.19 ± 0.10 13.14 ± 1.36 

 3 0.98 ± 0.33 0.95 ± 0.20 12.97 ± 1.47 0.06 ± 0.01 1.18 ± 0.08 13.60 ± 1.61 

 4 0.83 ± 0.29 1.00 ± 0.24 10.23 ± 2.93 0.14 ± 0.06 1.23 ± 0.11 10.38 ± 2.71 

 5 1.13 ± 0.15 0.94 ± 0.22 12.21 ± 1.67 0.18 ± 0.07 1.18 ± 0.11 12.04 ± 1.43 

 6 0.66 ± 0.19 0.84 ± 0.18 11.25 ± 1.43 0.05 ± 0.00 1.10 ± 0.09 13.25 ± 1.54 
 



Table A3.24 
Chemical attributes of drainage water for each irrigation event of N002 using the FW00i and T102 treatment solutions 

Treatment 
Solution 

Irrigation 
Event Ca2+ Mg2+ Na+ K+ ECw  SARw 

  (mmol(+) L-1) (mmol(+) L-1) (mmol(+) L-1) (mmol(+) L-1) (dS m-1) ((mmol(+) L-1)1/2) 
                    

FW00i 1 5.04 ± 0.39 3.08 ± 0.06 3.80 ± 0.07 0.12 ± 0.04 0.89 ± 0.02 1.89 ± 0.07 

 2 4.27 ± 0.17 3.09 ± 0.51 3.80 ± 0.45 0.07 ± 0.01 0.81 ± 0.05 1.97 ± 0.17 

 3 3.45 ± 0.22 2.84 ± 0.62 3.54 ± 0.66 0.05 ± 0.01 0.76 ± 0.07 1.97 ± 0.23 

 4 3.07 ± 0.14 2.51 ± 0.50 3.12 ± 0.41 0.03 ± 0.01 0.67 ± 0.06 1.85 ± 0.15 

 5 3.28 ± 0.12 2.35 ± 0.37 3.10 ± 0.22 0.04 ± 0.01 0.63 ± 0.03 1.84 ± 0.07 

 6 2.68 ± 0.24 2.45 ± 0.45 3.02 ± 0.27 0.04 ± 0.01 0.60 ± 0.03 1.88 ± 0.13 
              

T102 1 3.50 ± 0.56 2.59 ± 0.20 3.53 ± 0.35 0.11 ± 0.04 0.73 ± 0.04 2.04 ± 0.20 

 2 3.43 ± 0.74 2.95 ± 0.57 3.87 ± 0.64 0.04 ± 0.01 0.75 ± 0.10 2.16 ± 0.28 

 3 2.83 ± 0.32 2.97 ± 0.67 3.70 ± 0.64 0.05 ± 0.01 0.71 ± 0.08 2.14 ± 0.27 

 4 1.80 ± 0.43 2.77 ± 0.77 3.17 ± 0.71 0.00 ± 0.00 0.63 ± 0.08 2.05 ± 0.35 

 5 2.15 ± 0.26 2.83 ± 0.89 3.36 ± 0.80 0.03 ± 0.01 0.62 ± 0.10 2.07 ± 0.35 

 6 1.90 ± 0.23 2.71 ± 0.95 3.25 ± 0.89 0.02 ± 0.01 0.57 ± 0.11 2.06 ± 0.39 
 

 
 
 
 



Table A3.25 
Chemical attributes of drainage water for each irrigation event of N002 using the T401–4 treatment solutions 

Treatment 
Solution 

Irrigation 
Event Ca2+ Mg2+ Na+ K+ ECw  SARw 

  (mmol(+) L-1) (mmol(+) L-1) (mmol(+) L-1) (mmol(+) L-1) (dS m-1) ((mmol(+) L-1)1/2) 
                    

T401 1 4.58 ± 0.21 2.87 ± 0.10 3.23 ± 0.23 0.14 ± 0.04 0.88 ± 0.03 1.67 ± 0.11 

 2 5.07 ± 0.33 3.06 ± 0.18 3.00 ± 0.32 0.10 ± 0.05 0.92 ± 0.05 1.48 ± 0.11 

 3 5.04 ± 0.60 3.43 ± 0.42 3.07 ± 0.54 0.05 ± 0.01 0.97 ± 0.07 1.47 ± 0.17 

 4 4.87 ± 0.41 3.07 ± 0.28 2.73 ± 0.34 0.03 ± 0.02 0.91 ± 0.05 1.36 ± 0.11 

 5 5.40 ± 0.35 3.32 ± 0.29 2.75 ± 0.41 0.04 ± 0.01 0.93 ± 0.06 1.31 ± 0.14 

 6 5.00 ± 0.31 3.23 ± 0.30 2.58 ± 0.35 0.03 ± 0.01 0.90 ± 0.06 1.26 ± 0.12 
              

T402 1 3.80 ± 0.81 2.70 ± 0.39 3.68 ± 0.27 0.16 ± 0.06 0.83 ± 0.09 2.08 ± 0.11 

 2 3.67 ± 0.89 3.67 ± 0.64 4.74 ± 0.26 0.05 ± 0.01 0.97 ± 0.10 2.54 ± 0.17 

 3 4.08 ± 0.96 3.82 ± 0.59 4.91 ± 0.39 0.04 ± 0.00 1.02 ± 0.07 2.51 ± 0.19 

 4 3.44 ± 0.76 3.84 ± 0.64 5.59 ± 1.08 0.02 ± 0.01 1.01 ± 0.08 2.95 ± 0.54 

 5 3.86 ± 0.53 3.99 ± 0.96 4.80 ± 0.41 0.03 ± 0.01 0.99 ± 0.08 2.45 ± 0.13 

 6 3.76 ± 0.57 4.10 ± 0.93 4.88 ± 0.45 0.03 ± 0.01 1.00 ± 0.07 2.47 ± 0.15 
              

T403 1 3.04 ± 0.40 2.37 ± 0.50 3.88 ± 0.45 0.14 ± 0.06 0.77 ± 0.06 2.39 ± 0.21 

 2 3.83 ± 0.75 2.52 ± 0.56 4.76 ± 0.43 0.06 ± 0.01 0.90 ± 0.09 2.75 ± 0.23 

 3 3.68 ± 0.66 2.82 ± 0.67 4.67 ± 0.34 0.10 ± 0.04 0.92 ± 0.08 2.66 ± 0.19 

 4 3.13 ± 0.74 2.86 ± 0.75 4.66 ± 0.42 0.01 ± 0.01 0.91 ± 0.08 2.80 ± 0.29 

 5 3.42 ± 0.48 2.91 ± 0.79 4.94 ± 0.39 0.03 ± 0.01 0.92 ± 0.07 2.84 ± 0.23 

 6 3.21 ± 0.52 2.96 ± 0.89 4.80 ± 0.44 0.03 ± 0.00 0.90 ± 0.08 2.80 ± 0.26 
              

T404 1 4.37 ± 0.76 2.59 ± 0.46 3.82 ± 0.20 0.07 ± 0.01 0.83 ± 0.08 2.13 ± 0.24 

 2 4.14 ± 0.91 2.86 ± 0.86 4.37 ± 0.12 0.12 ± 0.06 0.94 ± 0.11 2.56 ± 0.41 

 3 4.00 ± 0.85 2.68 ± 0.63 4.15 ± 0.17 0.05 ± 0.01 0.92 ± 0.09 2.48 ± 0.44 

 4 3.95 ± 0.90 2.51 ± 0.51 4.56 ± 0.16 0.02 ± 0.01 0.93 ± 0.08 2.78 ± 0.51 

 5 4.77 ± 0.64 2.87 ± 0.41 4.66 ± 0.09 0.05 ± 0.01 0.99 ± 0.05 2.45 ± 0.24 

 6 4.33 ± 0.76 2.76 ± 0.48 4.43 ± 0.05 0.04 ± 0.00 0.94 ± 0.08 2.48 ± 0.29 
 



Appendix 4:   Bulk density and wetness values of irrigated soil columns.  

Table A4.1 
Mean values of bulk density and wetness for each treatment (FW00i, T102 and T401–4) of the G001 soil columns at the completion 

laboratory irrigation 

  Depth FW002 T102 T401 T402 T403 T404 

  (mm) (EC 0.2 SAR 1) (EC 0.0 SAR 0) (EC 0.5 SAR 0) (EC 0.5 SAR 7.5) (EC 0.5 SAR 15) (EC 0.5 SAR 30) 
                    

  0–50   1.09 ± 0.12   1.18 ± 0.05   1.32 ± 0.15   1.20 ± 0.01   1.24 ± 0.06   1.31 ± 0.00 

 50–100   1.34     1.35 ± 0.08   1.35 ± 0.08   1.37 ± 0.02   1.34 ± 0.04   1.26 ± 0.10 Bulk density       
(g cm-1) 

100–150   1.19     1.33     1.06 ± 0.06   1.20 ± 0.15   1.32 ± 0.02   1.16   
                    

  0–50   0.15 ± 0.01   0.16 ± 0.04   0.15 ± 0.02   0.16 ± 0.03   0.13 ± 0.01   0.18 ± 0.01 

Wetness  50–100   0.22 ± 0.03   0.22 ± 0.04   0.21 ± 0.02   0.23 ± 0.02   0.19 ± 0.01   0.23 ± 0.05 

100–150   0.27 ± 0.02   0.26 ± 0.04   0.24     0.27 ± 0.01   0.25 ± 0.01   0.29 ± 0.00 (×10-2) (g g-1) 
      >150   0.28 ± 0.02   0.28 ± 0.03   0.25 ± 0.03   0.28 ± 0.00   0.26 ± 0.00   0.29   

 

The mean values of each treatment were determined and the standard error of means obtained using a one–way Analysis of Variance and then compared for each of the 
sampled soil layers (0–50 mm, 50–100 mm, 100–150 mm and >150 mm). 

Table A4.2 
Mean values of bulk density and wetness for each treatment (FW00i, T102 and T401–4) of the G002 soil columns at the completion 

laboratory irrigation 

  Depth FW002 T102 T401 T402 T403 T404 

  (mm) (EC 0.2 SAR 1) (EC 0.0 SAR 0) (EC 0.5 SAR 0) (EC 0.5 SAR 7.5) (EC 0.5 SAR 15) (EC 0.5 SAR 30) 
                    

  0–50   0.92 ± 0.00   0.95 ± 0.04   0.98 ± 0.06   0.99 ± 0.01   1.05 ± 0.08   0.84 ± 0.19 

 50–100   0.94 ± 0.08   0.97 ± 0.13   1.09 ± 0.09   0.95 ± 0.02   1.02 ± 0.06   1.05 ± 0.06 Bulk density       
(g cm-1) 

100–150   1.12 ± 0.08   1.09 ± 0.03   1.07 ± 0.00   1.20 ± 0.05   1.20 ± 0.05    
                    

  0–50   0.20 ± 0.04   0.22 ± 0.07   0.12     0.22 ± 0.03   0.23 ± 0.02   0.22 ± 0.05 

Wetness  50–100   0.26 ± 0.01   0.25 ± 0.04   0.25 ± 0.04   0.27 ± 0.01   0.28 ± 0.01   0.28 ± 0.02 

100–150   0.26 ± 0.01   0.28 ± 0.01   0.27 ± 0.02   0.28 ± 0.01   0.29 ± 0.01   0.28 ± 0.01 (×10-2) (g g-1) 
      >150   0.27 ± 0.01   0.29 ± 0.01   0.27 ± 0.02   0.29 ± 0.00   0.29 ± 0.00    

 

The mean values of each treatment were determined and the standard error of means obtained using a one–way Analysis of Variance and then compared for each of the 
sampled soil layers (0–50 mm, 50–100 mm, 100–150 mm and >150 mm). 



Table A4.3 
Mean values of bulk density and wetness for each treatment (FW00i, T102 and T401–4) of the H001 soil columns at the completion 

laboratory irrigation 

  Depth FW002 T102 T401 T402 T403 T404 

  (mm) (EC 0.2 SAR 1) (EC 0.0 SAR 0) (EC 0.5 SAR 0) (EC 0.5 SAR 7.5) (EC 0.5 SAR 15) (EC 0.5 SAR 30) 
                    

  0–50   1.27     1.34 ± 0.06   1.07 ± 0.06   1.12 ± 0.10   1.12 ± 0.05   1.27 ± 0.06 

 50–100   1.16     1.13 ± 0.07   1.23 ± 0.21   1.12 ± 0.05   1.07 ± 0.02   0.93 ± 0.21 Bulk density       
(g cm-1) 

100–150   1.25     1.04 ± 0.15   1.19 ± 0.06   0.96 ± 0.06   1.15 ± 0.06   1.06   
                    

  0–50   0.10 ± 0.00   0.09 ± 0.01   0.13 ± 0.04   0.14 ± 0.02   0.18 ± 0.01   0.22 ± 0.07 

Wetness  50–100   0.17ab ± 0.01   0.20ab ± 0.03   0.16b ± 0.02   0.21ab ± 0.03   0.28ab ± 0.01   0.29a ± 0.02 

100–150   0.23ab ± 0.01   0.25ab ± 0.00   0.22b ± 0.03   0.26ab ± 0.02   0.27ab ± 0.01   0.32a ± 0.02 (×10-2) (g g-1) 
      >150   0.24 ± 0.02   0.26 ± 0.00   0.23 ± 0.02   0.28 ± 0.01   0.28 ± 0.00    

 

The mean values of each treatment were determined and the standard error of means obtained using a one–way Analysis of Variance and then compared for each of the 
sampled soil layers (0–50 mm, 50–100 mm, 100–150 mm and >150 mm). Significant differences were determined and are represented within rows by the letters a and b. 
This was carried out using the Tukey–Kramer test (P=0.05). 

Table A4.4 
Mean values of bulk density and wetness for each treatment (FW00i, T102 and T401–4) of the H002 soil columns at the completion 

laboratory irrigation 

  Depth FW002 T102 T401 T402 T403 T404 

  (mm) (EC 0.2 SAR 1) (EC 0.0 SAR 0) (EC 0.5 SAR 0) (EC 0.5 SAR 7.5) (EC 0.5 SAR 15) (EC 0.5 SAR 30) 
                    

  0–50   1.01 ± 0.02   1.02 ± 0.03   1.00 ± 0.17   0.95 ± 0.08   0.92 ± 0.09   1.02 ± 0.10 

 50–100   1.09 ± 0.07   1.04 ± 0.09   1.06 ± 0.05   1.05 ± 0.01   1.08 ± 0.08   1.13 ± 0.08 Bulk density       
(g cm-1) 

100–150   1.05 ± 0.16   1.05 ± 0.07   1.30 ± 0.07   1.18 ± 0.11   1.11 ± 0.03   1.18 ± 0.07 
                    

  0–50   0.13 ± 0.01   0.21 ± 0.02   0.21 ± 0.09   0.24 ± 0.02   0.25 ± 0.00   0.21 ± 0.02 

Wetness  50–100   0.21 ± 0.00   0.24 ± 0.01   0.23 ± 0.05   0.28 ± 0.00   0.27 ± 0.01   0.25 ± 0.02 

(×10-2) (g g-1) 100–150   0.23 ± 0.01   0.25 ± 0.00   0.23 ± 0.02   0.26 ± 0.00   0.27 ± 0.01   0.25 ± 0.00 

       >150   0.24 ± 0.00   0.25 ± 0.00   0.23 ± 0.02   0.27 ± 0.00   0.27 ± 0.00   0.26 ± 0.01 
 

The mean values of each treatment were determined and the standard error of means obtained using a one–way Analysis of Variance and then compared for each of the 
sampled soil layers (0–50 mm, 50–100 mm, 100–150 mm and >150 mm). 



Table A4.5 
Mean values of bulk density and wetness for each treatment (FW00i, T102 and T401–4) of the N001 soil columns at the completion 

laboratory irrigation 

  Depth FW002 T102 T401 T402 T403 T404 

  (mm) (EC 0.2 SAR 1) (EC 0.0 SAR 0) (EC 0.5 SAR 0) (EC 0.5 SAR 7.5) (EC 0.5 SAR 15) (EC 0.5 SAR 30) 
                    

  0–50   0.95 ± 0.02   1.03 ± 0.14   0.87 ± 0.02   0.90 ± 0.08   1.01 ± 0.04   0.96 ± 0.01 

 50–100   0.98 ± 0.04   0.97 ± 0.13   0.84 ±    0.95 ± 0.02   0.87 ± 0.04   1.04 ± 0.01 Bulk density       
(g cm-1) 

100–150   0.94 ± 0.04   1.04 ± 0.10   0.99 ± 0.08   0.99 ± 0.09   0.89 ± 0.05   0.96 ± 0.03 
                    

  0–50   0.29 ± 0.04   0.26 ± 0.11   0.28 ± 0.01   0.31 ± 0.02   0.26 ± 0.02   0.33 ± 0.00 

Wetness  50–100   0.32 ± 0.03   0.33 ± 0.05   0.34 ± 0.00   0.32 ± 0.04   0.34 ± 0.00   0.37 ± 0.01 

100–150   0.33 ± 0.00   0.35 ± 0.02   0.36 ± 0.01   0.37 ± 0.01   0.37 ± 0.00   0.36 ± 0.02 (×10-2) (g g-1) 
      >150   0.36 ± 0.04   0.34 ± 0.01   0.36 ± 0.01   0.37 ± 0.03   0.36 ± 0.00   0.35 ± 0.01 

 

The mean values of each treatment were determined and the standard error of means obtained using a one–way Analysis of Variance and then compared for each of the 
sampled soil layers (0–50 mm, 50–100 mm, 100–150 mm and >150 mm). 

Table A4.6 
Mean values of bulk density and wetness for each treatment (FW00i, T102 and T401–4) of the N002 soil columns at the completion 

laboratory irrigation 

  Depth FW002 T102 T401 T402 T403 T404 

  (mm) (EC 0.2 SAR 1) (EC 0.0 SAR 0) (EC 0.5 SAR 0) (EC 0.5 SAR 7.5) (EC 0.5 SAR 15) (EC 0.5 SAR 30) 
                    

  0–50   1.20 ± 0.01   1.06 ± 0.02   1.10 ± 0.08   1.21 ± 0.14   1.13 ± 0.02   1.03 ± 0.02 

 50–100   0.98c ± 0.05   1.07bc ± 0.04   1.10bc ± 0.04   0.97c ± 0.02   1.24ab ± 0.00   1.31a ± 0.04 Bulk density       
(g cm-1) 

100–150   1.08 ± 0.03   1.00 ± 0.04   1.05 ± 0.02   1.01 ± 0.05   0.96 ± 0.06   0.96 ± 0.05 
                    

  0–50   0.19 ± 0.02   0.18 ± 0.03   0.18 ± 0.02   0.20 ± 0.00   0.16 ± 0.04   0.14 ± 0.02 

Wetness  50–100   0.25 ± 0.01   0.25 ± 0.00   0.24 ± 0.01   0.24 ± 0.00   0.22 ± 0.01   0.22 ± 0.00 

(×10-2) (g g-1) 100–150   0.26 ± 0.01   0.28 ± 0.02   0.26 ± 0.00   0.25 ± 0.01   0.25 ± 0.00   0.24 ± 0.01 

       >150   0.27 ± 0.02   0.28 ± 0.01   0.26 ± 0.01   0.26 ± 0.00   0.26 ± 0.00   0.24 ± 0.00 
 

The mean values of each treatment were determined and the standard error of means obtained using a one–way Analysis of Variance and then compared for each of the 
sampled soil layers (0–50 mm, 50–100 mm, 100–150 mm and >150 mm). Significant differences were determined and are represented within rows by the letters a, b and 
c. This was carried out using the Tukey–Kramer test (P=0.05). 



Appendix 5.1:  The effect of water quality on P, Sv, lp
*, ls

*, gp and gs for each of the Vertosols (B00i, G00i, H00i, N00i) as a function of 
depth. 

 

 

Figure A5.1 Response of selected soil structural parameters (P, Sv and lp*) of soil B001 to two treatments, FW00i (▬) and T102 (▬). 
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Figure A5.2 Response of selected soil structural parameters (ls*, gp and gs) of soil B001 to two treatments, FW00i (▬) and T102 (▬). 
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Figure A5.3 Response of selected soil structural parameters (P, Sv and lp*) of soil B001 to two treatments, T102 (▬) and T401 (▬). 
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Figure A5.4 Response of selected soil structural parameters (ls*, gp and gs) of soil B001 to two treatments, T102 (▬) and T401 (▬). 
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Figure A5.5 Response of selected soil structural parameters (P, Sv and lp*) of soil B001 to three treatments; T401 (▬), T402 (▬) and T403 (▬). 
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Figure A5.6 Response of selected soil structural parameters (ls*, gp and gs) of soil B001 to three treatments; T401 (▬), T402 (▬) and T403 (▬). 
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Figure A5.7 Response of selected soil structural parameters (P, Sv and lp*) of soils B001 (▬), B002 (▬) and B003 (▬) treated with FW001. 
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Figure A5.8 Response of selected soil structural parameters (ls*, gp and gs) of soils B001 (▬), B002 (▬) and B003 (▬) treated with FW001. 
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Figure A5.9 Response of selected soil structural parameters (P, Sv and lp*) of soil B003 to two treatments, FW00i (▬) and T102 (▬). 
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Figure A5.10 Response of selected soil structural parameters (ls*, gp and gs) of soil B003 to two treatments, FW00i (▬) and T102 (▬). 
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Figure A5.11 Response of selected soil structural parameters (P, Sv and lp*) of soil B003 to two treatments, T102 (▬) and T401 (▬). 
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Figure A5.12 Response of selected soil structural parameters (ls*, gp and gs) of soil B003 to two treatments, T102 (▬) and T401 (▬). 
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Figure A5.13 Response of selected soil structural parameters (P, Sv and lp*) of soil B003 to three treatments; T401 (▬), T402 (▬) and T403 (▬). 
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Figure A5.14 Response of selected soil structural parameters (ls*, gp and gs) of soil B003 to three treatments; T401 (▬), T402 (▬) and T403 (▬). 
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Figure A5.15 Response of selected soil structural parameters (P, Sv and lp*) of soil G001 to two treatments, FW00i (▬) and T102 (▬). 
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Figure A5.16 Response of selected soil structural parameters (ls*, gp and gs) of soil G001 to two treatments, FW00i (▬) and T102 (▬). 
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Figure A5.17 Response of selected soil structural parameters (P, Sv and lp*) of soil G001 to two treatments, T102 (▬) and T401 (▬). 
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Figure A5.18 Response of selected soil structural parameters (ls*, gp and gs) of soil G001 to two treatments, T102 (▬) and T401 (▬). 
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Figure A5.19 Response of selected soil structural parameters (P, Sv and lp*) of soil G002 to two treatments, FW00i (▬) and T102 (▬). 
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Figure A5.20 Response of selected soil structural parameters (ls*, gp and gs) of soil G002 to two treatments, FW00i (▬) and T102 (▬). 
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Figure A5.21 Response of selected soil structural parameters (P, Sv and lp*) of soil G002 to two treatments, T102 (▬) and T401 (▬). 
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Figure A5.22 Response of selected soil structural parameters (ls*, gp and gs) of soil G002 to two treatments, T102 (▬) and T401 (▬). 
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Figure A5.23 Response of selected soil structural parameters (P, Sv and lp*) of soil G002 to four treatments; T401 (▬), T402 (▬), T403 (▬) and T404 (▬). 
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Figure A5.24 Response of selected soil structural parameters (ls*, gp and gs) of soil G002 to four treatments; T401 (▬), T402 (▬), T403 (▬) and T404 (▬). 
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Figure A5.25 Response of selected soil structural parameters (P, Sv and lp*) of soil H001 to two treatments, FW00i (▬) and T102 (▬). 
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Figure A5.26 Response of selected soil structural parameters (ls*, gp and gs) of soil H001 to two treatments, FW00i (▬) and T102 (▬). 

 

0

20

40

60

80

100

120

140

160

180

0 25 50 75 100

Solid star length (mm).

So
il 

de
pt

h 
(m

m
)

0

20

40

60

80

100

120

140

160

180

0.00 0.02 0.04 0.06

Pore genus (mm-2)

So
il 

de
pt

h 
(m

m
)

0

20

40

60

80

100

120

140

160

180

0.0 0.1 0.2 0.3 0.4

Solid genus (mm-2)

So
il 

de
pt

h 
(m

m
)



 
 
 

 

Figure A5.27 Response of selected soil structural parameters (P, Sv and lp*) of soil H001 to two treatments, T102 (▬) and T401 (▬). 
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Figure A5.28 Response of selected soil structural parameters (ls*, gp and gs) of soil H001 to two treatments, T102 (▬) and T401 (▬). 
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Figure A5.29 Response of selected soil structural parameters (P, Sv and lp*) of soil H002 to two treatments, FW00i (▬) and T102 (▬). 
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Figure A5.30 Response of selected soil structural parameters (ls*, gp and gs) of soil H002 to two treatments, FW00i (▬) and T102 (▬). 
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Figure A5.31 Response of selected soil structural parameters (P, Sv and lp*) of soil H002 to two treatments, T102 (▬) and T401 (▬). 
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Figure A5.32 Response of selected soil structural parameters (ls*, gp and gs) of soil H002 to two treatments, T102 (▬) and T401 (▬). 
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Figure A5.33 Response of selected soil structural parameters (P, Sv and lp*) of soil H002 to four treatments; T401 (▬), T402 (▬), T403 (▬) and T404 (▬). 
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Figure A5.34 Response of selected soil structural parameters (ls*, gp and gs) of soil H002 to four treatments; T401 (▬), T402 (▬), T403 (▬) and T404 (▬). 
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Figure A5.35 Response of selected soil structural parameters (P, Sv and lp*) of soil N001 to two treatments, FW00i (▬) and T102 (▬). 
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Figure A5.36 Response of selected soil structural parameters (ls*, gp and gs) of soil N001 to two treatments, FW00i (▬) and T102 (▬). 
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Figure A5.37 Response of selected soil structural parameters (P, Sv and lp*) of soil N001 to two treatments, T102 (▬) and T401 (▬). 
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Figure A5.38 Response of selected soil structural parameters (ls*, gp and gs) of soil N001 to two treatments, T102 (▬) and T401 (▬). 
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Figure A5.39 Response of selected soil structural parameters (P, Sv and lp*) of soil N001 to four treatments; T401 (▬), T402 (▬), T403 (▬) and T404 (▬). 
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Figure A5.40 Response of selected soil structural parameters (ls*, gp and gs) of soil N001 to four treatments; T401 (▬), T402 (▬), T403 (▬) and T404 (▬). 
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Figure A5.41 Response of selected soil structural parameters (P, Sv and lp*) of soil N002 to two treatments, FW00i (▬) and T102 (▬). 
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Figure A5.42 Response of selected soil structural parameters (ls*, gp and gs) of soil N002 to two treatments, FW00i (▬) and T102 (▬). 
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Figure A5.43 Response of selected soil structural parameters (P, Sv and lp*) of soil N002 to two treatments, T102 (▬) and T401 (▬). 
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Figure A5.44 Response of selected soil structural parameters (ls*, gp and gs) of soil N002 to two treatments, T102 (▬) and T401 (▬). 
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Figure A5.45 Response of selected soil structural parameters (P, Sv and lp*) of soil N002 to four treatments; T401 (▬), T402 (▬), T403 (▬) and T404 (▬). 
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Figure A5.46 Response of selected soil structural parameters (ls*, gp and gs) of soil N002 to four treatments; T401 (▬), T402 (▬), T403 (▬) and T404 (▬). 
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Appendix 5.2:  The effect of water quality on P, Sv, lp
*, ls

*, gp and gs for each of the Vertosols (B00i, G00i, 
H00i, N00i) at depth intervals of 0–40 mm and 100–160 mm. 

 
 

Table A5.1 
Mean structural parameters derived using image analysis for sites B001 and B003 (0–40 mm) after laboratory irrigation 

 FW00i T102 T401 T402 T403 
  EC 0 dS m-1 EC 0.5 dS m-1 
  SAR 0 ((mmol(+) L-1)1/2) SAR 0 ((mmol(+) L-1)1/2) SAR 7.5 ((mmol(+) L-1)1/2) SAR 15 ((mmol(+) L-1)1/2) 

Site B001 

P (mm3 mm-3)     0.32 ±   0.12     0.51 ±   0.13     0.27 ±   0.12     0.33 ±   0.11     0.28 ±   0.12 

Sv (mm2 mm-3)     0.36 ±   0.07     0.39 ±   0.07     0.43 ±   0.08     0.61 ±   0.14     0.36 ±   0.08 

lp* (mm)   23.81 ± 11.95   35.17 ± 11.52   21.92 ± 12.39   22.47 ± 12.66   20.33 ± 11.99 

ls* (mm)   23.20 ±   5.31   13.11 ±   2.84   27.47 ±   5.43   16.33 ±   3.67   26.70 ±   7.01 

gp (×10-2 mm2)     0.52 ±   0.21       1.68 ±   0.79     0.93 ±   0.20     2.07 ±   0.65     0.91 ±   0.24 

gs (×10-2 mm2)     7.55 ±   1.65     6.77 ±   1.81   11.22 ±   2.02   11.85 ±   2.88     7.10 ±   1.44 

Site B003 

P (mm3 mm-3)     0.36 ±   0.12     0.42 ±   0.14     0.27 ±   0.11     0.33 ±   0.12     0.36 ±   0.13 

Sv (mm2 mm-3)     0.54 ±   0.10     0.42 ±   0.11     0.77 ±   0.12     0.54 ±   0.09     0.37 ±   0.08 

lp* (mm)   28.30 ± 12.29   31.04 ± 12.87   17.77 ± 11.64   25.72 ± 12.34   30.81 ± 13.16 

ls* (mm)   15.76 ±   3.16   19.39 ±   6.31   15.14 ±   3.18   17.48 ±   3.48   19.85 ±   4.16 

gp (×10-2 mm2)     0.75 ±   0.20     1.11 ±   0.43     1.41 ±   0.26     1.23 ±   0.19     0.64 ±   0.13 

gs (×10-2 mm2)   13.15ab ±   2.37     8.79b ±   2.18   19.05a ±   3.32   13.03ab ±   2.28     9.05b ±   2.01 

Within rows the letters represent significant difference between mean values for each treatment using the multiple comparison Tukey–Kramer 
test (P=0.05). 



 
 
 
 
 

Table A5.2 
Mean structural parameters derived using image analysis for sites B001 and B003 (100–160 mm) after laboratory irrigation 

 FW00i T102 T401 T402 T403 
  EC 0 dS m-1 EC 0.5 dS m-1 
  SAR 0 ((mmol(+) L-1)1/2) SAR 0 ((mmol(+) L-1)1/2) SAR 7.5 ((mmol(+) L-1)1/2) SAR 15 ((mmol(+) L-1)1/2) 

Site B001 

P (mm3 mm-3)     0.03 ±   0.01     0.01 ±   0.00     0.02 ±    0.00     0.03 ±   0.01     0.04 ±   0.01 

Sv (mm2 mm-3)     0.14 ±   0.05     0.06 ±   0.02     0.14 ±   0.04     0.16 ±   0.05     0.15 ±   0.04 

lp* (mm)     2.37 ±   0.54     1.35 ±   0.25     2.05 ±   0.47     1.49 ±   0.39     3.01 ±   0.73 

ls* (mm)   70.47 ±   7.02   88.08 ±   4.40   70.37 ±   7.45   64.02 ±   9.36   64.74 ±   9.23 

gp (×10-2 mm2)     0.24 ±   0.15     0.03 ±   0.01     0.14 ±   0.06     0.19 ±   0.09     0.35 ±   0.11 

gs (×10-2 mm2)     3.26 ±   0.99     1.45 ±   0.64     5.49 ±   1.57     5.12 ±   1.45     3.98 ±   1.42 

Site B003 

P (mm3 mm-3)     0.04a ±   0.01     0.01b ±   0.00     0.03ab ±   0.01     0.03ab ±   0.00     0.04a ±   0.00 

Sv (mm2 mm-3)     0.24a ±   0.05     0.09b ±   0.02     0.25a ±   0.04     0.19ab ±   0.04     0.32a ±   0.02 

lp* (mm)     1.95 ±   0.06     1.58 ±   0.45     1.30 ±   0.15     1.61 ±   0.24     1.21 ±   0.12 

ls* (mm)   49.75b ±   6.37   81.25a ±   3.84   49.19b ±   6.24   58.29b ±   7.79   39.89b ±   2.11 

gp (×10-2 mm2)     0.23a ±   0.05     0.05b ±   0.02     0.19ab ±   0.05     0.18ab ±   0.05     0.25a ±   0.04 

gs (×10-2 mm2)     5.38bc ±   1.13     2.65c ±   0.82     9.09ab ±   1.63     5.80abc ±   1.35   10.47a ±   0.69 

Within rows the letters represent significant difference between mean values for each treatment using the multiple comparison Tukey–Kramer 
test (P=0.05). 

 
 
 



 

 

 
 
 

 
 
 
 
 

Table A5.3 
Mean structural parameters derived using image analysis for sites G001 and G002 (0–40 mm) after laboratory irrigation 

 FW00i T102 T401 T402 T403 T404 
  EC 0 dS m-1 EC 0.5 dS m-1 
  SAR 0 ((mmol(+) L-1)1/2) SAR 0 ((mmol(+) L-1)1/2) SAR 7.5 ((mmol(+) L-1)1/2) SAR 15 ((mmol(+) L-1)1/2) SAR 30 ((mmol(+) L-1)1/2) 

Site G001 

P (mm3 mm-3)    0.30 ±   0.12    0.27 ±   0.12    0.31 ±   0.13    0.32 ±   0.12    0.36 ±   0.13    0.36 ±   0.12 

Sv (mm2 mm-3)    0.43 ±   0.10    0.33 ±   0.06    0.33 ±   0.09    0.32 ±   0.13    0.29 ±   0.10    0.36 ±   0.08 

lp* (mm)  14.48 ±   9.60  24.18 ± 13.07  27.70 ± 13.44  27.28 ± 12.44  30.13 ± 12.26  27.95 ± 11.51 

ls* (mm)  24.15 ±   4.65  24.30 ±   3.80  31.33 ±   7.01  40.53 ± 11.84  32.99 ±   8.89  20.95 ±   3.84 

gp (×10-2 mm2)    0.69 ±   0.11    0.66 ±   0.24    0.45 ±   0.14    0.71 ±   0.34    0.50 ±   0.16    0.79 ±   0.22 

gs (×10-2 mm2)  13.00 ±   3.53    7.95 ±   1.60  10.18 ±   3.03    7.63 ±   2.77    6.31 ±   2.20   7.94 ±   1.85 

Site G002 
P (mm3 mm-3)    0.21 ±   0.13    0.24 ±   0.13    0.22 ±   0.13    0.23 ±   0.13    0.26 ±   0.12    0.27 ±   0.12 

Sv (mm2 mm-3)    0.14b ±   0.03    0.23ab ±   0.09    0.11b ±   0.04    0.22ab ±   0.04    0.48a ±   0.12    0.40ab ±   0.08 

lp* (mm)  17.37 ± 10.40  20.72 ± 11.17  19.46 ± 11.85  18.87 ± 11.05  17.93 ± 10.72  20.53 ± 11.46 

ls* (mm)  60.79 ± 11.00  53.53 ± 12.68   58.94 ± 11.16  41.18 ±   7.38  26.43 ±   7.28  23.54 ±   4.76 

gp (×10-2 mm2)    0.42 ±   0.19    0.61 ±   0.28     0.26 ±   0.09    0.48 ±   0.14    0.64 ±   0.22    1.17 ±   0.31 

gs (×10-2 mm2)    4.06b ±   1.00    6.39ab ±   2.42    3.79b ±   1.19    6.87ab ±   1.50  13.98a ±   3.34    8.74ab ±   1.50 

Within rows the letters represent significant difference between mean values for each treatment using the multiple comparison Tukey–Kramer test (P=0.05). 
 
 



 
 
 
 
 

Table A5.4 
Mean structural parameters derived using image analysis for sites G001 and G002 (100–160 mm) after laboratory irrigation 

 FW00i T102 T401 T402 T403 T404 
  EC 0 dS m-1 EC 0.5 dS m-1 
  SAR 0 ((mmol(+) L-1)1/2) SAR 0 ((mmol(+) L-1)1/2) SAR 7.5 ((mmol(+) L-1)1/2) SAR 15 ((mmol(+) L-1)1/2) SAR 30 ((mmol(+) L-1)1/2) 

Site G001 

P (mm3 mm-3)    0.03 ±   0.01    0.02 ±   0.00    0.04 ±   0.01    0.04 ±   0.02    0.02 ±   0.01    0.01 ±   0.00 

Sv (mm2 mm-3)    0.11ab ±   0.01    0.08b ±   0.02    0.19a ±   0.03    0.12ab ±   0.03    0.08b ±   0.02    0.05b ±   0.02 

lp* (mm)    4.60a ±   0.75    2.79ab ±   0.39    1.89ab ±   0.28    3.39ab ±   1.22    2.55ab ±   0.75    1.53b ±   0.19 

ls* (mm)  64.44ab ±   2.77  71.45a ±   5.80  48.02b ±   4.28  64.62ab ±   7.39  74.78a ±   5.36  84.66a ±   5.84 

gp (×10-2 mm2)    0.11 ±   0.03    0.06 ±   0.02    0.15 ±   0.04    0.13 ±   0.06    0.06 ±   0.02    0.03 ±   0.02 

gs (×10-2 mm2)    2.18b ±   0.31    1.66b ±   0.28    4.91a ±   0.67    2.71ab ±   0.70    2.19b ±   0.38    1.58b ±   0.78 

Site G002 
P (mm3 mm-3)    0.01 ±   0.00    0.01 ±   0.00    0.00 ±   0.00    0.00 ±   0.00    0.01 ±   0.01    0.01 ±   0.00 

Sv (mm2 mm-3)    0.07 ±   0.03    0.05 ±   0.02    0.04 ±   0.02    0.02 ±   0.01    0.05 ±   0.02    0.05 ±   0.01 

lp* (mm)    0.54 ±   0.09    1.09 ±   0.21    0.87 ±   0.10    0.75 ±   0.17    1.91 ±   0.94    1.06 ±   0.19 

ls* (mm)  81.29 ±   7.11  88.23 ±   4.26  91.66 ±   3.09  92.74 ±   3.29  83.37 ±   7.01  86.93 ±   4.00 

gp (×10-2 mm2)    0.03 ±   0.02    0.05 ±   0.03    0.02 ±   0.01    0.01 ±   0.01    0.04 ±   0.02    0.03 ±   0.01 

gs (×10-2 mm2)    2.64 ±   1.05    1.19 ±   0.46    1.17 ±   0.43    0.79 ±   0.40    1.44 ±   0.41    1.72 ±   0.49 

Within rows the letters represent significant difference between mean values for each treatment using the multiple comparison Tukey–Kramer test (P=0.05). 
 
 



 

 

 

 
 
 
 
 
 
 

Table A5.5 
Mean structural parameters derived using image analysis for sites H001 and H002 (0–40 mm) after laboratory irrigation 

 FW00i T102 T401 T402 T403 T404 
  EC 0 dS m-1 EC 0.5 dS m-1 
  SAR 0 ((mmol(+) L-1)1/2) SAR 0 ((mmol(+) L-1)1/2) SAR 7.5 ((mmol(+) L-1)1/2) SAR 15 ((mmol(+) L-1)1/2) SAR 30 ((mmol(+) L-1)1/2) 

Site H001 

P (mm3 mm-3)    0.32 ±   0.13    0.28 ±   0.12    0.29 ±   0.12    0.41 ±   0.13    0.24 ±   0.13    0.29 ±   0.13 

Sv (mm2 mm-3)    0.24ab ±   0.06    0.19ab ±   0.07    0.40a ±   0.13    0.14ab ±   0.06    0.07b ±   0.04    0.12ab ±   0.04 

lp* (mm)  29.57 ± 13.50  16.43 ± 10.09  16.66 ± 10.21  43.65 ± 12.83  22.46 ± 12.24  27.80 ± 12.55 

ls* (mm)  31.78 ±   7.76  47.56 ± 10.39  35.32 ±   7.78  41.82 ± 10.19  60.75 ± 12.12  55.41 ± 10.92 

gp (×10-2 mm2)    0.51 ±   0.20    0.27 ±   0.09    1.60 ±   0.66    0.29 ±   0.10    0.19 ±   0.15    0.65 ±   0.44 

gs (×10-2 mm2)    5.90ab ±   1.39    4.78ab ±   2.29  10.19a ±   3.33    2.85ab ±   1.10    3.08ab ±   1.18    2.47b ±   0.80 

Site H002 
P (mm3 mm-3)    0.23 ±   0.13    0.32 ±   0.13    0.36 ±   0.13    0.29 ±   0.13    0.40 ±   0.15    0.27 ±   0.12 

Sv (mm2 mm-3)    0.07b ±   0.03    0.10b ±   0.02    0.29ab ±   0.07    0.09b ±   0.04    0.04b ±   0.02    0.36a ±   0.12 

lp* (mm)  23.34 ± 12.39  33.83 ± 12.64  33.20 ± 13.57  21.91 ± 12.34  41.69 ± 14.53  21.80 ± 11.87 

ls* (mm)  68.10 ± 11.84  49.65 ±   8.73  33.37 ±   8.03  71.47 ± 11.96  53.65 ± 13.42  41.53 ±   9.93 

gp (×10-2 mm2)    0.44ab ±   0.23    0.19b ±   0.04    0.86ab ±   0.29    0.53ab ±   0.26    0.24b ±   0.11    1.72a ±   0.71 

gs (×10-2 mm2)    1.58bc ±   0.63    2.58abc ±   0.66    7.17a ±   1.94    2.03abc ±   1.04    1.04c ±   0.53    6.74ab ±   2.13 

Within rows the letters represent significant difference between mean values for each treatment using the multiple comparison Tukey–Kramer test (P=0.05). 
 



 
 
 
 
 

Table A5.6 
Mean structural parameters derived using image analysis for sites H001 and H002 (100–160 mm) after laboratory irrigation 

 FW00i T102 T401 T402 T403 T404 
  EC 0 dS m-1 EC 0.5 dS m-1 
  SAR 0 ((mmol(+) L-1)1/2) SAR 0 ((mmol(+) L-1)1/2) SAR 7.5 ((mmol(+) L-1)1/2) SAR 15 ((mmol(+) L-1)1/2) SAR 30 ((mmol(+) L-1)1/2) 

Site H001 

P (mm3 mm-3)    0.02b ±   0.01    0.05a ±   0.01    0.02ab ±   0.01    0.03ab ±   0.01    0.00b ±   0.00    0.01b ±   0.00 

Sv (mm2 mm-3)    0.07ab ±   0.02    0.13a ±   0.01    0.14a ±   0.03    0.09ab ±   0.02    0.01b ±   0.00    0.03b ±   0.02 

lp* (mm)    2.27ab ±   1.22    4.21a ±   0.80    1.79ab ±   0.18    3.49ab ±   0.52    1.22b ±   0.27    1.58ab ±   0.39 

ls* (mm)  78.54ab ±   6.53  54.02c ±   5.21  62.47bc ±   5.95  76.71abc ±   6.82  97.10a ±   0.88  84.05ab ±   6.95 

gp (×10-2 mm2)    0.08 ±   0.04    0.17 ±   0.04    0.14 ±   0.05    0.17 ±   0.06    0.00 ±   0.00    0.02 ±   0.02 

gs (×10-2 mm2)    1.87ab ±   0.58    2.18ab ±   0.13    3.71a ±   0.74    1.77ab ±   0.41    0.34b ±   0.07    1.14b ±   0.43 

Site H002 
P (mm3 mm-3)    0.01b ±   0.00    0.02ab ±   0.01    0.01ab ±   0.00    0.02ab ±   0.01    0.01ab ±   0.00    0.04a ±   0.01 

Sv (mm2 mm-3)    0.02b ±   0.01    0.06b ±   0.02    0.08ab ±   0.02    0.05b ±   0.02    0.05b ±   0.02    0.14a ±   0.03 

lp* (mm)    1.26 ±   0.56    1.84 ±   0.50    1.18 ±   0.25    4.67 ±   2.64    1.43 ±   0.23    3.83 ±   1.33 

ls* (mm)  92.94a ±   4.16  76.17ab ±   8.35  81.96ab ±   4.53  82.06ab ±   7.04  79.71ab ±   5.91  60.43b ±   5.29 

gp (×10-2 mm2)    0.03b ±   0.02    0.06b ±   0.03    0.10ab ±   0.03    0.06ab ±   0.02    0.04b ±   0.02    0.19a ±   0.05 

gs (×10-2 mm2)    0.65b ±   0.34    0.84b ±   0.30    2.29ab ±   0.64    1.14b ±   0.32    1.25b ±   0.39    3.31a ±   0.60 

Within rows the letters represent significant difference between mean values for each treatment using the multiple comparison Tukey–Kramer test (P=0.05). 
 
 



 

 

 
 
 

 
 
 
 
 

Table A5.7 
Mean structural parameters derived using image analysis for sites N001 and N002 (0–40 mm) after laboratory irrigation 

 FW00i T102 T401 T402 T403 T404 
  EC 0 dS m-1 EC 0.5 dS m-1 
  SAR 0 ((mmol(+) L-1)1/2) SAR 0 ((mmol(+) L-1)1/2) SAR 7.5 ((mmol(+) L-1)1/2) SAR 15 ((mmol(+) L-1)1/2) SAR 30 ((mmol(+) L-1)1/2) 

Site N001 

P (mm3 mm-3)    0.30 ±   0.11    0.26 ±   0.12    0.30 ±   0.12    0.25 ±   0.12    0.27 ±   0.12    0.24 ±   0.13 

Sv (mm2 mm-3)    0.59a ±   0.09    0.31b ±   0.06    0.25b ±   0.04    0.27b ±   0.07    0.25b ±   0.05    0.20b ±   0.05 

lp* (mm)  21.07 ± 11.56  21.92 ± 11.73  29.35 ± 12.33  20.90 ± 11.91  22.78 ± 11.42  22.34 ± 11.35 

ls* (mm)  13.67b ±   1.91  28.22ab ±   6.45  30.81ab ±   5.76  30.43ab ±   6.26  32.77ab ±   6.99  41.59a ±   9.95 

gp (×10-2 mm2)    1.11a ±   0.15    0.52ab ±   0.15    0.49ab ±   0.15    0.46ab ±   0.12    0.71ab ±   0.31    0.36b ±   0.11 

gs (×10-2 mm2)  13.05a ±   2.24    8.42ab ±   1.86    6.38ab ±   1.15    7.06ab ±   1.54    5.89b ±   1.37    5.26b ±   1.49 

Site N002 
P (mm3 mm-3)    0.27 ±   0.12    0.26 ±   0.12    0.27 ±   0.12    0.27 ±   0.12    0.28 ±   0.12    0.26 ±   0.12 

Sv (mm2 mm-3)    0.36 ±   0.07    0.20 ±   0.07    0.36 ±   0.11    0.24 ±   0.04    0.18 ±   0.06    0.21 ±   0.05 

lp* (mm)  17.65 ±   9.91  23.64 ± 11.66  21.87 ± 11.83  22.08 ± 11.48  25.23 ± 10.98  24.72 ± 11.19 

ls* (mm)  26.31 ±   5.33  43.97 ±   9.93  27.85 ±   5.35  29.47 ±   4.73  40.40 ±   8.14  40.45 ±   6.70 

gp (×10-2 mm2)    0.75 ±   0.18    0.24 ±   0.06    0.64 ±   0.24    0.39 ±   0.11    0.33 ±   0.11    0.37 ±   0.06 

gs (×10-2 mm2)    8.93 ±   2.04    4.97 ±   1.63  12.22 ±   4.30    5.79 ±   1.52    3.94 ±   1.54    5.28 ±   1.84 

Within rows the letters represent significant difference between mean values for each treatment using the multiple comparison Tukey–Kramer test (P=0.05). 
 



 
 
 
 
 

Table A5.8 
Mean structural parameters derived using image analysis for sites N001 and N002 (100–160 mm) after laboratory irrigation 

 FW00i T102 T401 T402 T403 T404 
  EC 0 dS m-1 EC 0.5 dS m-1 
  SAR 0 ((mmol(+) L-1)1/2) SAR 0 ((mmol(+) L-1)1/2) SAR 7.5 ((mmol(+) L-1)1/2) SAR 15 ((mmol(+) L-1)1/2) SAR 30 ((mmol(+) L-1)1/2) 

Site N001 

P (mm3 mm-3)    0.04a ±   0.02    0.02ab ±    0.01    0.01ab ±   0.00    0.01ab ±   0.01    0.01ab ±   0.00    0.01b ±   0.00 

Sv (mm2 mm-3)    0.16 ±   0.04    0.09 ±   0.03    0.06 ±   0.02    0.08 ±   0.03    0.06 ±   0.02    0.04 ±   0.02 

lp* (mm)    3.52 ±   1.47    1.31 ±   0.26    1.37 ±   0.28    1.73 ±   0.39    1.28 ±   0.29    0.89 ±   0.12 

ls* (mm)  60.53 ±   6.85  76.74 ±   7.57  83.81 ±   4.28  76.43 ±   7.97  78.40 ±   7.34  83.26 ±   5.61 

gp (×10-2 mm2)    0.16 ±   0.06    0.08 ±   0.03    0.03 ±   0.01    0.11 ±   0.05    0.05 ±   0.03    0.02 ±   0.01 

gs (×10-2 mm2)    4.80 ±   0.91    2.54 ±   0.83    1.57 ±   0.44    3.03 ±   1.15    2.66 ±   0.87    1.85 ±   0.77 

Site N002 
P (mm3 mm-3)    0.01 ±   0.01    0.01 ±   0.00    0.01 ±   0.00    0.01 ±   0.00    0.02 ±   0.01    0.00 ±   0.00 

Sv (mm2 mm-3)    0.09 ±   0.03    0.04 ±   0.02    0.03 ±   0.01    0.05 ±   0.02    0.09 ±   0.04    0.02 ±   0.01 

lp* (mm)    1.35 ±   0.25    1.06 ±   0.28    1.57 ±   0.44    1.08 ±   0.34    2.41 ±   0.51    1.15 ±   0.34 

ls* (mm)  72.28 ±   8.54  88.75 ±   6.27  86.73 ±   4.14  75.50 ±   7.16  77.75 ±   8.62  94.17 ±   2.81 

gp (×10-2 mm2)    0.05 ±   0.03    0.05 ±   0.04     0.02 ±   0.01    0.04 ±   0.02    0.13 ±   0.06    0.01 ±   0.01 

gs (×10-2 mm2)    2.47 ±   0.89    1.51 ±   1.11    0.84 ±   0.24    1.59 ±   0.59    2.57 ±   1.25    0.57 ±   0.23 

Within rows the letters represent significant difference between mean values for each treatment using the multiple comparison Tukey–Kramer test (P=0.05). 
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Appendix 5.3:  The effect of water quality on the pore sieve distributions for each of the 
Vertosols (B00i, G00i, H00i, N00i) at the 50–90 mm depth. 

 

Figure A5.47 The distribution of pore sieve diameter (sp) for the 50–90 mm depth of the B001 soil. Comparisons 
are made between the irrigation treatments; field water and ‘clean’ water [FW00i (▬) and T102 (▬)], 
salinity treatments [T102 (▬) and T401] and for solutions of increasing SAR [T401 (▬), T402 (▬), 
T403 (▬) and T404 (▬)]. 
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Figure A5.48 The distribution of pore sieve diameter (sp) for the 50–90 mm depth of the B003 soil. Comparisons 
are made between the irrigation treatments; field water and ‘clean’ water [FW00i (▬) and T102 (▬)], 
salinity treatments [T102 (▬) and T401] and for solutions of increasing SAR [T401 (▬), T402 (▬), 
T403 (▬) and T404 (▬)]. 

 

0

10

20

30

40

50

60

70

0.0 0.5 1.0 1.5 2.0 2.5

0

10

20

30

40

50

60

70

0.0 0.5 1.0 1.5 2.0 2.5

0

10

20

30

40

50

60

70

0.0 0.5 1.0 1.5 2.0 2.5

Pore sieve diameter (mm)

 
Po

ro
sit

y 
(%

) 



Appendices 
 

 
351 

 

 
Figure A5.49 The distribution of pore sieve diameter (sp) for the 50–90 mm depth of the B00i soils after irrigation 

with FW001 [B001 (▬), B002 (▬) and B003 (▬)]. 
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Figure A5.50 The distribution of pore sieve diameter (sp) for the 50–90 mm depth of the G002 soil. Comparisons 

are made between the irrigation treatments; field water and ‘clean’ water [FW00i (▬) and T102 (▬)], 
salinity treatments [T102 (▬) and T401] and for solutions of increasing SAR [T401 (▬), T402 (▬), 
T403 (▬) and T404 (▬)]. 
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Figure A5.51 The distribution of pore sieve diameter (sp) for the 50–90 mm depth of the H002 soil. Comparisons 

are made between the irrigation treatments; field water and ‘clean’ water [FW00i (▬) and T102 (▬)], 
salinity treatments [T102 (▬) and T401] and for solutions of increasing SAR [T401 (▬), T402 (▬), 
T403 (▬) and T404 (▬)]. 
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Figure A5.52 The distribution of pore sieve diameter (sp) for the 50–90 mm depth of the N001 soil. Comparisons 

are made between the irrigation treatments; field water and ‘clean’ water [FW00i (▬) and T102 (▬)], 
salinity treatments [T102 (▬) and T401] and for solutions of increasing SAR [T401 (▬), T402 (▬), 
T403 (▬) and T404 (▬)]. 
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Figure A5.53 The distribution of pore sieve diameter (sp) for the 50–90 mm depth of the N002 soil. Comparisons 

are made between the irrigation treatments; field water and ‘clean’ water [FW00i (▬) and T102 (▬)], 
salinity treatments [T102 (▬) and T401] and for solutions of increasing SAR [T401 (▬), T402 (▬), 
T403 (▬) and T404 (▬)]. 
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Appendix 5.4:  The effect of water quality on pore star–shape distributions for each of 
the Vertosols (B00i, G00i, H00i, N00i) at the 50–90 mm depth. 

 
Figure A5.54 The distribution of the pore star shape (Rap

*) for the 50–90 mm depth of the B001 soil. Comparisons 
are made between the irrigation treatments; field water and ‘clean’ water [FW00i (▬) and T102 (▬)], 
salinity treatments [T102 (▬) and T401] and for solutions of increasing SAR [T401 (▬), T402 (▬), 
T403 (▬) and T404 (▬)]. 
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Figure A5.55 The distribution of the pore star shape (Rap

*) for the 50–90 mm depth of the B003 soil. Comparisons 
are made between the irrigation treatments; field water and ‘clean’ water [FW00i (▬) and T102 (▬)], 
salinity treatments [T102 (▬) and T401] and for solutions of increasing SAR [T401 (▬), T402 (▬), 
T403 (▬) and T404 (▬)]. 
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Figure A5.56 The distribution of the pore star shape (Rap

*) for the 50–90 mm depth of the B00i soils after irrigation 
with FW001 [B001 (▬), B002 (▬) and B003 (▬)]. 
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Figure A5.57 The distribution of the pore star shape (Rap

*) for the 50–90 mm depth of the G002 soil. Comparisons 
are made between the irrigation treatments; field water and ‘clean’ water [FW00i (▬) and T102 (▬)], 
salinity treatments [T102 (▬) and T401] and for solutions of increasing SAR [T401 (▬), T402 (▬), 
T403 (▬) and T404 (▬)]. 
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Figure A5.58 The distribution of the pore star shape (Rap

*) for the 50–90 mm depth of the H002 soil. Comparisons 
are made between the irrigation treatments; field water and ‘clean’ water [FW00i (▬) and T102 (▬)], 
salinity treatments [T102 (▬) and T401] and for solutions of increasing SAR [T401 (▬), T402 (▬), 
T403 (▬) and T404 (▬)]. 
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Figure A5.59 The distribution of the pore star shape (Rap

*) for the 50–90 mm depth of the N001 soil. Comparisons 
are made between the irrigation treatments; field water and ‘clean’ water [FW00i (▬) and T102 (▬)], 
salinity treatments [T102 (▬) and T401] and for solutions of increasing SAR [T401 (▬), T402 (▬), 
T403 (▬) and T404 (▬)]. 
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Figure A5.60 The distribution of the pore star shape (Rap

*) for the 50–90 mm depth of the N002 soil. Comparisons 
are made between the irrigation treatments; field water and ‘clean’ water [FW00i (▬) and T102 (▬)], 
salinity treatments [T102 (▬) and T401] and for solutions of increasing SAR [T401 (▬), T402 (▬), 
T403 (▬) and T404 (▬)]. 
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Appendix 6.1:  The contributions of the fine and coarse clay fractions to total clay and 
the estimated proportions of different phyllosilicate clay minerals in 
each Vertosol. 

Table A6.1 
The contributions of each clay fraction (total clay (<2 µm), coarse clay (<2–0.2 µm) and fine clay (<0.2 
µm)) and estimated contributions of clay phyllosilicate minerals to all soil material for each of the nine 

Vertosols 
C2:1 clay and F2:1 clay each represent the proportions of coarse and fine 2:1 expanding lattice phyllosilicates, Illite clay 
and Kaolinite clay represent the proportions of these phyllosilicate minerals in the soil as a function of the total clay 

fraction. 
 Clay content Coarse clay Fine clay  Phyllosilicate clay mineral suite (%) 
 (%)  C2:1 clay F2:1 clay Illite clay Kaolinite clay 

 

B001 61 17 43         1 35       15           9 
B002 60 21 39         4 35       12           8 
B003 63 18 45         2 34       20           8 
G001 55 18 37         9 35         5           5 
G002 64 21 43       12 39         6           6 
H001 60 17 43         – 13       37         10 
H002 54 16 38         3 26         9         15 
N001 57 18 39         9 33         9           6 
N002 55 19 36       10 22       19           6 

 

Appendix 6.2:  Selected physico–chemical attributes of the nine irrigation furrow 
Vertosols assessed in chapter 3.  

Table A6.2 
Selected physico–chemical attributes of the nine irrigation furrow Vertosols used for comparison of soils with 

current predictors of stability and for the development of a model of structural stability 

Soil Site SI<2  Ca2+ Mg2+ Na+ CECeff Ca2+:Mg2+ ESP EC SAR 

 (%) cmol(+) kg-1   dS m-1 (mmol(+) L-1)1/2 
 

B001 21.1 20.4 10.7 2.9 35.5 1.9 8.1 0.37 4.9 

B002 16.0 25.7 11.1 2.2 40.5 2.3 5.3 1.19 7.5 

B003 16.3 26.9 10.4 1.5 40.5 2.6 3.6 0.14 1.9 

G001 20.1 37.1 12.7 0.6 51.3 2.9 1.2 0.09 1.3 

G002 24.2 33.6 13.0 0.8 48.8 2.6 1.6 0.15 1.9 

H001 12.9 18.6 9.9 0.9 30.8 1.9 3.1 0.21 3.0 

H002 14.3 24.7 11.7 0.7 38.2 2.1 1.8 0.20 2.4 

N001 31.6 32.9 11.4 3.1 49.0 2.9 6.4 0.96 3.2 

N002 13.2 31.4 10.3 0.3 43.7 3.0 0.7 0.17 0.2 
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Appendix 6.3:  Selected physico–chemical attributes of all soil layers sampled from the 
laboratory irrigated soil columns assessed in chapter 4.  

Table A6.3 
Selected physico–chemical attributes of the laboratory irrigated G001 soil used for comparison of soils 

with current predictors of stability and for the development of a model of structural stability 

SI<2  Ca2+ Mg2+ Na+ CECeff Ca2+:Mg2+ ESP EC SAR 

(%) cmol(+) kg-1   dS m-1 (mmol(+) L-1)1/2 
 

18.9 28.2 11.0 1.4 41.8 2.6 3.4 0.09 1.6 
20.0 28.6 10.5 1.4 41.5 2.7 3.3 0.06 1.6 
22.1 29.9 11.0 1.4 43.0 2.7 3.3 0.06 1.6 
22.5 28.9 11.5 1.3 42.4 2.5 3.2 0.06 1.6 
19.1 30.5 11.2 1.5 44.4 2.7 3.3 0.10 2.2 
18.4 29.5 11.1 1.3 42.7 2.7 3.1 0.07 1.6 
19.4 30.8 11.5 1.5 44.4 2.7 3.3 0.06 1.5 
20.7 31.0 11.3 1.5 44.4 2.7 3.4 0.06 1.3 
16.5 28.7 10.7 1.4 42.1 2.7 3.4 0.13 2.3 
20.7 27.5 10.8 1.4 40.5 2.5 3.5 0.07 1.5 
19.6 30.4 11.1 1.5 43.7 2.7 3.3 0.07 1.6 
20.9 30.5 11.9 1.5 44.5 2.6 3.5 0.06 1.5 
20.0 28.9 10.9 1.4 42.5 2.7 3.3 0.17 2.6 
21.0 28.8 10.8 1.4 41.9 2.7 3.3 0.08 1.7 
20.5 26.8 10.7 1.5 39.7 2.5 3.7 0.06 1.2 
23.7 28.8 11.2 1.5 42.2 2.6 3.6 0.07 1.3 
16.7 27.7 10.9 1.1 41.0 2.5 2.7 0.11 1.5 
21.3 28.1 10.8 1.2 41.1 2.6 3.0 0.06 1.1 
25.9 27.7 10.9 1.4 40.7 2.5 3.4 0.06 1.1 
27.1 27.9 12.1 1.1 42.9 2.3 2.5 0.06 0.9 
19.8 27.8 11.1 1.0 41.0 2.5 2.4 0.08 1.1 
20.4 29.8 11.4 1.1 43.4 2.6 2.6 0.06 1.0 
22.6 30.0 11.5 1.3 43.6 2.6 3.1 0.05 0.9 
24.5 31.0 12.2 1.5 45.3 2.5 3.2 0.05 0.9 
21.6 30.6 11.1 1.2 44.2 2.8 2.8 0.13 1.5 
17.1 28.8 11.0 1.2 42.1 2.6 3.0 0.07 1.1 
19.4 28.8 10.4 1.4 41.3 2.8 3.4 0.07 1.0 
17.6 29.8 11.4 1.4 43.3 2.6 3.3 0.06 1.1 
16.3 29.0 10.8 1.2 42.3 2.7 2.8 0.08 1.1 
17.8 29.1 11.1 1.3 42.6 2.6 3.1 0.07 1.0 
17.9 31.2 11.3 1.5 44.7 2.8 3.4 0.05 0.8 
18.2 29.7 11.6 1.5 43.5 2.6 3.5 0.05 0.9 
18.0 28.8 11.0 1.0 42.1 2.6 2.5 0.14 1.2 
15.3 28.8 10.8 1.3 41.8 2.7 3.1 0.08 1.0 
14.7 30.0 11.2 1.4 43.4 2.7 3.3 0.08 1.1 
13.4 29.9 11.6 1.4 43.6 2.6 3.3 0.07 1.0 
12.5 29.1 11.2 1.0 42.5 2.6 2.3 0.11 1.0 
13.9 28.8 10.8 1.1 41.6 2.7 2.6 0.07 0.8 
15.3 30.8 11.3 1.3 44.1 2.7 3.0 0.06 0.8 
18.2 29.3 11.6 1.4 43.0 2.5 3.3 0.06 0.9 
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Table A6.3 continued 

SI<2  Ca2+ Mg2+ Na+ CECeff Ca2+:Mg2+ ESP EC SAR 

(%) cmol(+) kg-1   dS m-1 (mmol(+) L-1)1/2 
 

8.9 28.6 10.8 1.7 42.2 2.7 4.1 0.11 1.6 
9.4 28.9 11.0 1.6 42.3 2.6 3.7 0.07 1.0 
9.2 29.7 10.9 1.6 42.9 2.7 3.7 0.07 1.1 
12.2 30.5 11.5 1.5 44.1 2.6 3.4 0.06 0.9 
12.3 27.6 10.8 1.7 41.0 2.6 4.1 0.12 1.5 
9.6 31.0 11.0 1.7 44.5 2.8 3.7 0.07 1.0 
8.3 30.2 11.5 1.6 44.1 2.6 3.6 0.07 1.0 

 

Table A6.4 
Selected physico–chemical attributes of the laboratory irrigated G002 soil used for comparison of soils 

with current predictors of stability and for the development of a model of structural stability 

SI<2  Ca2+ Mg2+ Na+ CECeff Ca2+:Mg2+ ESP EC SAR 

(%) cmol(+) kg-1   dS m-1 (mmol(+) L-1)1/2 
 

16.0 26.2 11.5 0.8 40.6 2.3 2.0 0.11 1.0 
14.5 29.4 12.1 0.9 43.9 2.4 2.0 0.08 1.0 
18.6 28.3 11.7 1.1 42.9 2.4 2.5 0.07 1.2 
18.8 28.0 12.0 1.2 42.6 2.3 2.7 0.07 1.3 
11.8 27.2 11.8 0.9 41.4 2.3 2.3 0.12 1.1 
17.3 29.8 11.8 1.0 44.5 2.5 2.2 0.06 1.1 
14.9 28.1 10.7 1.5 40.9 2.6 3.7 0.05 1.5 
17.6 28.7 11.4 1.1 42.9 2.5 2.5 0.08 1.4 
16.6 26.2 10.9 1.5 40.6 2.4 3.6 0.12 2.5 
16.0 30.9 11.9 1.4 46.1 2.6 3.0 0.08 1.5 
16.7 25.5 10.7 1.4 39.1 2.4 3.5 0.07 1.7 
20.5 27.8 11.0 1.4 41.6 2.5 3.4 0.07 1.9 
14.6 27.3 11.0 1.3 41.6 2.5 3.1 0.16 2.5 
16.1 28.8 11.1 1.3 43.1 2.6 3.0 0.08 2.0 
16.0 26.2 11.1 1.4 40.2 2.4 3.4 0.08 1.9 
21.9 28.6 11.6 1.4 42.8 2.5 3.2 0.08 1.8 
21.0 26.6 11.0 1.5 40.6 2.4 3.7 0.10 2.5 
21.8 27.8 11.2 1.4 42.3 2.5 3.3 0.06 1.6 
19.2 26.0 11.4 1.2 40.0 2.3 3.1 0.07 1.6 
19.9 27.4 11.8 1.3 41.8 2.3 3.1 0.06 1.3 
16.2 25.9 10.8 1.4 39.8 2.4 3.6 0.12 2.3 
22.8 29.1 11.6 1.4 43.8 2.5 3.2 0.08 1.9 
20.4 25.4 10.8 1.3 38.9 2.3 3.5 0.08 1.9 
28.7 29.3 12.4 1.5 44.6 2.4 3.4 0.08 1.9 
14.4 25.5 10.8 1.0 39.2 2.4 2.6 0.06 1.1 
15.2 28.5 11.5 1.1 43.1 2.5 2.7 0.05 1.5 
22.3 25.9 11.4 1.3 40.2 2.3 3.2 0.05 1.5 
20.5 28.8 11.9 1.4 43.6 2.4 3.3 0.07 1.6 
19.4 26.2 11.0 1.0 40.2 2.4 2.5 0.05 1.2 
14.9 28.4 11.4 1.2 42.9 2.5 2.8 0.05 1.2 
18.6 28.2 11.8 1.3 42.9 2.4 3.1 0.05 1.4 
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Table A6.4 continued 

SI<2 Ca2+ Mg2+ Na+ CECeff Ca2+:Mg2+ ESP EC SAR 

(%) cmol(+) kg-1   dS m-1 (mmol(+) L-1)1/2 
 

18.3 27.5 11.3 1.4 41.7 2.4 3.3 0.05 1.3 
15.1 29.3 11.7 1.0 43.6 2.5 2.3 0.09 1.5 
17.7 27.4 11.0 1.0 40.9 2.5 2.4 0.06 1.4 
18.7 28.2 11.8 1.1 42.5 2.4 2.5 0.06 1.5 
19.0 27.7 11.6 1.2 42.1 2.4 2.9 0.07 1.6 
10.9 28.2 11.3 1.0 42.1 2.5 2.5 0.11 1.7 
14.9 25.6 10.8 1.1 39.3 2.4 2.8 0.07 1.5 
19.6 29.4 11.7 1.2 43.8 2.5 2.8 0.05 1.2 
20.4 26.2 11.2 1.3 40.0 2.3 3.2 0.06 1.2 
19.4 27.2 10.6 1.6 41.2 2.6 3.8 0.13 2.9 
19.3 26.8 10.9 1.5 40.9 2.5 3.6 0.07 1.7 
18.4 26.9 11.0 1.4 40.6 2.4 3.3 0.07 1.6 
16.6 27.9 11.0 1.8 42.5 2.6 4.1 0.12 2.8 
18.1 28.8 11.6 1.3 43.6 2.5 2.9 0.07 1.7 
17.4 28.1 11.4 1.2 42.3 2.5 3.0 0.07 1.7 

 

Table A6.5 
Selected physico–chemical attributes of the laboratory irrigated H001 soil used for comparison of soils 

with current predictors of stability and for the development of a model of structural stability 

SI<2  Ca2+ Mg2+ Na+ CECeff Ca2+:Mg2+ ESP EC SAR 

(%) cmol(+) kg-1   dS m-1 (mmol(+) L-1)1/2 
 

14.7 14.3 9.1 2.0 26.8 1.6 7.6 0.12 1.8 
14.4 14.8 9.2 2.0 27.9 1.6 7.0 0.09 1.4 
17.5 14.4 9.5 1.9 27.2 1.5 6.8 0.08 1.2 
16.9 14.7 9.8 1.9 27.8 1.5 6.8 0.08 2.1 
8.8 12.5 8.0 1.9 24.1 1.6 8.0 0.11 3.3 
8.4 15.5 9.7 2.0 28.9 1.6 7.0 0.08 2.2 
12.2 14.2 9.6 1.9 27.1 1.5 7.1 0.08 1.8 
16.5 14.6 9.8 1.8 27.4 1.5 6.7 0.08 1.8 
5.4 13.5 8.6 1.5 25.1 1.6 5.9 0.10 2.4 
7.3 15.5 9.3 1.6 27.9 1.7 5.7 0.07 1.8 
10.1 13.6 9.3 1.6 26.1 1.5 6.1 0.06 1.7 
13.0 15.1 10.3 1.8 28.8 1.5 6.2 0.06 1.7 
5.6 10.7 6.6 0.6 19.9 1.6 3.1 0.12 1.1 
5.7 12.5 7.4 0.9 22.7 1.7 3.9 0.07 1.2 
8.2 14.7 9.1 1.1 26.2 1.6 4.1 0.06 1.3 
7.1 15.0 9.0 1.2 27.0 1.7 4.5 0.08 1.4 
7.0 10.1 6.2 1.2 19.1 1.6 6.1 0.07 1.8 
7.2 12.8 7.6 1.6 23.7 1.7 6.6 0.05 1.4 
10.0 14.1 9.2 1.9 26.9 1.5 7.2 0.06 1.5 
15.8 14.2 9.1 1.8 27.0 1.6 6.8 0.07 1.7 
7.2 11.6 7.6 1.6 22.3 1.5 7.3 0.13 2.9 
10.0 12.5 8.2 1.6 23.7 1.5 6.7 0.07 1.5 
15.1 13.0 8.6 1.8 24.8 1.5 7.3 0.07 1.5 
18.1 13.2 9.5 1.8 25.8 1.4 7.0 0.07 1.6 
5.1 10.1 6.0 1.2 18.8 1.7 6.5 0.15 3.1 
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Table A6.5 continued 

SI<2  Ca2+ Mg2+ Na+ CECeff Ca2+:Mg2+ ESP EC SAR 

(%) cmol(+) kg-1   dS m-1 (mmol(+) L-1)1/2 
 

6.3 11.3 6.8 1.3 21.0 1.7 6.3 0.07 1.6 
6.3 14.1 8.2 1.6 25.9 1.7 6.3 0.06 1.5 
10.9 13.0 8.0 1.8 24.6 1.6 7.1 0.07 1.6 
0.5 11.9 7.1 1.3 22.3 1.7 5.7 0.12 2.2 
1.7 10.5 6.4 1.3 19.7 1.6 6.4 0.06 1.4 
7.9 13.8 8.3 1.6 25.3 1.6 6.3 0.07 1.5 
11.8 14.9 9.6 1.8 27.9 1.6 6.3 0.09 1.9 
11.6 10.6 6.8 0.9 19.7 1.6 4.8 0.20 2.5 
8.9 14.0 8.9 1.6 25.8 1.6 6.1 0.08 1.6 
11.4 13.8 9.5 1.7 26.2 1.5 6.4 0.08 1.8 
16.0 14.2 9.5 1.8 26.7 1.5 6.7 0.08 1.6 
4.7 11.1 6.5 0.9 20.6 1.7 4.4 0.06 1.2 
5.0 11.8 6.9 1.2 21.5 1.7 5.4 0.04 1.0 
10.1 15.9 9.6 1.5 28.9 1.7 5.1 0.05 1.0 
7.3 13.5 8.8 1.5 25.3 1.5 5.9 0.05 1.2 
8.0 12.2 7.0 1.4 22.5 1.7 6.3 0.12 2.3 
13.7 13.6 8.5 1.7 25.9 1.6 6.4 0.07 1.4 
14.8 14.8 9.0 1.6 27.2 1.6 5.9 0.07 1.5 
17.8 14.1 9.4 1.9 27.0 1.5 6.9 0.10 2.0 
15.5 15.9 9.9 1.8 29.6 1.6 6.0 0.09 1.8 
18.0 14.7 9.8 1.7 27.6 1.5 6.1 0.11 2.1 

 

Table A6.6 
Selected physico–chemical attributes of the laboratory irrigated H002 soil used for comparison of soils 

with current predictors of stability and for the development of a model of structural stability 

SI<2  Ca2+ Mg2+ Na+ CECeff Ca2+:Mg2+ ESP EC SAR 

(%) cmol(+) kg-1   dS m-1 (mmol(+) L-1)1/2 
 

8.8 22.4 10.2 1.5 36.0 2.2 4.1 0.25 3.2 
10.1 19.2 9.3 1.4 31.4 2.1 4.4 0.14 2.6 
15.7 20.1 10.8 1.6 33.9 1.9 4.6 0.14 2.7 
15.2 18.1 11.0 1.6 31.8 1.6 5.0 0.15 2.9 
9.3 24.2 11.1 1.3 38.6 2.2 3.3 0.15 2.0 
11.0 20.3 9.9 1.2 33.0 2.1 3.6 0.12 1.7 
13.3 20.2 10.2 1.2 32.8 2.0 3.6 0.12 1.9 
12.1 19.4 10.6 1.3 32.4 1.8 3.9 0.13 2.0 
12.9 22.1 10.0 1.1 34.9 2.2 3.2 0.14 1.9 
9.9 20.4 9.7 1.2 32.9 2.1 3.6 0.13 2.0 
20.3 19.8 10.1 1.3 32.7 2.0 4.1 0.13 2.2 
24.0 19.2 11.0 1.4 32.9 1.7 4.2 0.14 2.4 
8.6 23.4 10.5 1.1 37.0 2.2 2.9 0.12 1.5 
14.8 21.0 10.5 1.1 34.2 2.0 3.3 0.12 1.6 
17.3 19.6 9.9 1.3 32.2 2.0 4.1 0.12 1.9 
16.3 19.7 10.4 1.3 32.8 1.9 4.0 0.12 2.0 
7.2 21.7 9.9 1.5 34.9 2.2 4.4 0.21 3.1 
15.9 21.9 10.2 1.5 35.3 2.2 4.3 0.15 2.6 
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Table A6.6 continued 
SI<2  Ca2+ Mg2+ Na+ CECeff Ca2+:Mg2+ ESP EC SAR 

(%) cmol(+) kg-1   dS m-1 (mmol(+) L-1)1/2 
 

23.1 18.7 9.4 1.6 30.9 2.0 5.0 0.15 2.8 
27.1 18.3 11.0 1.6 32.0 1.7 5.0 0.15 2.9 
4.8 23.7 10.5 1.6 37.3 2.3 4.2 0.21 3.1 
13.2 21.6 9.9 1.3 34.6 2.2 3.9 0.15 2.5 
17.9 18.5 9.2 1.3 30.5 2.0 4.4 0.15 2.5 
21.3 18.2 10.2 1.4 31.1 1.8 4.6 0.15 2.7 
14.2 22.7 11.3 1.9 37.4 2.0 5.0 0.21 3.5 
10.4 21.9 10.3 1.6 35.4 2.1 4.5 0.15 2.7 
21.2 17.4 9.4 1.6 29.8 1.8 5.4 0.15 2.9 
20.8 18.7 10.9 1.8 32.6 1.7 5.4 0.17 3.3 
9.5 19.8 9.2 1.6 32.3 2.2 5.1 0.21 3.2 
14.8 19.8 9.8 1.4 32.5 2.0 4.3 0.14 2.4 
14.0 19.5 9.9 1.4 32.0 2.0 4.3 0.14 2.3 
17.5 21.0 10.8 1.4 34.4 2.0 3.9 0.15 2.4 
10.4 20.6 10.2 0.7 33.3 2.0 2.1 0.18 0.8 
10.7 21.3 9.9 0.9 33.8 2.1 2.7 0.12 1.1 
14.2 19.7 9.8 1.0 31.8 2.0 3.1 0.13 1.5 
12.9 19.1 10.2 1.2 31.6 1.9 3.7 0.13 1.8 
8.2 24.3 12.1 1.2 39.1 2.0 3.1 0.29 2.2 
12.5 22.3 10.0 1.3 35.5 2.2 3.7 0.19 2.6 
20.2 19.1 10.2 1.7 32.3 1.9 5.2 0.18 3.3 
23.8 18.7 11.1 1.9 32.9 1.7 5.9 0.18 3.7 
12.1 21.7 10.2 1.7 35.2 2.1 4.8 0.24 3.6 
20.7 20.3 10.0 1.5 33.4 2.0 4.6 0.16 2.9 
17.0 18.8 10.1 1.6 31.8 1.9 5.1 0.18 3.1 
28.9 18.5 10.8 1.7 32.1 1.7 5.2 0.19 3.3 
17.3 20.2 9.6 1.7 33.0 2.1 5.2 0.22 3.8 
18.2 19.8 10.0 1.5 32.6 2.0 4.7 0.15 2.9 
23.8 18.2 10.4 1.6 31.4 1.8 4.9 0.16 2.9 
25.8 17.1 10.2 1.5 30.0 1.7 5.2 0.16 3.0 

 

Table A6.7 
Selected physico–chemical attributes of the laboratory irrigated N001 soil used for comparison of soils 

with current predictors of stability and for the development of a model of structural stability 

SI<2  Ca2+ Mg2+ Na+ CECeff Ca2+:Mg2+ ESP EC SAR 

(%) cmol(+) kg-1   dS m-1 (mmol(+) L-1)1/2 
 

31.2 26.9 10.3 3.3 42.7 2.6 7.8 0.17 3.2 
33.7 29.2 10.6 4.0 46.1 2.7 8.7 0.18 3.3 
37.4 27.4 11.2 4.6 45.5 2.4 10.2 0.19 3.5 
35.1 27.4 11.0 4.5 45.1 2.5 10.1 0.21 4.2 
24.7 29.3 11.0 3.8 45.5 2.7 8.4 0.18 4.2 
33.7 29.5 11.2 4.1 46.9 2.6 8.7 0.18 3.7 
29.0 23.4 10.2 4.0 39.3 2.3 10.1 0.19 4.7 
35.0 28.8 11.8 4.8 47.5 2.4 10.0 0.19 4.4 
24.3 24.7 9.9 4.3 41.1 2.5 10.6 0.20 5.3 
32.3 25.7 10.7 4.3 42.6 2.4 10.1 0.22 4.9 
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Table A6.7 continued 
SI<2  Ca2+ Mg2+ Na+ CECeff Ca2+:Mg2+ ESP EC SAR 

(%) cmol(+) kg-1   dS m-1 (mmol(+) L-1)1/2 
 

33.0 27.1 11.2 4.5 45.0 2.4 10.1 0.19 4.7 
31.8 26.2 10.6 4.3 42.9 2.5 10.1 0.21 4.8 
26.3 27.8 10.8 4.6 44.8 2.6 10.4 0.19 4.8 
31.6 28.2 10.7 4.5 45.6 2.6 9.8 0.19 4.6 
36.4 28.5 11.4 4.7 46.9 2.5 10.0 0.19 4.1 
35.7 23.6 10.8 4.5 41.1 2.2 11.1 0.20 4.7 
20.4 27.2 10.9 2.6 42.2 2.5 6.1 0.20 4.1 
25.6 27.1 10.6 3.3 43.3 2.5 7.7 0.20 4.3 
30.9 27.6 10.9 4.4 45.0 2.5 9.8 0.21 4.7 
33.9 25.7 10.8 4.2 42.4 2.4 9.8 0.21 5.0 
20.1 28.4 11.1 2.8 44.2 2.6 6.3 0.19 4.2 
30.9 24.8 10.3 3.4 40.1 2.4 8.5 0.19 4.2 
35.7 27.2 11.1 4.4 44.5 2.4 9.8 0.21 4.7 
30.8 25.4 10.9 4.5 42.6 2.3 10.5 0.22 4.7 
19.4 26.8 9.8 3.6 42.2 2.7 8.6 0.21 5.2 
28.8 28.1 10.6 4.0 44.7 2.6 9.0 0.20 4.4 
31.5 27.6 10.6 4.3 44.7 2.6 9.7 0.21 4.7 
31.8 25.7 11.0 4.4 42.8 2.3 10.2 0.20 4.4 
19.9 30.3 10.8 4.0 46.6 2.8 8.7 0.22 5.1 
27.2 23.7 9.9 4.0 39.3 2.4 10.1 0.20 4.1 
27.1 27.1 10.9 4.7 44.6 2.5 10.5 0.21 4.8 
32.6 25.0 10.4 4.7 42.1 2.4 11.1 0.21 4.5 
23.1 28.6 10.5 4.1 45.4 2.7 9.0 0.22 4.5 
29.9 26.8 10.5 4.2 43.6 2.6 9.7 0.20 4.2 
25.6 27.4 10.7 4.4 44.5 2.6 9.8 0.21 4.5 
23.7 26.4 10.5 4.2 43.3 2.5 9.8 0.21 4.6 
19.0 24.1 9.0 3.6 38.4 2.7 9.4 0.24 4.9 
24.7 27.7 10.7 4.3 44.7 2.6 9.6 0.20 4.1 
28.2 30.7 11.4 4.7 49.1 2.7 9.6 0.21 4.5 
26.5 27.2 11.1 4.6 44.8 2.5 10.3 0.21 4.7 
21.0 25.8 9.9 4.0 41.4 2.6 9.6 0.23 5.1 
27.6 26.1 10.6 4.2 43.0 2.5 9.7 0.20 4.1 
31.7 27.0 10.8 4.4 44.1 2.5 10.1 0.22 4.4 
33.8 23.9 10.6 4.4 40.8 2.2 10.8 0.21 4.5 
25.8 22.7 8.6 3.8 36.4 2.6 10.6 0.22 4.8 
25.1 25.4 9.3 3.8 40.2 2.7 9.5 0.21 4.5 
31.7 24.4 10.2 4.3 40.6 2.4 10.5 0.20 4.2 
32.3 26.2 10.6 4.4 43.1 2.5 10.2 0.21 4.3 

 

Table A6.8 
Selected physico–chemical attributes of the laboratory irrigated N002 soil used for comparison of soils 

with current predictors of stability and for the development of a model of structural stability 

SI<2  Ca2+ Mg2+ Na+ CECeff Ca2+:Mg2+ ESP EC SAR 

(%) cmol(+) kg-1   dS m-1 (mmol(+) L-1)1/2 
 

8.0 21.9 8.7 0.7 32.9 2.5 2.1 0.08 0.6 
9.3 24.2 9.0 0.8 35.5 2.7 2.3 0.08 0.7 
20.7 24.6 9.3 0.9 36.2 2.6 2.5 0.12 0.9 
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Table A6.8 continued 
SI<2  Ca2+ Mg2+ Na+ CECeff Ca2+:Mg2+ ESP EC SAR 

(%) cmol(+) kg-1   dS m-1 (mmol(+) L-1)1/2 
 

28.4 25.2 10.5 1.0 37.8 2.4 2.7 0.10 1.0 
4.7 26.3 9.3 0.7 38.0 2.8 1.9 0.08 0.6 
6.8 27.2 9.2 0.8 38.7 3.0 2.1 0.06 0.6 
12.6 27.0 9.4 0.9 38.7 2.9 2.3 0.05 0.7 
13.8 26.2 9.9 0.9 38.2 2.7 2.5 0.06 0.8 
7.8 25.6 9.6 1.0 37.9 2.7 2.6 0.10 1.0 
13.4 24.9 9.4 0.9 37.2 2.6 2.5 0.09 1.0 
25.4 25.9 10.1 1.0 38.3 2.6 2.7 0.10 1.1 
24.0 25.3 10.6 1.1 38.1 2.4 2.8 0.10 1.1 
7.0 27.0 10.2 1.0 39.9 2.7 2.4 0.11 1.1 
12.6 24.2 9.2 0.9 36.1 2.6 2.5 0.10 0.9 
27.5 27.4 10.3 1.0 40.0 2.7 2.4 0.11 1.0 
27.8 23.2 9.9 1.0 35.2 2.3 2.8 0.11 1.1 
7.4 24.9 9.7 0.7 36.9 2.6 1.8 0.15 0.8 
13.8 25.4 9.5 0.9 37.8 2.7 2.3 0.08 0.8 
11.8 26.6 9.9 0.9 38.6 2.7 2.2 0.08 0.9 
13.3 25.1 10.0 0.9 37.0 2.5 2.5 0.07 0.9 
5.5 27.9 10.7 0.7 41.2 2.6 1.6 0.20 0.7 
9.3 25.4 9.4 0.8 37.2 2.7 2.2 0.11 0.9 
21.0 27.5 10.1 0.8 39.9 2.7 2.0 0.11 0.9 
19.5 26.3 10.7 0.9 39.2 2.5 2.2 0.12 0.9 
9.1 26.1 9.6 1.1 38.4 2.7 2.9 0.17 1.7 
10.4 24.4 9.2 1.0 36.1 2.6 2.6 0.11 1.2 
18.0 28.0 10.5 1.0 41.0 2.7 2.3 0.12 1.2 
20.1 25.8 10.2 1.0 38.3 2.5 2.7 0.12 1.3 
4.1 25.7 9.1 1.0 37.6 2.8 2.7 0.19 1.7 
12.3 25.5 9.2 1.1 37.4 2.8 2.9 0.08 1.3 
18.4 29.8 10.6 1.1 42.7 2.8 2.6 0.07 1.2 
18.5 28.0 10.5 1.1 40.7 2.7 2.7 0.10 1.2 
5.1 29.4 10.4 1.1 42.7 2.8 2.6 0.16 1.6 
11.1 27.8 9.8 1.1 40.8 2.8 2.7 0.10 1.3 
16.4 28.4 10.1 1.1 40.8 2.8 2.7 0.08 1.3 
19.8 25.9 9.8 1.1 37.9 2.6 3.0 0.08 1.3 
5.4 25.4 9.7 1.2 38.0 2.6 3.2 0.16 2.0 
11.8 25.4 9.4 1.2 37.5 2.7 3.1 0.09 1.4 
14.5 27.4 9.7 1.1 39.6 2.8 2.7 0.10 1.3 
15.7 27.5 10.4 1.1 40.3 2.6 2.7 0.10 1.3 
9.5 27.0 9.8 1.0 39.7 2.8 2.5 0.24 1.6 
13.1 26.0 9.7 1.0 38.5 2.7 2.6 0.10 1.2 
17.3 27.8 10.4 1.1 40.6 2.7 2.7 0.10 1.3 
19.3 26.5 10.3 1.2 39.2 2.6 3.0 0.11 1.5 
4.2 26.0 9.5 0.9 38.3 2.7 2.4 0.30 1.5 
12.4 26.4 9.8 0.9 38.5 2.7 2.4 0.10 1.2 
17.8 28.3 10.5 1.1 41.2 2.7 2.6 0.09 1.2 
18.1 27.8 10.6 1.1 40.7 2.6 2.6 0.10 1.2 
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