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CHAPTER ONE: INTRODUCTION

1.1 Background History

The problem of dryland salinity and alkalinity has been investigated in some detail in the arid and

semi-arid regions of southern New South Wales, Victoria, South Australia and Western Australia

(Jessup 1960; Jackson 1962; Peck 1971; Hillman 1981 and Jenkin 1981). The earliest recorded

observation was made by Wood (1924). Literature dealing with salt affected regions throughout

Australia emphasised that the occurrence of salt affected land is associated with specific features of

surface and bedrock geology, in combination with particular hydrological systems. Other factors

such as specific soil types, the amount of natural salts in the soil profile and local land management

practices can also influence the development of dryland salinity and alkalinity. Factors responsible

for salinity/alkalinity throughout the different states of Australia vary due to the great diversity of

parent materials with different rates of weathering and leaching in combination with different

climatic and vegetation patterns. Work by Peck (1978) emphaised the role of localised wicking of

soluble salts which results in salts being brought up to the surface in dry conditions. Peck (1978)

attributed salinity problems in Western Australia to hydrological disturbances resulting from the

combination of tree clearing and agricultural pursuits. On the other hand, in Victoria the literature

focuses primarily on loss of tree cover and increase in the level of watertables as responsible for

salinity problems (Dyson 1983, Morris and Thompson 1983, Williamson 1978).

The literature in general, however, supports the view that salinity in Australia is derived from relict

salts and its origins and distribution varies with different soil types across the continent. The

occurrence of both saline and alkaline soils is widespread (Jessup 1960). Due to the variability of

parent materials and climatic conditions, different scenarios will therefore apply in relation to the

development of salinity and alkalinity in different parts of Australia.

1.2 Northern Tablelands Perspective

European land management practices were commenced in the region as early as 1840, with grazing

enterprises involving cattle, sheep and fat lambs dominant and only small amounts of cropping on

individual farms (Walker 1963). Grazing pressure on pastures, in combination with compaction of

soil profiles via the introduction of hard hoofed animals such as sheep and cattle, and the use of fire,

has lead to changes in the species composition of pastures (Lodge and Whalley 1989). Compaction

is of major concern in the development of salt induced problems resulting in the breakdown of soil

structural properties and the reduction in the infiltration capacity of soils to rainwater. This results
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in the formation of impermeable compacted soil layers (Peck et al. 1983). Deeper percolation of

rainwater is substantially reduced, which results in the accumulation in the soil profile of soluble

salts that normally would have been leached out by rainfall. The increase in the concentration of

soluble salts can be detrimental to plant growth and because different species vary in their tolerance,

changes in the species composition of the vegetation occur. The eventual death of plants results

when the concentration of soluble salts exceeds tolerable levels and patches of bare ground appear.

Saline/alkaline scalds are widespread throughout parts of the Northern Tablelands and are generally

characterised either by bare patches of ground or support a sparse cover of Cynodon dactylon

(couch grass) and/or Hordeum marinum (sea barley grass)(Kreeb et al. 1995). Stock exacerbate

problems on scalds by soil compaction and the removal of ground cover through the effects of

trampling and grazing (Kreeb et al.1995). Improved pasture species usually do not grow on

saline/alkaline scalds because of pH levels over 10 and poor soil structure. As early as 1965 Jessup

(1965) reported solodic soils within the New England region with pH values in excess of 9

increasing down the profile. Other work by Stone (1990) and Carter (1993) also found high soil pH

values in the Walcha and Kingstown regions respectively.

1.3 Aims of the Project

The majority of the literature surrounding the development of saline scalds in pasture areas in non

semi-arid areas of Western Australia has focused on the removal of native vegetative from the

landscape as the main cause of salinity problems, with tree removal resulting in additional

groundwater, rising water tables and salt seeps (Smith 1961; Conacher and Murray 1973; Conacher

1975; Hingston and Gailitis 1976; Hillman 1981; Peck 1981; Cole and Middelmas 1985; Gregory

et al. 1992 ). Literature on scalds occurring in Victoria also states that tree removal results in excess

water percolating into the soil profile where stored salts are mobilised and re-distributed to other

parts of the landscape via water movement as throughflow and capillary rise of water tables. Lateral

movement of water as throughflow results in waterlogging of low lying areas (Jenkin 1978, Jenkin

1981; Dyson 1983; Hill 1988).

Scalds on pasture areas on the Northern Tablelands of New South Wales are a concern to

landholders as they affect production. Preliminary studies by Kreeb et al. (1995) on scalds at

"Miramoona", suggested that they are ecologically complex and differ from scalds described in

'Botanical nomenclature throughout this thesis is in accordance with Harden (1990-1993).
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other parts of Australia. High alkalinity with or without high salinity is a feature of these scalds.

Kreeb's findings indicated that the development of these scalds are dependent upon alternating dry

and wet seasons with different rainfall patterns occurring from year to year. Perhaps the seasonal

unreliability of the rainfall on the Northern Tablelands determines the severity and extent of these

scalds. During dry periods soluble salts concentrate, while in wet periods they are diluted and

dispersed over the landscape. On the other hand the rainfall in Western Australia and Victoria is

winter dominant with regular seasonal increases in the groundwater systems which is exacerbated

by replacement of deep rooted trees by shallow rooted winter cereals.

Another feature of the scalds described by Kreeb et al. (1995) is the high alkalinity resulting from

the presence of sodium carbonates and/or bicarbonates. The high chloride levels found in other saline

areas of Western Australia and Victoria were not found in the scalds at "Miramoona" described by

these authors.

Kreeb et al. (1995) investigated one set of scalds on one property and extrapolated these results to

include other scalds in the district. The hypothesis tested in the present study was that scalds in the

Uralla/Walcha district are similar to those found at "Miramoona" by Kreeb et al. (1995) and that

these scalds are different from those found in most other areas of Australia. This hypothesis was

tested by:

1. surveying the occurrence of saline/alkaline patches in the Uralla/Walcha district;

2. classifying individual saline/alkaline patches in terms of salinity and alkalinity;

3. undertaking detailed baseline soil sampling on some of these saline/alkaline patches;

4. postulated and tested several ameliorative procedures which would cause minimum interference

with property management.
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CHAPTER TWO: DESCRIPTION OF THE STUDY AREA

2.1 Study Area

The study area was bounded by Uralla in the north and Walcha in the south on the Northern

Tablelands of New South Wales and specifically included properties in the Harnham and Bozo

landcare groups. The topography is undulating and varies in altitude from approximately 800 to over

1500 m (Swan 1977). The locations of the properties used in the study are shown on figure 2.1.

Figure 2.1 Location of properties in the Harnham and Bozo landcare groups (NRMA map).
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2.2 Geology and Geomorphology

Palaeozoic metamorphic sediments some 230-670 million years old and generally of marine origin

dominate the Uralla and Walcha regions. Granites of various types are found intruded into these

metamorphic sediments. The granites were covered with tertiary basalts some 65-10 million years

ago, but only a few caps of basalt remain (Harrington 1977). The landscape consists of a gently

undulating and hilly terrain.

The Sandon beds which cover most of the Uralla-Walcha region, are comprised of low grade

regionally metamorphosed muchly deformed lithic wacke, conglomerate, siltstone, mudstone, minor

chert, jasper and spilite and were laid down in a deep water marine environment (Brown et al. 1992).

These highly folded and deformed sedimentary beds consist of a number of permeable and

impermeable layers containing cracks and fissures which allow the passage of groundwater in

irregular patterns (Kreeb et al. 1995). Generally these rocks are higher in sodium and potassium than

calcium and magnesium. The potassium generally becomes immobilised in clays, while the sodium

tends to remain quite mobile (Brown et al. 1992).

Geomorphological features such as folds in permeable and impermeable layers and cracks and

fissures within them play a critical role in determining the occurrence of saline/alkaline scalds and

their position in the landscape. Lateral flow of groundwater moving from hill slopes is often

impeded by an impermeable layer of clay or rock, or concentrated by cracks and fissures so that the

water comes to the surface in a higher position on the hillslope than would be normally anticipated

resulting in a perched water table at that site and possibly a saline/alkaline scald (Charman and Junor

1989).

2.3 Soils

A great diversity of soils is found on the Northern Tablelands (Jessup 1965) and the main soil types

found in the Uralla-Walcha region are yellow podzolics and solodics. The general characteristics

displayed by these duplex soils is the abrupt change between the A and B horizons. The A horizon

varies from a loamy sand to a silt loam or clay loam (Jessup 1965) while the B horizon has a much

higher clay content becoming firm when moist and plastic and sticky when wet. The B horizon is

blocky, prismatic and often exhibits a rise in pH with depth.
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Yellow podzolics generally occur on a variety of siliceous sedimentary and granitic parent rocks

that yield clay on weathering (Stace et al. 1968) and maintain mid to lower positions on slopes in

hilly country. Yellow podzolics are often found on weakly metamorphosed Palaeozoic rocks and

soil variability over short distances is common because of the nature of the underlying folded beds

which are strongly dipping and vary from iron-rich to highly weathered and impoverished kaolinized

saprolites (McGarity 1977).

Yellow solodic soils also have a clear boundary between the A and B horizons with a sandy loam

A horizon which overlies a sandy clay loam B horizon. The B horizon is massive in structure and

is alkaline with pH values of up to 10 (Jessup 1965). The consistency of the B horizon is generally

firm to extremely hard when moist condition prevail and plastic to sticky when wet. Initially these

soils were perhaps yellow podzolics but under various leaching regimes the sodium ions have

accumulated in the soil profile and altered the permeability and structure to form solodics (McGarity

1977). Solodics are found on lower slopes in the landscape and are considered only moderately

productive and highly erosive. The main morphological difference which occurs between the

podzolic and solodics is that the boundary of the solodics is more sharply defined, the B horizon

of the solodics are less permeable to water, with exchangeable cations dominated by sodium or

sodium plus magnesium and very high pH values (Jessup 1965).

2.4 Climate

The general climate of the Northern Tablelands varies from cool in the winter to mild temperate

during spring and summer, the temperature varying according to topography and relief. The rainfall

in the east varies between 1000-1500 mm while in the west the range is from 500-700 mm (Hobbs

and Jackson 1977). The mean annual rainfall at Uralla is 771 mm and 811 mm at Walcha situated

some 40 km to the south with the average summer rainfall higher than the winter (Fig. 2.2). Parts

of the Walcha district receive up to 1500 mm per annum (Hobbs and Jackson, 1977). However,

seasonal variability of rainfall is high and the rainfall pattern varies dramatically from year to year.

Spatial variability of rainfall occurs across the study region of 77000 ha, so the figures mentioned

above are only a general guide and the broad-scale patterns are modified substantially by local

effects. There is often variation in rainfall between districts and even between parts of the one large

property. Potential evaporation is also a meterological factor besides rainfall that needs to be

considered.
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Mean monthly minimum temperatures range from 0 to 20° C while mean maximum temperatures

are in the vicinity of 12 to 35° C. Walcha generally experiences slightly cooler temperatures than

Uralla. Annual evaporation ranges from 1100 mm to 1700 mm (Hobbs and Jackson 1977). Frosts

occur as early as April and extend through to October, with August being the windiest month.

Westerly and south-westerly air currents predominate with easterly winds occurring in summer

(Hobbs and Jackson 1977).

Figure 2.2 Mean monthly rainfall for Uralla and Walcha, Northern Tablelands.
Source: (Premier's Department 1951)
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Annual and seasonal rainfall variations are important in relation to the development of scalds and

these rainfall fluctuations seem to be related to El Nino and La Nina events (Partridge 1994). El Nino

occurs every three to six years when the waters of the eastern Pacific are abnormally warm resulting

in drought conditions prevailing over eastern Australia. La Nina is the opposite to El Nino and the

waters of eastern Pacific are abnormally cold resulting in more rainfall over eastern Australia

(Partridge 1994). The rainfall sequences associated with El Nino and La Nina result in a large

amount of rainfall variability which affects the amount of water falling on the region and the

recharge/discharge of aquifers. The Northern Tablelands therefore experiences irregular excessively

wet and dry periods, for example the very wet winters of 1989 and 1990 (Kreeb et al. 1995).

2.5 Vegetation

The natural vegetation on the Northern Tablelands has been altered firstly by Aboriginal burning

followed by clearing and establishment of grazing enterprises by the early settlers (Smith and

Turvey 1977; Williams 1985; Curtis 1989). It is not clear what effects the regular burning of the

Australian landscape by the Aboriginal people had and what changes in vegetation occurred before

the arrival of the early settlers. Grazing began on the Northern Tablelands in 1832 with the first

settlers in the Walcha district (Walker 1961). Clearing of trees occurred from 1850 to 1870 for

agricultural pursuits such as sheep and cattle grazing, crops and for the provision of timber (Walker

1963). By 1890 a total of 450,000 hectares of trees had either been ringbarked or cleared (Walker

1961). It is uncertain whether the clearing during the early part of the 19th century in combination

with the removal of Aboriginal burning increased or decreased tree density by this time. With the

introduction of aerial sowing of pastures during the 1950s clearing again occurred, probably of new

growth following previous clearing episodes (Harris 1982). Today timber cover in the region is

relatively sparse because of a combination of clearing with little regeneration to replace old trees

affected by dieback. Dieback problems plagued the district during the 1970s and 80s (Curtis 1989)

resulting in a landscape on the Northern Tablelands of undulating hilly country, devoid of healthy

mature stands of eucalypts and understorey shrubs. The Walcha district generally has better timber

cover and more healthy trees than the Uralla and Wollun districts which have the least number of

trees remaining in the landscape.
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CHAPTER THREE: LITERATURE REVIEW

3.1 Saline and Alkaline Soils in Australia

Australia has the world's highest ratio of salt-affected soils in relation to the total surface area of the

continent, perhaps because it is the driest continent as well as having pronounced geochemical

accumulation of salts (Charman and Murphy 1991). An area of 2,383,300 square kilometres,

approximately 33% of Australia's total area is affected by some form of soluble salt (Fig. 3.1). In

Fig. 3.1 three types of salt-affected soils are mapped, namely saline soils, saline/alkaline soils and

non-saline/alkaline soils.

Figure 3.1. Distribution of salt-affected soils in Australia.
Source: (Szabolcs 1989)

Saline soils are generally found in desert and semi-desert areas. while alkaline soils are found in

areas with semiarid and subhumid climates (Szabolcs 1989).
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3.2 Review of Salinity and Alkalinity

Salts which contribute to the formation of saline soils in the Australian landscape are derived from

cyclic salt, weathering of soil and rock material and fossil salts (Downes 1954; Valach 1967; Israel

and Israel 1974; Hingston and Gailitis 1976; Peck 1977; Jurinak 1990). An understanding of the

origins of salts is important in any study of soil salinity.

3.2.1 Source of Salts

Cyclic Salts

Cyclic salts are those which are introduced to the landscape from rainfall and/or dry fallout (Gunn

and Richardson 1979). The oceans are the main source of these cyclic salts which are derived from

ocean spray. The water from the spray evaporates and the micro fine salt particles are carried by the

wind across the coast and deposited in decreasing concentration with distance from the sea (Israel

and Israel 1974; Gunn and Richardson 1979). Local topography and the protection given by

mountain systems can also have a considerable effect on the amount of salt deposited on a landscape

(Gunn and Richardson 1979). The term cyclic refers to the fact that these salts are returned to their

ocean source via overland and subsurface flow.

Dust from deserts and cultivated regions can also contribute salts to coastal regions. Volcanic

emanations can contribute to levels of atmospheric chlorine (Valach 1967) and in regions which are

heavily populated aerosols commonly contain appreciable sulfates, chlorides and heavy metals as

a result of industrial pollution (Peirson et al. 1974). The majority of literature reviewing

atmospheric accession indicates that there are substantial concentrations of salts in rainfall and the

ionic composition resembles that of sea water near coastal regions. Further inland the concentration

decreases and the ionic composition changes due to an increasing contribution of terrestrial material

(Peck 1977).

The amount of cyclic salt accumulated is dependent on the relationship between evaporation and

precipitation as well as distance from the ocean (Downes 1954). He also concluded that:

"Although the amount of salt deposited diminishes with distance from the coast, the

increasing evaporation and diminishing rainfall gives less Efficient leaching.

Consequently the maximum accumulation will occur at some zone inland where there
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exists the maximum difference between the salt gained from the atmosphere and the

salt lost by leaching. The accumulation of salt will also be affected by the type of

soil, less salt being accumulated in a free draining light textured soil than in a heavy

textured poorly drained soil."

Variations in climatic conditions in recent geological times has influenced the distribution of cyclic

salts in inland Australia. Bowler (1976) stated that evidence of windy conditions in the past

contributing to salt being transported inland and this theory is supported by the existence of aeolian

features of lunettes, relict dunes, sand drifts and evidence of ancient infilling of old river channels

in semi-arid regions of eastern Australia.

Downes (1954) suggested that from analyses of Victorian and South Australian soils, the maximum

accumulation of salt occurs in the region of the 12 inch (300 mm) isohyet under present climatic

conditions. During past periods of aridity the zone of maximum accumulation would have been

associated with a higher average annual rainfall due to a greater amount of salt per inch of rain being

deposited. This accumulation of salt which would have converted previously non-saline soils to

saline and with the onset of more pluvial conditions desalinization would occur depending on the

amount of rainfall and degree of leaching (Downes 1954).

"Depending on the original calcium status of the soil, the amount of salt

accumulated, the amount of rainfall, the permeability of the soil and consequent

degree of leaching, desalinization would lead to the formation of solonized,

solonetzic, solodized solonetz, or solodic soils. Such effects would have operated on

all soils which occupied land surfaces existing at that time, and since there has been

little topographic change in the post-Arid Period, these effects would apply in

varying degrees throughout south-eastern Australia."

Downes (1954) delineated zones of varying degrees of solonization (Fig. 3.2) with the assumption

that zones of maximum salt accumulation and subsequent leaching occurred on either side of the 14

inch (350 mm) isohyet and within the 11-16 inch (275-400 mm) isohyets which now have a higher

rainfall of 20-30 inches (500-750 mm) per annum. The relative contribution of salts of marine origin

cannot really be determined (Hingston and Gailitis 1976).
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Figure 3.2 Major pedogentic zones resulting from the Recent Arid Period in south eastern Australia.
Source: (Downes 1954)

Changes to the exchangeable ion suite of soils resulting from the accession of cyclic salt occur when

exchangeable calcium and magnesium are low, or when soils accumulate high concentrations of

soluble salts. A soil which has become highly saline by the addition of sea salt develops a

predominantly sodium/magnesium clay complex and with leaching there is a tendency for the

sodium to be replaced easily by calcium if present or more commonly hydrogen, the magnesium

remaining adsorbed to the clay. If the calcium status is high then little chemical change will occur

from leaching but if the calcium status is low then solodisation can occur (Kelly 1951).

Downes (1954) stated that:

"it is reasonable to believe that soils showing in the B horizons a particularly low

ratio of exchangeable calcium to magnesium have been salinized and desalinized.

This belief is strengthened if the ratio of exchangeable potassium and sodium is also

low".

Downes (1954) summarised factors affecting salinisation and desalination in Table 3.1.



FACTORS AFFECTING SALINIZAT/ON AND DESALINIZATION

(i) Accession of salt depending on:
Rainfall

Total amount per annum
Amount of salt per inch of rain

1. Distance from the coast
2. Local topography
3. Latitude?

Type of rain
Occasional heavy falls
Many light showers

Retention of salt in the soil depending
on :

Evaporation in relation to rainfall
Soil type

Permeability
Clay content
Clay type—both exchange capacity

and nature of cations
Calcium status

PRE-ARID SOILS

44

(ii)

POST-ARID SOILS SALINIZED TO VARYING DEGREES

4,
Desalinized to varying degrees depending on:

Rainfall/evaporation ratio
Soil type

Permeability
Clay content
Clay type—both exchange capacity and

nature of cations
Calcium status

4,
PRESENT SOILS

Solods, solodic, solonized, and unaffected soils
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Table 3.1 Factors affecting salinisation and desalinisation
Source: (Downes 1954)

Rock Weathering

Salt production from rock weathering depends on the mineralogy of the rocks and the weathering

conditions. Whether the salt remains in situ appears to depend on the rainfall and leaching (Stumm

and Morgan 1970). The theories surrounding the explanation of the presence of soluble salts in

deeply weathered profiles is still a matter for debate and only tentative conclusions can be drawn

from research to date. The normal process of rock weathering consists of mechanical disintegration

followed by chemical changes via the action of water and carbon dioxide on disintegrated rock

(Prescott 1952). The formation of rocks is principally under high temperature and pressure regimes

and the minerals which comprise these rocks are usually thermodynamically unstable when exposed

to atmospheric conditions. Jurinak (1990) defined weathering as:

"a spontaneous process that transforms primary minerals to other minerals which

are more stable at the earth's surface. The main reagents involved in geochemical
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weathering include water, oxygen and carbon dioxide with the biosphere enhancing

weathering because of its increased levels of CO 2 and organic matter".

According to Borovsky and Pogrebinsky (1964) the weathering of rocks is the primary source of

soluble salts accumulating in natural waters, sediments and soils. Borovsky (1982) researching the

soils of Kazakhstan demonstrated the effect of weathering and its relation to leaching. This is

diagrammatically represented in Fig. 3.3, which shows that the accumulation of soluble salts is

proportional to the intensity of the weathering process and inversely proportional to the intensity of

leaching.

Figure 3.3 The formation of significant amounts of various compounds in relation to the combined
action of weathering and leaching.

Source: (Borovsky 1982)

During Australia's Tertiary period, the development of weathered landscapes occurred under a

warm humid climate, low relief, deep seepage, minimal runoff and fluctuating high groundwater

tables (Gunn and Richardson 1979), in combination with the accumulation of organic matter under

the rainforest vegetation of the time. This resulted in chemical weathering and the accumulation of

different minerals (Gill 1961).
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Climatic conditions tend to reflect the extent and intensity of any weathering process with the

presence of water the most important factor. Jurinak (1990) stated that:

"water serves as a reactant in mineral transformation and is the medium that

transports dissolved and suspended matter from the system. This transport of the

weathering products depends on sufficient rainfall to move the soluble salts through

the surface soil into the ground water, eventually into rivers and ultimately oceans"

Arid and semi arid areas are especially prone to the development of saline/alkaline soils from the

weathering of primary minerals, resulting in water soluble products which accumulate because of

limited leaching via rainfall. Distribution of the various products of weathering occurs via movement

either down the profile or the resultant soil profile is determined by the amount of leaching, the

amount and direction of movement of soil water and its dissolved or colloid content (Prescott 1952).

In zones of heavy rainfall soil leaching is at a maximum. Prescott (1952) listed the order of mobility

of substances within the soil as: sodium and magnesium salts, calcium chloride, gypsum, magnesium

and calcium carbonates, clay, humus, oxides of manganese and oxides of iron.

The problem of determining the source of soluble salts is difficult because the climatic and geologic

conditions which prevailed when the salts were formed probably no longer exist today and research

to determine causal factors relating to the source of salts are based on a residual weathered and relict

landscape. Gunn and Richardson (1979) stated that:

"the application of present-day rates of weathering or accession to explain the

nature and occurrence of relict features may be of doubtful validity".

Gunn and Richardson (1979) stated that most of eastern Australia is underlain by sedimentary rocks

of various age which were laid down in marine, parhelic or freshwater environments, with

sedimentary rock of Palaeozoic to Cainozoic age affected by chemical weathering in the Tertiary.

Gunn and Richardson (1979) listed sodium and chloride as the dominant soluble ions in the lower

zones of deeply weathered profiles in eastern Australia. Weathered sedimentary rocks of marine

origin are also sources of magnesium and sulfate (Gunn and Richardson 1979). Gunn (1974) states

that soils formed on basaltic rocks have very low concentrations of salt. Work by Gibbons and

Downes (1964) on basalts in Victoria indicate low contents of chloride and soluble salts. Kenley

(1974) supported this finding and claims the source of salts in salt-affected soils found in this region
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were basically derived from deeply weathered Tertiary sediments of marine origin and Palaeozoic

volcanic rocks beneath the basalt. Gunn and Richardson (1979) stated that evidence exists from their

studies and various other authors (Crack and Isbell 1971; Bruce-Smith 1973) that the distribution

of salt-affected areas is correlated with old residual landscapes.

The most effective agents for the weathering of carbonates and silicates is acid waters (Lerman

1978). The main types are charged rainwaters, soil waters and volcanic hot springs. Rainwater in

equilibrium with ideally CO 2 has a pH of 5 for 300 ppm atmospheric CO,. In addition to dissolved

CO2 species rainwater also contains significant amounts of other solutes. En order of abundance the

most common cations in rainwater are Nat, Ca2+, IC while the major anions in addition to Cl-

are SO42- and NO 3- (Lerman 1978). Soil waters often show lower pH values than rainwater, having

absorbed additional CO2 produced by bacterial decay of organic matter in the Upper A-horizon

(Williams and Coleman 1950). Although extremely potent as weathering agents volcanic spring

waters are of local importance only.

By far the most important weathering reactions are soil water-bedrock interactions (Stumm and

Morgan 1970). The highest solute load is acquired by the dissolution of saline minerals such as halite

or gypsum.' The solubility of silicates is complex as many dissolution reactions involve the

precipitation of another silicate such as a clay mineral (Stumm and Morgan 1970). Reaction products

such as montmorillonite and gibbsite have different Si/A1 ratios, hence the silica to cation ratios of

the final waters will be different. Albite weathering to montmorillonite will release Si/Na in the

molar ratio of 1:1, while albite to gibbsite will produce Si/Na of 3:1. Which clay mineral forms in

a particular weathering situation depends primarily upon the local drainage conditions (Cleaves et

al. 1970). Lerman (1978) observed that silicate minerals have greatly differing resistance to

weathering attack which has a major influence on the final solute load of the soil waters.

Fossil Salts

Bresler et al. (1982) described fossil salts as:

"Salts derived from prior salt deposits or from connate (entrapped) solutions

present in former marine sediments laid down in earlier geological times."
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Bresler et al. 1982 stated that the most dramatic instances of salt accumulation in arid regions have

resulted from fossil salts. Fossil salts are mostly confined to marine sediments and they can be

released and accumulate in soils depending on the permeability of the rocks and the pathways taken

by the resultant salt-laden groundwater. Therefore, fossil salts will only be a problem in soils

associated with rocks containing such salts.

Studies completed by Van Dijk (1969) suggested that substantial quantities of relict salts were

naturally present in the Palaeozoic sediments in the Yass Valley district of New South Wales and

that the salt is a residual feature of the former ancient valley floors. Van Dijk (1969) found

appreciable quantities of salts retained in the interior of rocks which were remnants of these ancient

wide valley floors. The subsequent dissection of the landscape sometimes left the salts entrapped in

elevated positions in hills and ridges. Salts can be released during periods of sudden heavy rainfall

following severe droughts.

Rocks on the Southern Tableland district are thinly bedded, highly fractured and occurring in steeply

dipping positions. Van Dijk (1969) postulated that:

"Percolating rainwater draining through these fragmented rocks will essentially

move through the open spaces between the individual rockfragmenis without passing

through the interiors of the rock mass. Consequently, weathered rock of this type of

structure is less prone to internal leaching than rocks of massive structure in which

percolating water may move to a greater extent through the entire mass of the rock "

3.2.2 Alkalinity

Alkalinity results when soils are affected by excess exchangeable sodium and sodium carbonates or

potassium carbonates. Alkalinity can be represented by the equation below or the total concentration

of cations minus the total concentration of anions other than carbonates (Gupta and Abrol 1990).

The square brackets denote molar concentrations.

Alk = [Na +]+[K +] +2 [Ca 2 +Mg 2 ] -[C11 -2[SO: ]

An increase in alkalinity will result from either an equivalent increase in the total cation

concentration or an increase in the carbonate concentration which can be brought about by several
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chemical processes in soils including the weathering of mineral carbonates under the influence of

carbon dioxide, or by the physicochemical process of hydrolysis of sodic soils (Gupta and Abrol

1990). A simplified version of the above equation can be represented as follows:

Alk = [11CO 3 ]+2[CO 32
 
 ]+[0111-[H

The criteria for alkaline soils are not based on their pH status but rather on the amount of sodium on

the soil complex. Authors such as Szabolcs (1985) and Allison (1964) refer to such soils as sodic

soils rather than alkaline soils, but they will be referred to as alkaline throughout this thesis to avoid

confusion.

The sodium adsorption ratio (SAR) is the ratio of soluble sodium to soluble calcium plus magnesium

in water and exchangeable sodium percentage (ESP) is a measure of the relative amount of sodium

on the exchange complex of the soil and correlates well with soil physical properties like shrink-

swell capacity, hydraulic conductivity, dispersion, and swelling volume of clays. These two attribute

are expressed by the following equations:

SAR - [Na +] 

[Ca 2+ + Mg 2
+]

2

Exchangeable Na
ESP - 	  x 100

CEC

where: CEC = cation exchange capacity

Source: (Hausenbuiller 1985)

The sodium adsorption ratio is a more convenient measurement which in most soils can substitute

for ESP. However, the disadvantage lies in that the SAR provides no information about the potential

of water to give high pH values if it percolates through a soil (Van Beek and Van Breeman 1973).

Van Beek and Van Breeman 1973 stated that alkaline waters can give rise to sodic soils but a sodic

soil does not necessary have a high pH. At present there is no index which is applicable to the pH

of alkali soils in the scientific literature (Van Beek and Van Breeman 1973).
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Stumm and Morgan (1970) suggested that the alkalinity of alkali (sodic) soils is based on a balance

of divalent cations with alkalinity being a measure of the acid neutralising capacity of an aqueous

carbonate system. The pH of an aqueous carbonate solution is a function of the partial pressure of

carbon dioxide, in equilibrium with the solution and the alkalinity of the solution.

Alkalinity in most natural waters can be defined as the total concentration of cations minus the total

concentration of anions other than carbonates as mentioned previously (Van Beek and Van Breeman

1973).

An increase in alkalinity can be caused by an equivalent increase in the total cation concentration

or an equivalent decrease in the concentration of anions exclusive of carbonates. An equivalent

increase in the total cation concentration in the soil profile can be illustrated by the weathering of

minerals under the influence of carbon dioxide. For divalent metal carbonates this process can be

represented by the following equation:

M I CO 3 + CO2 + H2 0 = M 2  + 2HCO3

Source: (Van Beek and Van Breeman 1973)

The development of alkalinity generally involves both a high exchangeable sodium percentage (ESP)

and a high pH. Sodium in ground waters in combination with evaporation from the surface causes

an increase in the salt concentration of the upper horizons of the soil profile and consequently in the

concentration of exchangeable sodium (Van Beek and Van Breeman 1973). Subsequent dilution of

the soil solution by rain results in the desorption and hydrolysis of the weakly adsorbed Na f with a

rise in pH (Mashhady and Rowell 1978).

The characteristics of alkaline salts are that they are generally readily soluble in water and when

dissolved move upward or downward within the soil profile with soil moisture migration (Bresler

et al. 1982). Conditions that favour evaporation from the surface of the soil result in the

accumulation of alkali salts at or near the surface, while rainfall leaches salts down the soil profile.

In non-irrigated land, alkali is present where water accumulates such as where the ground water

tables lie close to the surface. In such cases the salts may have existed originally lower in the soil

profile. A perched water table in combination with high evaporative rates results in these salts being

brought to the surface forming a white crust (Szabolcs 1989).
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Soil physical properties are adversely affected when the electrolyte concentration is below a

threshold concentration required for flocculation of the clay fraction, with leaching by rain of soluble

salts resulting in a degraded soil structure (Rengasamy and Olsson 1991). The main factors

responsible for the high pH of alkaline soils is due to the partial pressure of CO 2 and the

concentrations of CO 32- and HCO 3- ions. Carbonate and bicarbonate concentrations increase due to

evaporation, divalent cations such as calcium and magnesium become low and monovalent cations

such as sodium and potassium accumulate in the soil profile. The SAR increases with an associate

increase in pH caused by the formation of NaHCO3 and Na2CO3.

Szabolcs (1989) described alkali soils with a structured B horizon as possessing a high proportion

of exchangeable sodium ion (ESP>15) with the B horizon consisting of well-developed structural

elements, which distinguish it from the A horizon above (Fig.3.4).

The high exchangeable sodium content in the B horizon of these soils is responsible for poor soil

structural physical properties, low infiltration capacity and a compact structure of the B horizon

(Szabolcs 1989).

Figure 3.4 Schematic profiles of alkali soils with structural B horizons (solonetz) showing different
soil profile development.

Source: (Szabolcs 1989)
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Depending on local conditions, alkali soils with a structured B horizon may contain water -soluble

sodium salts in the A horizon which can consist of bicarbonates, sulfates and chlorides (Szabolcs

1989). Szabolcs (1989) stated:

"The maximum accumulation of water-soluble salts in the profile usually occurs in

the lower part of the B 2 horizon, but depending on the conditions of soil formation,

it may also appear in other layers, either above or below the B horizon. In the B

horizon the sodium ions are mainly in exchangeable form, adsorbed onto the soil

colloids. These exchangeable sodium ions - depending upon the conditions of

equilibrium between the solid and liquid phases - are capable of alkaline hydrolysis.

This phenomenon is influenced by the CO 2 tension, by the CEC and ESP values, by

the chemical composition and concentration of the soil solution and by many other

factors".

Mineralised groundwaters are also important in the formations of alkali soils with a structured B

horizon. Sigmond (1923) and Gedroitz (1955) postulated that salt solutions of varying concentration

migrate within the various soil layers. Szabolcs (1989) stated that salt solutions in solonetz soils

migrate alternately upwards and downwards in the soil profile. This results in reversible and

irreversible changes in the soil profile, with the soil solution alternately dissolving and accumulating

various different compounds. As the migration continues, greater variations result from the

interaction between the solid and liquid phases of the soil (Szabolcs 1989). Work conducted by

Szabolcs (1989) on the Hungarian Plain demonstrated that due to changing natural conditions the

concentration and chemical composition of the soil solution moving between the various soil layers

was changed over a period of several months. Szabolcs (1989) postulated that sodium salts such as

carbonates which are capable of alkaline hydrolysis, are present in differing amounts and that they

move within the soil profile. Ion-exchange processes are influenced by the movement of dilute

sodium salt solutions and soil colloids and as a result tend to adsorb sodium ions, due to the

equilibrium for ion-exchange reactions. It is these ion-exchange processes which alter lattice layers

of clay minerals and change the organo-mineral colloid compounds in the soil, with the change

dependent upon the equilibrium between the liquid and solid phases and on the pH of the medium.

Szabolcs's (1989) recommendation in relation to reclaiming solonetz soils, was in the application

of amendments capable of acid hydrolysis such as HC1, H 2 SO4, Fe2(SO 4) 3 , Al2(SO4)3 , gypsum or

other acidic products which induce ion exchange.
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Alkalinisation Process

The sodium salts which are dominant in alkali soil-forming processes are generally capable of

alkaline hydrolysis, and it is these salts which determine the properties, water economy and chemical

characteristics of soils (Szabolcs 1985). The main emphasis when reviewing sodium salts capable

of alkaline hydrolysis revolves around sodium carbonate and sodium bicarbonate. Other compounds

such as silicon also play a role in contributing to the formation of alkali soils, but there still exists

insufficient knowledge and understanding of the nature and dynamics of these other compounds,

with chemical analysis generally expressing alkalinity as Na2CO3 . Alkaline hydrolysis due to

sodium salts results in soil physical structural problems, high alkalinity of the soil solution and

reduced infiltration capacity (Pringle 1975). Szabolcs (1989) categorised alkali soils into two groups:

1. alkali soils without a structured B horizon and

2. alkali soils with a structured B horizon

Monema Balba (1976) described the processes which result in an increase in the exchangeable

sodium and sodium carbonate in the soil profile as the following:

1. desalination of saline sodic soils which do not contain a supply of calcium

2. irrigation of soils with water containing residual CO3 2. + FICO,_ and high SAR values;

3. groundwater rich in CO3 2- + HCO3_ and with high SAR values have the same effect as

irrigation water of the same quality;

4. the microbial processes of sulfate reduction under anaerobic conditions.

Bazilevich (1970) claimed that in deserts and semi-deserts alkalinity is not due so much to local

conditions but the influx of soda from other sources, with the persistence of soda in solution

promoted by light textured soils.

The formation of Na2CO3 is due to the reduction of sulfates to sulphides by anaerobic micro-

organisms which oxidise organic matter to CO 2 . Free OH- results when sulphides hydrolyse and

combine with CO2 to form HCO 3_ . Any reduced Fe in the system inactivates the sulphides resulting

in an accumulation of NaHCO 3 . During dry periods divalent cations precipitate as carbonates, in

combination with a loss of CO 2 resulting in the formation of Na2CO3 from NaHCO3 (Janitzky and

Whitting 1964).
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The concept of zonality of geochemical processes and principal theories relating to soda formation

were discussed by Kovda (1937) and Kelly (1937; 1951). Bazilevich (1970) stated that the zonality

of geochemical processes relied on the fact that:

"Each natural zone was characterised by its own particular forms of living matter,

biological cycle and pedogensis, processes and products of weathering, migration

of salts, mobility of chemical elements, etc. Hence soda manifestation must likewise

reflect a specific biogeochemical situation".

Bazilevich (1970) stated from work in the Barab Lowland region in the USSR that the accumulation

of soda (sodium bicarbonate and carbonates) in soils, natural waters and plants result from the

weathering of massive-crystalline and sedimentary rocks. The bases released by weathering combine

with CO2 to form carbonates. The weathering of feldspars and Na-plagioclase and of polymictic and

arkosic sandstone produces mainly alkali carbonates. Surface and groundwaters carry dispersed salts

to drainless depressions or lakes where they accumulate (Bazilevich 1970).

The accumulation of soda can also result from the geochemical activity of living matter under the

characteristic conditions of steppe and forest-steppe regions. Bazilevich (1970) stated:

"that the active biological cycle of chemical substances is a characteristic feature of

these landscapes. Mineralisation of plant remains liberates up to 200-500 kg/ha ash

elements, including 50-150 kg/ha Ca, 40-150 kg/ha K, 10-30 kg/ha Mg and up to 2-3

kg/ha Na. Thus Na is, to all intents and purposes, not absorbed from the mineral soil

component by the steppe plants. Sodium leached by weathering combines with

atmospheric CO 2 , migrates with soil, ground or surface waters, from the sphere of

the minor biological cycle to the major geological cycle, and accumulates in the

drainless depressions".

Szabolcs (1989) also stated that the formation of sodium carbonate is via the biological reduction

of sulfates in the soil, which can be represented by the following equations. However these processes

can only occur under anaerobic conditions and are dependent upon the quantity and quality of sulfur

containing compounds in the soil (Szabolcs 1989):
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Na 2SO4 + 2C = Na2S + 2CO2

Na 2S + CO 2 + H2 0 = Na2 CO 3 + H2S

The above processes tend to occur in swampy conditions in the presence of dilute salt solutions, in

combination with the presence of organic matter. Regardless of the conditions that result in the

formation of sodium carbonate, one factor which is important is that sodium carbonate is highly

soluble and as a result of the hydrolysis reactions that take place, high levels of alkalinity occur in

the soil profile resulting in toxic influences on plants, peptization of the soil colloids and a reduction

in the permeability of the soil (Szabolcs 1989).

Gedroitz's theory (1928) on the formation of soda was based on the displacement of exchangeable

Na+ from soils. During leaching readily soluble salts are removed from saline soils and sediments;

subsequently carbonic acid or calcium bicarbonate reacts with the adsorbed M. + displaced from the

exchangeable state by H + or Ca2+ . Fixation by Na+ by HCOi or C01- produces soda. Soda-type

water is the extreme stage of leaching of saline soils and sediments under a moderately dry climate,

in the absence of Ca-sulfate (Gedroitz 1928).

3.3 Classification Systems of Saline/Alkaline Soils

Four classification systems of saline/alkaline soils proposed by Buckman and Brady (1960),

Bettenay (1986), Szabolcs (1989) and Rengasamy and Olsson (1991) are currently in use, each of

which has strengths and weaknesses.

Buckman and Brady (1960) categorised saline/alkaline soils into three main types: saline soils,

saline-alkaline soils and non-saline-alkaline soils.

3.3.1 Saline Soils

Saline soils are those in which the concentration of soluble salts is detrimental to the growth of

plants. These soils are dominated by neutral soluble salts and sodium ions occupy less than 15% of

the cation exchange capacity with a pH below 8.5. The soluble salts are usually chlorides and/or

sulfates of sodium, calcium and /or magnesium and are easily leached from the soil profile

(Buckman and Brady 1960).



Literature Review: Page 25

3.3.2 Saline-alkaline soils

Saline-alkaline soils differ from saline soils in that they possess high levels of neutral soluble salts

and exchangeable sodium occupies more than 15% of the cation exchange capacity and the pH of

these soils is below 8.5. Once these salts are removed via leaching through the soil profile, these

soils can become unstable. The exchangeable sodium present undergoes hydrolysis increasing the

hydroxyl ion concentration of the soil solution and the pH can rise above 8.5 and normal plant

growth and development can be impeded. The high levels of exchangeable sodium also result in the

dispersion of clay particles resulting in poor physical structure and reduced water infiltration

capacity (Buckman and Brady 1960).

3.3.3 Non-saline-alkaline soils

Non-saline-alkaline soils differ from the above because they do not contain appreciable amounts of

neutral soluble salts. They have high levels of exchangeable sodium which occupies more than 15%

of the cation exchange capacity, resulting in pH values as high as 10. Associated with the high pH

is an accumulation of sodium carbonate and the deflocculation of the clay particles resulting in

poorly structured soils with low infiltration rates as in saline-alkaline soils (Buckman and Brady

1960). Bettenay (1986) modified the Northcote and Skene (1972) classification into salinity, sodicity

and alkalinity by incorporating structural features of the soil horizon, electrical conductivity and

sodium chloride levels in the salinity section. The attributes of exchangeable sodium percentage and

pH for sodic and alkaline soils respectively were also incorporated (Table 3.2).

Table 3.2 Criteria for salinity, sodicity and alkalinity (after Northcote and Skene 1972)

Salinity Non-saline no chloride salinity in either the
surface or subsoil

Surface salinity Soils having in their A horizons (or in
the surface 20 cm if, either the A and
B horizons are undifferentiated, or
the A horizon is < 10 cm thick)
EC values more than 4 dS/ m
(more than about 0.1% sodium
chloride in loams and coarser soils, or
more than 0.2% in clay loams and
clays)

Subsoil salinity Soils lacking surface salini	 , but
with EC values 0.6 dS/m (0.3%
sodium chloride) in the B horizon, or
below 20 cm dale A and b horizons
are undifferentiated

Sodicity Non-sodic ESP < 6

Sodic ESP 6-15

Strongly sodic ESP > 15

Alkalinity Acidic or slightly alkaline pH < 8.0

Alkaline pH 8.0 - 9.5

Strongly alkaline pH > 9.5



Type of salt-
affected soil

Saline soils

Alkali soils

Magnesium soils

Gypsiferous soils

Acid sulfate soils

Environment

Arid
Semiarid

Semiarid
Semi humid
Humid

Semiarid
Semi humid

Semiarid
Arid

Sea shores, lagoons
with heavy sulfur
containing
sediments

Electrolyte(s) 
Increasing salinity or
alkalinity 

Sodium chloride
sulfate (in extreme
cases)

Sodium ions capable
of alkaline hydrolysis

Magnesium ions

Gypsum ions mainly
Ca s0, and
aluminium ions
(mainly sulphates)
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Szabolcs (1989) classified salt affected soils according to the different electrolytes and also listed

the environments in which they can be found (Table 3.3).

Table 3.3 Classification of salt affected soils according to the electrolytes present, type of
soil and the environment in which each type is common.

Source: (Szabolcs 1989)

The pH of these soils varies according to the amounts and types of electrolytes which have

accumulated. Saline, magnesium and gypsiferous soils have pH values from 4 to 10. Acid sulfate

soils have the lowest pH value, while alkali soils have the highest (Fig. 3.5).

1	 2 3 4 5 6 7 8 9 10 11 12 13

1	 1 1 1 1 1 1 1 1 1 1 1 1

Saline soils 

Alkali soils 

Magnesium soils 

Gysiferous soils 

Acid sulfate soils L	 1 

pH

Figure 3.5 pH spectrum of different salt-affected soils
Source: (Szabolcs 1989)



Literature Review: Page 27

Rengasamy and Olsson (1991) proposed a classification system for sodic soils based upon sodium

adsorption ratio (SAR), electrolyte concentration (EC) and pH of 1:5 (W/V) soil:water suspension.

This classification system is outlined in Fig.3.6. TEC denotes the threshold electrolyte concentration

and is the electrolyte concentration that is needed for the clay particles to be flocculated. The pH of

the soil will affect the level at which the TEC occurs. L denotes organic ligands.

Saline sodic	 Sodic

(SAR >3, EC >TEC)	 (SAR >3, EC<TEC)

1
Alkaline sodic	 Neutral sodic

	 Acidic sodic
(pH > 8.0)
	

(pH 6.0-8.0)
	 (pH < 6.0)

Na - , Na 2C0:, NaHCO 3°	 Na4,NaHCO3e,NaS0," 	 Na*,}C,Ca2*,Mg7*

NaCO',CaCO 3 0 1 MgCO 3°	 Ca2+,1v1g2+,K*,KSO4' 	 CaSO4°,MgSO4°

HCO 3',CO 32- ,KCO 3',	 HCO3',H2CO30,CaSO4°	 Cr,S0,2*,A13.

K2 CO 3°,CaHCO 3 ',MgHCO:	 AfifiCO3',MgSO4°,S0,2" AlL2',A1(OH)2*

L'	 Al(OH)2*,Fe1.,Fe2'

FeL2',FeSO4°

Fe(OH)*,Si(OH)4°

Figure 3.6 Classification of sodic soils and the predominant chemical species present in the soil
solution.

Source: (Rengasamy and Olsson 1991)

3.4 Properties Affected by Salinity/Alkalinity and their Effects on Soils and
Plants

3.4.1 The Role of Ions in Relation to Soil Physical and Chemical Problems

Szabolcs (1989) stated that:

"It is seldom possible to speak of an exclusive, but rather dominating role of one or

another element or compounds in the processes of salt accumulation and in the

formation of salt-affected soils. There are various grouping systems based on the

ratio of different compounds in salt solutions, relating to their dominating role in

the soil-forming processes".
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Studies by Perelman (1961) showed the significance of basic epigenetic processes in vertical

subzones of the environment where deeper layers of weathered crust, deposits and aquifers occur and

which are linked to the soil profile and provide a reservoir of substances which influence soil

forming processes. Studies by Kovda (1976) indicated the importance of the differentiation of

various compounds during salt accumulation. Mobile ions, for example chloride and nitrate, tend

to accumulate at the bottom of the landscape while less mobile compounds eg silicates and

sesquioxides remain at the summit. Local chemical and biological processes and environmental

conditions of a region will contribute to the transformation of compounds as a result of changes in

the local environment but also change the intensity of their migration (Perelman 1961).

Bohoci et al. (1968) postulated that the main reservoir of salinity in arid and semi-arid regions is

due to groundwater systems suggesting that salinity and alkalinity problems do not become

exacerbated if groundwater levels are kept at depth and moisture cannot rise by capillary flow

through the soil profile to the surface. However, due to man-induced activities, this hydrological

balance becomes disrupted resulting in soluble salts being mobilised to other positions in the

landscape with the associated salinisation/alkalinization problems occurring. Another problem is that

groundwater levels are also affected by rainfall. In periods of well above average rainfall, the

groundwater levels must inevitably rise anyway, irrespective of cropping etc. The weakness of

Bohoci's theory is that it does not adequately explain the presence of natural salt lakes which are

found in Australia.

Szabolcs (1985) postulated that primary salinisation and alkalinization of soil usually results from:

1. Accumulation of salts from poor quality irrigation waters

2. Increase in the level of groundwater

a) the salt content of the groundwater accumulates in the affected layers;

b) the rising groundwater transports the salts from the deeper soil layers to the surface or

surface layers, or

c) the rising water table limits natural drainage and hinders the leaching of salts.

In the past, the influence of hydrogeochemical and geochemical processes in combination with

groundwater systems have been underestimated in the contribution they play in the accumulation

of soluble salts in the soil profile. Groundwater systems can be effectively analysed via

measurements of critical depth of the groundwater table (Szabolcs 1989). Szabolcs (1989) described

this level, as the depth below which, owing to natural or irrigated conditions, leaching prevails,
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whereas above this level salt accumulation takes place in the soil profile. This can also be described

as the salt regime which denotes the accumulation and the leaching of soluble salts.

The main cations which are of concern in saline/alkaline affected sites are calcium, magnesium

potassium and sodium. The proportions that these ions should occupy in the cation exchange

capacity of a soil profile for productive growth of pastures are as follows:

Cations Ranges %
CEC

Calcium 65 - 80

Magnesium 10 - 15

Potassium 1 - 5

Sodium 0 - 1

It is when these proportions are different that soil physical and chemical problems arise and high

rates of plant growth can no longer be maintained on a sustained basis. The effects calcium,

magnesium and sodium have on soil physical and chemical parameters in combination with pH,

hydraulic conductivity, exchangeable sodium percentage, dispersion, clay mineralogy and infiltration

rate and their combined interactions will be reviewed below.

Frenkel and Meiri (1985) claimed that:

"the deleterious effect of adsorbed sodium on the physical properties of soils is

manifested in a low infiltration rate of water, low permeability of the soil to water

and gases and poor structural quality of the media. The degree to which the physical

condition of the soil deteriorates in the presence of exchangeable sodium is a

function of the amount and type of clay mineral in the soil and the total electrolyte

concentration of the soil solution".

Research by Tisdal et al. (1978) and Gupta et al. (1984) have documented that amorphous oxides,

calcium carbonate, clay minerals and organic matter can modify the adverse effects that

exchangeable sodium has on a soil's physical properties.

The U.S. Salinity Laboratory Staff (1954) grouped calcium and magnesium together in their effect

on soil structure, based on the fact that ion valence is a more accurate parameter for predicting ion
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exchange than relying on ion size. Magnesium affects soil structure via two main processes

1. direct effect of exchangeable magnesium on soil structure, termed specific ion effect and

2. the ability of magnesium to cause an increase in exchangeable sodium.

(U.S. Salinity Laboratory Staff 1954)

The effect of exchangeable magnesium on sodic soils today is still unclear. McNeal et al. (1968)

distinguished between the direct effect exchangeable magnesium had on hydraulic conductivity and

its ability in irrigation waters, relative to calcium, to prevent the accumulation of exchangeable

sodium in the soil profile. Magnesium affects only those soils which are dominated by illite which

does not include montmorillonitic soils. Alperovitch et al. (1981) stated that the presence of

exchangeable magnesium enhances the dissolution of calcium carbonate in calcareous soils and the

electrolytes present prevent the dispersion of clay and hydraulic conductivity losses in

sodium/magnesium calcareous soils. Work by Alperovitch et al. (1981) confirmed that different

soils will respond differently to exchangeable sodium during leaching and this response is dependent

upon the concentration of electrolytes contained in the solid phase of the soil, with clay dispersion

occurring at low levels of electrolytes, even at low levels of exchangeable sodium. Alperovitch et

al. (1981) went further to demonstrate that exchangeable magnesium does not affect the hydraulic

conductivity and clay dispersion of calcareous soils. In non-calcareous soils which are generally well

weathered, magnesium decrease hydraulic conductivity and increase clay dispersion.

Alperovitch et al. (1986) concluded that chemically stable soils tended to display the most

sensitivity to low ESP and exchangeable magnesium when leached with de-ionized water.

Susceptibility of soils to decreases in hydraulic conductivity produced by exchangeable sodium and

exchangeable magnesium is dependent on their rates of dissolution, with exchangeable magnesium

reducing the dissolution rates of noncalcareous soils which ultimately will increase soil susceptibility

to ESP.

In summary, exchangeable magnesium stabilises structure and prevents dissolution of the soil clays

in non-calcareous soils, with the electrolyte concentration of the soil solution in equilibrium with

magnesium soil which is low, resulting in clay dispersion. In calcareous soils the exchangeable

magnesium enhances the dissolution of carbonates with increases in the electrolyte concentration.

In consequence, clay dispersion does not occur, nor is the hydraulic conductivity of the soil affected.
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3.4.2 The Importance of Ion Exchange Phenomena

The ion exchange phenomenon results in pronounced changes in the soil colloidal status and

consequently in the physical, chemical and biological properties of soils (Kelly 1948; Kelly 1951).

Soil colloids are of great importance in relation to soil amelioration (Richards 1954). The ion

exchange phenomenon is a function of the chemistry of both the liquid and solid phases of the soil

as well as of the original colloidal and mineralogical media in the soil (Abdel-Aal and Bergseth

1975). The kind and quantity of ions adsorbed on the surface of the soil particles is dependent upon

the following:

1. the activity ratio of cations in the solution;

2. the valences of the cations and

3. the total concentration of the intermicellar solution

(Darab 1985)

The relative replacing powers of cations depends on the valences of the adsorbed and counter ions,

with the replacing power of the cations increasing with the valences as follows: M + < M2+ <M3+

(Gapon 1934). Babcock's (1963) work showed that the more dilute the soil systems containing

cations with different valences, the greater the displacement of the equilibrium in such a way that

the adsorption of higher valence cations increases, while the adsorption of lower valence cations

decreases. Increases in the ionic concentration of the intermicellar solution results in an equilibrium

shift in favour of cations with lower valences (Babcock 1963). An increase in the preference of

calcium ion adsorption in comparison to sodium ions is due to an increase in the difference between

the concentrations of the micellar and intermicellar solutions and to an increase in the potential

differences between the surface of the adsorbent and the free solution (Darab 1985). Sodium ion

adsorption preference results from the concentration of the free electrolytes increasing, the solution-

adsorbent ratio increasing or the cation exchange capacity of the adsorbent decreasing (Darab 1985).

Tanji's (1969) work showed that in solutions with high concentrations of salts, a special electrolyte

"structure" is formed due to the electrostatic interaction of the ions. This interaction has an effect on

the concentration of ions with free valences and as a result of the formation of the electrolyte

"structure", it influences several properties of the electrolyte which include the degree of dissociation

of the dissolved salts and the ratio of ion activities in the solution (Adams 1971; Nakayama 1968)

The role of sodium ions in the soil solution is influenced by the different abilities of cations to form

ion-pairs with the different degree of ion-pair formation of sodium, calcium and magnesium ions

raising the SAR value of the soil solution (Darab 1985). As the concentration of the soil solution
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increases the balance of exchangeable cations is shifted in favour of sodium. The ratio of

exchangeable cations is dependent on the kind of anions present and is due to the following:

1. the ratios of ion activities in solution are different and depend upon the kind of anions

present (Szabolcs and Darab 1968; Babcock 1963).

2. in nonequilibrium systems, the solubility of calcium-sodium exchange products has an

influence on the ionic composition of the solution and on the ratio of exchangeable

cations.

An inverse relation exists between the solubility of compounds formed in the course of ion

exchange, the calcium concentration ratio and the degree of sodium saturation of the adsorbent. In

a chloride-containing system equilibrium is reached at a relatively low degree of sodium saturation,

whereas in a carbonate-containing system, the sodium ions dominate in the intermicellar solution

(Darab 1985).

3.4.3 Osmotic and Specific Toxic Effects of Ions on Plants

Berstein (1963) classified salt effects on woody species under three headings:

1.An osmotic effect in which growth and yield depressions, or impairment of quality are determined

by the osmotic potential of the medium, with specific ion effects being absent.

2. Specific ion effects of a nutritional nature which lower growth and quality more strongly than can

be accounted for by osmotic effects of the medium.

3. Toxic effects which cause characteristic symptoms associated with the accumulation of a specific

ion in the plant (for example, Cl and Na).

In terms of Levitt's (1972) stress terminology, the first two are secondary salt-induced stresses, while

the third is a primary salt injury. Strogonov (1956) pointed out that it is extremely difficult to

separate the mechanisms of action of salts on plant structure and physiology. Plants growing on salty

soils usually suffer from both osmotic and nutritional stresses as well as from an excess of non-

nutrient salts which may enter the cells.
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Many studies on the effects of salt stress have failed to differentiate between the stresses (i.e.

primary or secondary, osmotic, deficiency or toxic) causing the various strains. However, in order

to understand how the salt stress operates, it is essential to examine the ultimate kind of stress

producing an injury as schematised in Fig. 3.7.

SALT STRESS INJURY

Primary stress	 Secondary stress

1	 I 

I	

_____I

1	 1

Direct	 Indirect	 Osmotic	 Nutrient
(membrane damage)	 (metabolic	 stress	 deficiency

disturbance)	 stress

	 ---7	1
Lipid	 Protein	 Enzymes activated
changes	 denaturation	 or inactivated

and
aggregation

Figure 3.7 Some different kinds of salt stress injury and the stresses causing them.
Source: (Levitt 1972)

3.4.4 Reduction in Hydraulic Conductivity

Hydraulic conductivity of soils is largely affected by the presence of sodium ions. Increasing

amounts of exchangeable sodium in the soil profile result in structural changes to the soil matrix,

which is exhibited in clay swelling and soil particle dispersion (Frenkel and Meiri 1985) resulting

in a decrease in hydraulic conductivity of the soil. Studies by Shainberg et al. (1981a,b); Bresler

(1972) and Shainberg and Letey (1984) have confirmed that swelling and particle dispersion

increase as the concentration of the salt in the soil solution decreases and the sodium to calcium ratio

of the solution increases. The deleterious effect of exchangeable sodium will be more pronounced

during wet periods because of the rain's electrolyte concentration being below 1.0 meq/1 (Frenkel

and Meiri 1985).
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Frenkel et al. (1978) and Shainberg et al. (1981 a,b) showed that similar textured soils possessing

similar CEC may vary in their susceptibility to the effects of exchangeable sodium. There is also

disagreement about whether swelling or dispersion is the main contributor to the reduced

permeability of sodic soils.

Different soils with the same mineralogy and texture can respond differently to sodic conditions

(Shainberg et al. 1981 a,b). It appears that soils containing calcium carbonate and mafic minerals

(ferromagnesium and other nonfelsic minerals), which are readily released to the soil solution, will

not disperse when leached with rainwater at low to moderate levels of exchangeable sodium

percentages because of their ability to maintain the soil solution concentration above the

flocculation level. This theory is supported by data from Shainberg et al. (1981 a,b).

3.4.5 Dispersion and Swelling Effects

Soil structure needs to be stable in order for water infiltration to occur through the soil profile. The

combination of high exchangeable sodium in combination with low soil-water electrical conductivity

can have detrimental effects on soil structure through the reduction in permeability and decrease in

infiltration capacity via swelling arid dispersion of clays and the slaking of aggregates. Aggregate

stability is a measure of the resistance of aggregates of soil particles to breakdown. Work by Kemper

and Rosenau (1984) and Kemper et al. (1987) showed that cohesion of aggregates is primarily a

physicochemical process which depends on soil exchangeable sodium percentage and on the salt

concentration of the percolating solution. The degree of swelling also depends on the chemistry of

the clay minerals which are present in the soil.

Swelling results in the constriction of conducting pores in soils (McNeal and Coleman 1966; Quirk

and Schofield 1955). The permeability of a soil is also reduced via dispersion and deposition of clays

in the narrow necks of conducting pores (Felhendler et al. 1974; Shainberg et al. 1981 a,b). Slaking

results in the reduction of the macropores in the soil profile which also results in a reduction in the

soil's hydraulic conductivity (Abu--Sharar et al. 1987).

Work by Quirk (1968) and Shainberg and Caiserman (1971) showed that the ESP levels need to

exceed about 25 to 30 before swelling becomes appreciable. Dispersion can occur however at ESP

levels as low as 10 to 20. The effect of exchangeable cation composition on the structural

arrangement of the clay particles perhaps explains why dispersion occurs at lower ESP levels than
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swelling (Aylmore and Quirk 1959; Shainberg and Caiserman 1971). When low levels of sodium

are introduced to a calcium rich soil, the sodium will concentrate on the external surfaces while

calcium will maintain its interlayer position of the tactoids (packets of clay particles of four to five

clay platelets arranged parallel to each other). This results in a more diffuse electrical double layer

developing around the tactoid, which enhances their dispersion. The tactoids are dispersed but little

interlayer swelling occurs because the integrity of the tactoids is maintained (Frenkel et al. 1978;

Shainberg et al. 1981a). With the addition of high levels of sodium with ESP levels of 20 to 25, the

exchangeable sodium invades the interlayer position and a diffuse double layer develops in the

interlayer of each platelet. The interlayer repulsion and swelling increases with the resultant

deterioration of the tactoid structure (Shainberg and Caiserman 1971). At high ESP levels of 50, the

stable tactoid structure is totally destroyed.

The importance of carbonates and electrolytes in preventing flocculation needs to be considered as

carbonates have the ability to maintain the concentration of electrolytes which can exceed the

flocculation value of the soil clay. Frenkel and Meiri (1985) defined flocculation as a process of

sticking together of colloidal particles in the form of loose, irregular clusters in which the original

particles can be recognised. This is usually brought about by adding an electrolyte to a system to

compress the diffuse double layer. Van Olphen (1977) stated that the flocculation value of an

electrolyte is the minimum concentration needed to flocculate a suspension of a soil in some

arbitrary time and its value is influenced by the clay type and the composition of the exchange

complex.

3.4.6 Clay Mineralogy

Kaolinitic soils appear to retain their hydraulic conductivity and be less affected by exchangeable

sodium than soils composed of other clay minerals (Frenkel et al. 1978).There are also differences

in the hydraulic conductivity of nonacid verses acidic kaolinitic soils (Frenkel et al. 1978). Non acid

(alkaline) kaolinitic soils are affected to a larger degree by exchangeable sodium than their nonacid

counterparts. The difference in pH can be explained in terms of the double layer structure which is

located at the edges of the clay plate where the tetrahedral silica sheets and octahedral alumina sheets

can be disrupted and primary bonds broken. Frenkel et al. (1978) stated that in acid kaolinitic soils

this double layer carries a positive double layer in acid solutions with H and Al ions acting as

potential-determining ions, while in non-acid kaolinitic soils, a negative double layer in alkaline

solution exists with hydroxyl ions acting as the potential-determining ions. Therefore the sign and
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magnitude of the charge on the clay edged surfaces are pH dependent. In acid kaolin aggregates, the

charge on the clay edge and double layer are opposite which results in flocculation. These aggregates

can be separated in alkaline kaolin aggregates by reversing the positive charge on the negative edge

double layer creating a repulsion force (Frenkel et al. 1978). Schofield and Samson (1954) have

shown that the edge face of kaolins can be reversed with increasing pH. In non-acid kaolin soils the

edge-to-double layer face bonds are generally weaker hence more prone to disruption. Exchangeable

sodium can be hydrolysed from kaolin through exchange of Fr from dissociated water causing an

increase in pH. This increase in pH promotes neutralisation of the positive edge charge and

dispersion (Schofield and Samson 1954). The dispersibility of kaolinitic soils can be counteracted

by calcium chlorides and sulphates in the soil solution (Shanmuganathan and Oades 1983). The

favourable effect of exchangeable calcium and the deleterious effect of exchangeable sodium on soil

swelling and dispersion is well known. An ESP of 15 is recommended by the U.S. Salinity

Laboratory Staff (1954) as the boundary between sodic and non sodic soils but in Australia ESP

levels as low as 6 results in serious physical limitations (Northcote and Skene 1972). McIntyre

(1979) tested 71 soil samples from Australia and showed that a very rapid decline in hydraulic

conductivity occurred as ESP increased above zero and proposed an ESP of 5 as a more reliable

boundary between sodic and nonsodic soils.

3.4.7 The Importance of pH and Associated Factors

In the case of alkaline soils, pH increases with an increase in salinity as a result of the presence of

sodium-carbonates/bi-carbonates (Fig. 3.8) (Gupta and Abrol 1990).

Figure 3.8 Effect of soluble salts on pH changes of saline and alkaline soils.
Source: In (Gupta and Abrol 1990)
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Nakayama (1968) stated:

"In field conditions, a high pH is caused by Na bicarbonate-carbonate minerals

present in alkali soils, which precipitate Ca and Mg carbonate during evaporation

and lead to an increase in the SAR of solutions".

The relationship which exists between pH and soil hydraulic conductivity depends on the quantity

of variable-charge minerals and organic matter present in the soil (Suarez et al. 1984). Soils most

susceptible to pH effects generally contain large amounts of variable charge minerals. At low pH

levels edge-to-face bonding occurs (Van Olphen 1977) which tends to hinder the effects of

dispersion. At high pH levels the edge-to-face bonding is reduced and the clays are dispersed with

consequently low hydraulic conductivity.

Soil pH and sodicity are also important factors which need to be investigated for their combined

effects on soil physical and chemical properties. Gupta et al. (1984) stated that:

'poor crop growth in alkali soils has been attributed to the direct effects of excess

sodium or to the effect of high exchangeable sodium percentage (ESP), in relation

to total salt concentration of the pore water, on clay dispersion and resultant poor

soil physical properties".

Limited information is available on the effects pH and sodicity have on the above factors (Gupta et

al. 1981). The sodium adsorption ratio (SAR) which is widely used as an index of sodicity also has

limitations. SAR accounts for the cations but disregards the effects that the alkali-causing anions

have on physical properties such as clay dispersion (Gupta et al. 1984). Dispersion tends to occur

in association with high pH values, where the micelle electronegativity is at a maximum.

Monovalent ions such as M.+ do not effectively reduce the electronegativity of the micelle,

permitting the individual micelles to repel each other and to stay in dispersion. High pH levels can

be lowered by reducing the negative charge on the micelle. This can be accomplished by replacing

sodium (monovalent ion) with divalent or trivalent ions such as Ca2+, Mg2+ and A13+ which exchange

with the sodium ion. Monovalent and trivalent ions are tightly adsorbed by the micelle thereby

reducing the electronegativity. The ability of common cations to flocculate soil colloids is in the

general order of Al > H > Ca > Mg > K > Na (Brady 1984).
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In general the buildup of sodium chloride tends to diminishes the pH of saline soils, but the reverse

is true for alkali soils, with the pH increasing with an increase in salinity due to the presence of

sodium-carbonates/bi-carbonates (Gupta and Abrol 1990).

High pH also affects the availability of necessary nutrients for normal growth and development of

plants (Brady 1984). Most nutrients are available to plants at a pH range of 6.0-7.0. As the pH is

increased, the availability of nutrients such as nitrogen, zinc, manganese, iron, copper and cobalt is

reduced. There may also be a problem with phosphate because of the increasing dominance of PO 4 3

-over HPO4 2- and H2PO4- (Brady 1984, Fig 3.9).

Figure 3.9 Relationships between pH and the availability of plant nutrients.
Source: (Brady 1984)

3.4.8 Infiltration Rate

Infiltration as defined by Frenkel and Meiri (1985) is the volume flux of water flowing into the

profile per unit of area of the soil, and it has dimension of velocity (ms- 1 ). The infiltration rate

initially is high when the soil profile is dry, but decreases monotonically until it approaches a steady

state (Hillel 1980). Aggregates within the soil profile are less prone to breakdown and dispersion

than those situated at the soil surface which are exposed to the mechanical action of raindrop impact.
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Soil particles become dislodged resulting in a thin dense crust on the soil surface (Shainberg and

Letey 1984).

Soils containing between 15% and 30% clay and less than 1.5% organic carbon also exhibit a high

potential for soil sealing and crusting (Shainberg and Singer 1990). Crusting also contributes to

impeded seedling growth and emergence (Tanji 1990). Work by Kazman et al. (1983) attributed the

problems of crusting of soils to the following mechanisms:

1. physical dispersion caused by drop impact,

2. chemical dispersion which is highly dependent on the exchangeable sodium percentage

of the soil

3. electrolyte concentration of applied water eg. rainwater and

4. mineralogy of the clay.

Kazman et al. (1983) found that the infiltration rate was affected by ESP levels as low as 2. Soils

with ESP values generally higher than 5 have a great potential for clay dispersion, structural

breakdown and crust formation problems (Keren and Shainberg 1981).

3.5 Groundwater and Hydrogeological Aspects in Relation to the Development
of Salinity/Alkalinity

3.5.1 Introduction

Over the past twenty years many investigations have been carried out in Australia in relation to the

hydrogeological processes which lead to the development of dryland salinity. Fluctuations in the

level of groundwaters causing prolonged waterlogging occur in some parts of the landscape.

Dryland salinity can then develop where a source of salt exists (Nicoll and Scown 1993). Numerous

management strategies aimed at reclaiming salt affected land have attempted to change catchment

water balances to reduce the impact of dryland salinity.

An understanding of the processes which drive groundwater systems and supply salt is necessary

in order to implement management strategies which will be successful. An understanding of the

impact of current land management practices on groundwater systems is also important in

investigating ways to abate salinity/alkalinity problems (Nicoll and Scown 1993). There are two

components necessary for the development of saline/alkaline patches on the soil surface. The first
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is a source of groundwater which reaches the surface and the second is a source of soluble salts

(often NaC1 for salinity or Na2CO3 or NaHCO 3 for alkalinity) to accumulate at the soil surface as the

water evaporates. The sources of salts have been dealt with earlier.

3.5.2 Groundwater Reservoirs - Watertable and Aquifers

In order to understand the processes surrounding groundwater systems it is necessary to define

sources which contribute to and are associated with groundwater networks.

Whitten and Brooks (1972) defined groundwater as water occupying openings, cavities and spaces

in rocks.

Watertables

Fetter (1988) described a watertable as:

"the surface of an unconfined aquifer or confining bed at which the pore water

pressure is atmospheric. The watertable represents the upper surface of the saturated

zone groundwater".

Rainfall enters the soil profile and part of this is retained in the soil while the remainder seeps

downwards through the unsaturated zone until it reaches the watertable, or travels laterally through

the shallow soil horizon as throughflow (Fetter 1988). The term "water table" refers to the upper

surface of groundwater which extends over an appreciable area as distinct from a local, very

confined aquifer. The zone of aeration above the watertable consists of interstices occupied partially

by water and air while in the zone of saturation all interstices are filled with water under hydrostatic

pressure (Todd 1980). The aeration zone can be divided into areas of vadose (shallow) water and the

capillary zone. The saturated zone extends from the upper surface of saturation down to underlying

impermeable rock. In the absence of overlying impermeable strata, the water table forms the upper

surface of the zone of saturation (Fig 3.10). The water table appears as the level at which water

stands in a well penetrating the aquifer (Todd 1980).
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Figure 3.10 Schematic cross section illustrating saturated and unsaturated zones of a soil profile.
Source: (Todd 1980)

Duplex soils are often at risk of waterlogging because of reduced infiltration rates in the B horizon.

The sharp texture change between horizons predisposes them to waterlogging because the heavier

textured clay subsoil has poor internal drainage, while the A horizon is usually a sandy loam with

higher infiltration capacities. This leads to a saturated layer forming between the A and B horizons

(Todd 1980). Studies by Whipkey and Kirby (1978) showed that impediments such as rock played

a part in creating and maintaining regions of saturation. The saline/alkaline scalds which occur on

slopes of 2 to 3 degrees on the Northern Tablelands and which tend to exhibit waterlogging

following periods of high rainfall are a result of complex interactions among soil type, geology,

topographic, climatic and local management practices (Fogarty 1991). Further investigations of

overland flow and interflow on hillslope situations are necessary to determine the factors involved

in the development of waterlogging on the Northern Tablelands.
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Aquifers

An aquifer is defined as a water-bearing bed or stratum, capable of transmitting water. Recharge of

an aquifer is dependent on factors such as rainfall, evaporation, soil hydraulic conductivity and soil

water storage capacity (Moss 1990). Aquifers are of two main types; confined and unconfined (Fig.

3.11). Confined aquifers (artesian or pressure aquifers) are described by Todd (1980):

"Occur where groundwater is confined under pressure greater than atmospheric by

overlying relatively impermeable strata. Water enters a confined aquifer in an area

where the confining bed rises to the surface; where the confining bed ends

underground, the aquifer becomes unconfined. A region supplying water to a

confined aquifer is known as a recharge area".

Confined aquifers are bounded above and below by less permeable strata called aquitards which are

low-permeability units that form either the upper or lower boundary of a groundwater flow system.

Recharge occurs via slow percolation through a confining layer or where the aquifer outcrops

upstream (Fetter 1988). Confined aquifers can also occupy restricted fractures or channels in

metamorphic rocks so that the water can emerge at the surface as a seep or spring which occupies

a very restricted area (Fetter 1988). This type of confined aquifer is more common in sedimentary

rocks than in simpler landscapes.

Unconfined aquifers possess materials extending from the land surface to the base of the aquifer and

are recharged directly through the unsaturated zone by percolation or precipitation of surface water

(Fetter 1988). Todd defined an unconfined aquifer as:

"One in which a water table varies in undulating form and in slope, depending on

areas of recharge and discharge. Rises and falls in the water table correspond to

changes in the volume of water in storage within an aquifer. A special case of an

unconfined aquifer involves perched water bodies. This occurs wherever a

groundwater body is separated from the main groundwater by a relatively

impermeable stratum of small areal extent and by the zone of aeration above the

main body of groundwater. Clay lenses in sedimentary deposits often have shallow

perched water bodies overlying them".
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Figure 3.11 Structure of both a confined and an unconfined aquifer.
Source: (Todd 1980)

The accumulation of soluble salts in the soil profile can be used to give an indication of the levels

of ancient groundwaters (Glazovskaya 1963). Research by Schoeller (1959) suggested that:

"the total salinity of groundwater is a fimction of both its transit through an aquifer

and the availability of soluble material in the aquifer".

Swaine and Schneider (1971) stated that the chemical composition of water in an aquifer generally

reflects the chemical composition of the surrounding rock, independent of climatic and hydro

chemical conditions. When two distinct geological rock types occur in a catchment, it is possible to

postulate on the source of salts and the position the aquifer will have within the geological

landscape. Water quality can also be used to characterise different rock types. Water with granite

host rocks is usually slightly mineralised and has sodium contents greater than those of calcium and

magnesium, in comparison to basalt which produces water in which the contents of the three cations

are similar, or where the sodium content is less than calcium and magnesium (Swaine arid Schneider

1971).
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3.5.3 Groundwater Characteristics

Solutes in Groundwaters

All groundwater contains solutes which depend on the source and past movement of the water (Todd

1980). Concentrations of salt can range from less than 25 mg/1 in a quartzite spring to more than

300,000 mg/1 in brines; the type and concentration of salts dependent upon environment, movement

and source of the groundwater (White 1963). Todd (1980) stated that:

"Ordinarily higher concentrations of dissolved constituents are found in

groundwater than in surface water because of the greater exposure to soluble

materials in geologic strata. Soluble salts in groundwater originate primarily from

solution of rock materials. Bicarbonate, usually the primary anion in groundwater,

is derived from carbon dioxide released by organic decomposition in the soil.

Salinity varies with specific surface area of aquifer materials, solubility of minerals

and contact time; values tend to be highest where movement of groundwater is least;

hence, salinity generally increases with depth. A common geochemical sequence in

groundwater includes bicarbonate waters near ground surface varying to chloride

waters in the deepest portions of formations.

The quantity and type of mineral matter dissolved in water is dependent upon the chemical

composition and physical structure of the rocks involved as well as the pH and the redox potential

(Eh) of the water (Back and Hanshaw 1971). The soluble products of soil weathering and erosion

by rainfall and flowing water are added to groundwater passing through soils thereby increasing the

salt content (Todd 1980). Fertilisers and selective absorption of salts by plants will also modify salt

concentrations of percolating waters. High salinity levels may be found in soils and groundwaters

in dry climates where leaching by rainfall is not effective in diluting the salt solutions.

Todd (1980) stated that groundwater passing through igneous rocks dissolves only small quantities

of mineral matter when compared with sedimentary rocks which may contain more soluble material.

Work by Hem (1970) showed that carbon dioxide in solution assists in the solvent action of water

as it moves underground. Sedimentary rocks provide a major portion of the soluble constituents of

groundwater such as sodium, calcium, bicarbonate and sulfate (Todd 1980). Table 3.4 outlines the

principal chemical constituents in groundwater - their sources and concentrations.
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Table 3.4 Principal chemical constituents in groundwater - their sources and concentrations
Source: (Todd 1980)

Constituent
.......

Major Natural Sources Concentration in Natural Water

Silica (SiO 2) Feldspars, ferromagnesium and Ranges generally from 1.0 to 30
clay minerals, amorphous silica,
chert, opal

mg/1, although as much as 100
mg/1 is fairly common; as much
as 4000 mg/1 is found in brines

Calcium (Ca) Amphiboles, feldspars, gypsum,
pyroxenes, aragonite, calcite,
dolomite, clay minerals

Generally less than 100 mg/1;
brines may contain as much as
75,000 mg/1

Magnesium (Mg) amphiboles, olivine, pyroxenes,
dolomite, magnesite, clay

Generally less than 50 mg/1;
ocean water contains more than

minerals 1000 mg/1 and brines may contain
as much as 57,000 mg/1

Sodium (Na) Feldspars (albite); clay minerals; Generally less than 200 mg/l;
evaporites, such as hallite (NaC1 about 10,000 mg/I in seawater;
and- mirabilite (Na 2 SO4 • 1 0 112 0);
industrial wastes

about 25,000 mg/1 in brines

Potassium (K) Feldspars (orthoclase and Generally less than about 10 mg/1;
microcline), feldspathoids, some as much as 100 mg/1 in hot
micas, clay minerals springs; as much as 25,000 mg/1

in brines

Carbonate (CO 3 ) Limestone, dolomite Commonly less than 10 mg/1 in
groundwater. Water high in
sodium may contain as much as
50 mg/1 of carbonate

Bicarbonate (1-1CO 3) Limestone, dolomite Commonly less than 500 mg/1;
may exceed 1000 mg/1 in water
highly charged with carbon
dioxide

Sulfate (SO4) Oxidation of sulfide ores; Commonly less than 300 mg/1
gypsum; anhydrite except in wells influenced by acid

mine draina e. As much as
200,000 mg71 in some brines.

Chloride (CI) Chief source is sedimentary rock Commonly less than 10 mg/I in
(evaporites); minor sources are humid regions but up . to 1000
igneous rocks

—
mg/1 in more arid regions.,

Rainfall, Evapotranspiration and Groundwater Levels

The amount of rainfall an area receives can play a vital role in the development of salinity/alkalinity.

Wagner (1987) stated that dryland salinity is commonly found in areas which experience a rainfall

of between 500 and 700 mm, with a winter predominance. The higher than average rainfall

experienced in the 1950's in the Yass Valley of New South Wales was related to a rise in

groundwater levels in some areas (Wagner 1987). Fogarty (1991) also observed waterlogging with

surface salt accumulation during wet conditions on the Northern Tablelands.

Variations in the level of groundwaters can occur over extended periods of several years or more and

are termed "secular variations". A series of wet and dry seasons in which rainfall patterns are above

and below the mean will result in long-period fluctuations in groundwater levels as shown in Fig.

2.12. Todd (1980) stated that rainfall is not an accurate indicator of groundwater level changes
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because of surface and subsurface losses as well as travel time for vertical percolation. Todd (1980)

stated that recharge is the governing factor. The amount of rainfall however does affect recharge.

Rasmussen and Andreasen's (1959) work shows that the travel time for rainfall will vary from a few

minutes for shallow water tables in permeable formations to several months or years for deep water

tables underlying sediments with low vertical permeabilities. Fig. 3.12 shows a definite response

to rainfall in Beaverdam Creek Basin, Maryland, U.S.

Figure 3.12 Variation in average water table level and weekly average precipitation in Beaverdam
Creek Basin during the period 1950 to 1952.

Source: (Rasmussen and Andreasen 1959)

Apart from secular variations, seasonal variations are also important when dealing with groundwater

fluctuations, with many groundwater levels showing a seasonal pattern of fluctuation which are

dependent on seasonal rainfall patterns, recharge and the type of aquifer. Confined aquifers normally

display a greater range in levels compared with unconfined aquifers.

Fluctuations in levels can also be due to evapotranspiration where an unconfined aquifer with a water

table close to the surface exhibits diurnal fluctuations. Evaporation increases as the water table

approaches the ground surface with the rate dependent on soil structure (Hellwig 1973). For water

tables within one metre of the ground surface evaporation is largely controlled by atmospheric

conditions. Todd (1980) measured groundwater evaporation from tanks and his results indicated that

below one metre the influence of evaporation becomes negligible. Transpiration effects occur when

roots extend into the saturated stratum with the magnitude of transpiration fluctuations dependent
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upon the type of vegetation, season and weather (Van Hylckama 1974). Evaporation and

transpiration are generally measured together as a combined loss. Brouwer's (1975) work indicated

that variations in evapotranspiration are related to different ground cover conditions, with deeper

rooted vegetation resulting in greater water losses see Fig. 3.13.

Figure 3.13 Generalised effects of water table depth on evapotranspiration for three ground-cover
conditions.

Source: (Brouwer 1975)

Work by Troxell (1936) indicated that groundwater recharge to vegetated areas varies inversely with

the water table level as shown in Fig 3.14. The difference between the recharge rate and the slope

of the groundwater level curve gives the evapotranspiration rate.



Rate of groundwater recharge

Area equals daily
volume of water

transpired

Transpiration rate Slope of water
table level curve

/
/

it
it

Water table level

24h

is

Slope h

Midnight
	

Noon
	

Midnight
6 a.m.	 6 p.m.

Literature Review: Page 48

Figure 3.14 Interrelations of water table level, recharge and transpiration fluctuations.
Source: (Troxell 1936)

Spatial and Temporal Variation of Discharge and Recharge

Recharge and discharge can vary from one part of a catchment to another. Those areas exhibiting

shallow coarse textured soils tend to allow water to freely drain through the soil profile into the

groundwater networks (Nicoll and Scown 1993). Recharge will alway be highest where there are

fractures in exposed bedrock or old root channels, allowing rainwater to bypass the soil profile and

flow directly to groundwaters (Bradd et al. 1991). In positions in the landscape where there is a

heavy clay subsoil acting as an impervious layer long term recharge rates are substantially reduced

(Bradd et al. 1991).

Factors affecting discharge at localised sites include:

1. amount of clay in the soils

2. presence of impermeable bands of rock or geological faults or

3. a small outlet in relation to a large catchment resulting in groundwater pressures to back

up behind the outlet, thereby increasing discharge.

Recharge can also vary dramatically according to general seasonal patterns of rainfall as shown in
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work carried out by the Department of Conservation and Land Management in the Yass Valley.

Figure 3.15 demonstrates that recharge rates can be more dependent on the amount of seasonal

rainfall than on the amount of annual rainfall.

Figure 3.15 Typical groundwater level variation in m AHD (Australian Height Datum) (1) for a
piezometer with groundwater levels on a saline discharge site. Rainfall in mm (2) is shown as the
bar graph.
Source: (Nicoll and Scown 1993)

Lateral Movement

Work by Conacher (1975) indicated that water moving from recharge to discharge zones can move

laterally as throughflow, flowing within soil layers of high lateral hydraulic conductivity or through

shoestring sands or fissured bedrock. The accumulation of salt in a low lying area can result from

shallow lateral flow of saline water over an impermeable subsoil resulting in a perched watertable

(Conacher and Murray 1973). The weakness in Conacher and Murray's work lies in the fact that they

assume salinisation results solely from perched watertables and do not take into account confined

aquifers. Conacher (1979) went on to state that watertables may not come to the surface in lower

rainfall areas due to the confining effect of hardpans separating perched watertables from deeper

groundwaters in valley floors. This however is unlikely because most aquitards leak at some point

(Mulcahy 1979). Work by Peck (1978b) demonstrated that it is difficult to attribute a particular seep

to water movement as interactions between leaky confined and unconfined aquifers are complex,

with processes with contribute to salinisation varying through time both seasonally and from year



Literature Review: Page 50

to year (Peck 1978b). Fogarty (1991) recognised a mechanism where lateral movement of

groundwater becomes restricted at the intersection of permeable soils on gentle side slopes and

heavy clay soils in drainage plains. Work by Thornburn (1991) on the Darling Downs in Queensland

suggested that water enters areas of exposed basalt via fractures and moves laterally. Water can also

infiltrate soils on scarps and pediments of basalt ridges can form perched water tables on less

permeable subsoils. Lateral movement in these soils therefore is restricted by a change in soil

properties or a reduction in the watertable gradient resulting in high watertables (Thombum 1991).

Fogarty (1991) stated that on the Northern Tablelands :

"the areas most prone to saline seepage development are where side slopes meet

alluvial drainage plains. Recharge occurs where rain infiltrates permeable soils such

as yellow duplex, uniform coarse granites and red earths. Water then moves laterally

down slope where it becomes perched on less permeable horizons".

Position in the Landscape in Relation to Concentration of Salts

Work completed by Jenkin (1981) in Victoria indicated that differences between seeps in different

areas can arise from the geomorphic situation of the seep, principally whether or not the

accumulation area is a closed basin or is open to drainage and whether the seep dries out periodically

or is continually wet. Therefore groundwaters of similar salinity can produce different surface

effects and those of different salinity, quite similar effects (Jenkin 1981).

3.5.4 Groundwater Rise And Soil Salinisation in Relation to Vegetative Patterns

Crowley (1994) investigated the decline of Casuarina in south-eastern Australia during the late

Quaternary and suggested that a rise in groundwater conditions and soil salinity was the cause. On

the other hand numerous authors have related the development of salt affected areas to the removal

of vegetative cover by early settlers resulting in water tables in discharge areas and associated

salinity (Sharma et al. 1987; Peck 1978a). Crowley's theory challenges the tree removal theory and

suggests that variations in Casuarina abundance were responses to changes in groundwater levels

and soil salinity rather than the other way round. Macumber (1980) stated that:

" groundwater level is controlled by proximity to the coast, rainfall within the

recharge area and discharge through drainage and evaporation, including

evapotranspiration".
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It appears groundwater levels rose as rainfall increased resulting in a decrease in woody vegetation

in inland areas at the close of the Pleistocene (Bowler 1986; Head 1988).

Further studies by Wilson (1984) and Walker and Sinclair (1992) showed that the abundance of the

Chenopodiaceae can be used as an indicator of saline soils. The increase in chenopods was attributed

to an decrease in groundwater levels during the arid glacial periods (Crowley 1981). A decline in

Chenopod numbers was associated with increased rainwater at the beginning of the Holocene period

which effectively acted as a flushing system reducing salt concentrations. The relationship in

groundwater levels with Casuarina and Chenopods is interesting. It appears that when groundwater

levels are low Casuarina numbers increased due to lower salinity levels. During dry periods when

groundwater levels drop and salt concentrations increased the more salt tolerant chenopods became

the dominant vegetation in the landscape. The dominance of a particular group of species and their

position in the landscape can then be attributed to their tolerance of salinity and groundwater levels.

For example Casuarina stricta is salt sensitive and declined during the period of the Holocene when

high saline groundwater conditions existed. C. stricta is extremely drought resistant and favours

conditions when aquifers are low and it occupies positions on hilltops and rocky outcrops in the

landscape (Doran and Hall 1983). The broader implications of the work reviewed above indicate

that groundwater levels and soil salinity have played a role in influencing the vegetative patterns

during the interglacial periods of the late Quaternary. The fluctuations in groundwater and soil

salinity favoured certain species adapted to those conditions. Casuarina favours low salinity and

groundwater levels while chenopods tolerate higher salinity and groundwater levels. Crowley's

(1994) paper questioned the relevance of trying to reverse salinisation levels to those that existed

prior to European occupation and whether this course of action will actually solve the salinisation

problems that exist in south-eastern Australia today.

3.6 Salinity/Alkalinity in the Uralla - Walcha Districts

Saline/alkaline scalds in the region vary in their size, shape and degree of severity (Fogarty 1991).

Information on how long these scald sites have existed on the Northern Tablelands is highly

subjective and based on landholder information. Discussions with numerous landholders in the

district indicate that these scald sites are not a new phenomenon (pers. comm James Street, Andrew

Burgess 1992). According to landholders some scalds have undergone natural rehabilitation and no

longer appear to be a threat, other sites have remained the same, whilst others have deteriorated and

increased in size.
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The majority of literature describing the causes of salinisation/alkalinization in Victoria, South

Australia and Western Australia has focused on the removal of native vegetation from the landscape

as the main cause of salinity problems, with tree removal resulting in additional groundwater, rising

water tables and salt seeps (Wagner 1957; Peck 1978a; Van Dijk 1969).

Conacher (1975) stated that tree removal results in excess water percolating into the soil profile

ultimately reaching groundwater systems, where stored salts are mobilised and re-distributed to other

parts of the landscape via lateral movement of water as throughflow and capillary rise. Lateral

movement of water as throughflow results in waterlogging of low lying areas or outcropping of the

water table in positions in the landscape where there is a change in slope (Conacher 1975). Deeper

percolation to groundwater systems can result in a rise in the watertable which discharges at the soil

surface particularly where groundwater slope and land surfaces intersect (Peck 1978a).

Comprehensive research on the development of scalds on the Southern Tablelands conducted by

Wagner (1987) indicated that different rainfall patterns from year to year could affect scald

formation. Through discussion with landholders in combination with aerial photography, Wagner

postulated three scenarios in relation to the development of salinised areas which are summarised

as follows:

1. many salinised areas became evident in the 1950s, as a consequence of a period of above average

rainfall followed by dry years;

2. two or three years of above average rainfall, followed by a return to 'normal' (or drier) years,

appear to exacerbate the surface expression of the problem, whereas a more prolonged period

of wet years e.g. 1978 to 1983 appears to alleviate it;

3. annual average rainfalls outside the range 400-800 mm are not conducive to this type of salinity

development, maximum occurrence appears to be in the range of 600-700 mm.

(Wagner 1987)

Fogarty (1991) states that the removal of native vegetation on the Northern Tablelands may have

contributed to the salinity/alkalinity experienced by changing the hydrological balance from pre-

European settlement conditions. The problem with Fogarty's analysis is that it is entirely based on

imported assertions which do not appear consistent with the latest detailed studies completed by

Kreeb et al. in 1995.
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Kreeb et al. (1995) investigated saline/alkaline scalds on the property "Miramoona" near Walcha

on the Northern Tablelands. These scalds were characterised by high alkalinity (pH 9 and above),

soil dispersion, poor soil structure, low infiltration capacities and soil crusting problems and

distinctive vegetation patterns surrounding the scalds. Kreeb et al. (1995) found that pH values

changed dramatically over relatively short distances and depth of the soil profile with values as high

as 10 recorded within the scalded area while the area outside the scald region had acidic soil.

Jessup's findings as early as 1965 of high pH values of 10 in the B horizon in the New England

region would indicate that the problem of these scalds is not a new one.

Kreeb et al. (1995) described three distinct rows of scalds more or less parallel with the contours on

the lower part of a slope and postulated the existence of several closely associated but distinct

aquifers each with a different potentiometric head and water chemistry. Piezometer tube data

revealed a rapid response of these aquifers to rainfall sequences and that these different aquifers were

separated by impermeable layers of rock within the profile (Kreeb et al. 1995). The rapid response

to rainfall sequences indicated local intake for the aquifers and the discharge was very localised

indicating that the groundwater was probably moving through cracks and fissures in the underlying

metamorphosed sedimentary rocks. The scalds were about 20 metres below and 1 km away from the

top of the watershed. -

The soluble salts on these scalds (usually carbonates and bicarbonates of sodium) were mostly

concentrated at the surface. The data were collected in late 1991 following two years (1989 and

1990) when the rainfall during the winter was very high (Kreeb et al. 1995). The winter of 1991 was

dry and the water levels in the piezometer tubes fell dramatically. It is postulated that these rainfall

sequences can lead to expansion and contraction of the saline/alkaline scalds.

Periods of high rainfall, particularly in the winter when evapotranspiration is low (Kreeb et al. 1995)

lead to the recharge of the confined aquifer and the movement down slope of water containing

varying amounts and kinds of dissolved solids, depending on the chemistry of the particular rock

strata through which the water passes. The dissolved solids accumulate at the soil surface where the

aquifers discharge and may lead to the development of saline/alkaline scalds if the conductivity and

pH are sufficiently high to cause plant death. The development of these scalds is exacerbated by dry

weather following sufficient rain to saturate the profile and cause the aquifers to be recharged.

Periods of moderate rainfall will leach the soluble salts from the scald surface leading to

colonisation by salinity/alkalinity tolerant species such as Cynodon dactylon and Hordeum marinum
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(Kreeb et al. 1995).

The scalds therefore expand and contract in response to high, low and moderate rainfall sequences

perhaps in response to El Nino and La Nina events.

Gardner (1854) described extensive swamps along the drainage lines at the time of European

settlement of the Northern Tablelands. If the aquifers reached the surface within the confines of the

swamp, then dispersal of the dissolved solids would occur. If the swamp dried up in a drought then

surface salts would accumulate but would be dispersed as soon as sufficient rain fell to re-fill the

swamp. These swamps were drained by the early settlers allowing accumulation of soluble salts

where the aquifer discharged and, in some cases, the development of saline/alkaline scalds.

Kreeb et al. (1995) argue that because the primary cause of the scald development is the irregular

occurrence of wet and dry periods in combination with the characteristics of the underlying lithology

and swamp drainages, tree clearing in the past will have had little impact on the extent of scald

development in the Uralla-Walcha district. They also describe the occurrence of salt effloresences

in road cuttings to the east of Walcha where the mean annual rainfall is of the order of 1000 mm pa

(Kreeb et (2/.1995) and the landscape has been little modified for agriculture. It would seem,

therefore, that there is not a close association between land clearing and saline/alkaline scald

formation apart from swamp drainage towards the end of last century.

An effective strategy for the amelioration of saline/alkaline scalds in the Uralla/Walcha region would

be to prevent the localised accumulation of soluble salts at the point of discharge of the localised

aquifers. This prevention of soluble salt accumulation could possibly be achieved by re-creating the

earlier swamps or by the installation of reverse interception drains to spread the groundwater

recharge. Alternative treatments which might be effective would be the use of soil ameliorants such

as CaSO4 or MgSO4 to replace the sodium and improve infiltration rates and so hasten leaching. It

is unlikely that even extensive tree planting on the nearby intake beds for the aquifers have any

significant impact on the scalds (Kreeb et al. 1995).
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3.7 Reclamation of Saline and/or Alkaline Soils

3.7.1 Introduction

There are countless approaches and methods for the utilisation and reclamation of saline/alkaline

soils which have been documented over the last 40 years. The principal task in any reclamation is

to encourage practices which diminish the results of salinity/alkalinity. These practices are as

follows:

• to retain vegetative cover

• enhance and maintain productivity

• encourage sustainable agricultural practices

• prevent land degradation (salinisation, alkalinsation, fertility loss, erosion)

(Downes 1954; Buckman and Brady 1960; Peck 1978a; Borovsky 1982; Bettenay 1986; Gupta and

Abrol 1990).

The physio-chemical principles that control solute and water transport through geologic systems and

the effects of vegetation thereof are well established (Prescott 1952; Gunn and Richardson 1979).

The data base however is frequently not sufficient to describe localised systems (Peck 1978), nor it

is clear how to use these principles to define problems in the field (Van Schilfgaarde 1981). An

important factor in devising potential reclamation solutions is that generalised theories do not

necessarily relate to site-specific conditions. A precise description of soil-forming processes

combined with advanced monitoring and diagnostic systems are required if methods are to be

applied to specific areas (Szabolcs 1989). Researchers to-date have often not reached the point where

this knowledge base can be utilised for predictive purposes because of the variability between

individual sites, with sites as diverse in character as they are widespread. The solution to local

problems will vary and depend on the objectives of landholders and on the local physical conditions

and management constraints (Bettenay 1986).

Reclaiming saline and particularly sodic soils is a recurring and challenging problem. Much of the

work was and still is based on trial and error, and the effects of strategies are poorly understood.

Reclaiming saline soils includes the application of chemical ameliorants to rectify ion imbalances

and efficient leaching to remove excess soluble salts such as NaC1 from the root zone. The inhibiting

factors which may preclude this occurring have been outlined by Bresler et al. (1982) as the

following:
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1. inadequate drainage,

2. an inadequate supply of good-quality leaching water,

3. the cost of water,

4. cost and availability of calcium sources to exchange for the adsorbed sodium

5. the difficulty of getting the calcium into the soil so reclamation can commence.

Buckman and Brady (1960) summarised two general ways in which saline and alkaline problems

can be ameliorated. The first is the removal of the salt which involves drainage, leaching and

scraping. Leaching works effectively when saline soils contain largely neutral salts with high

calcium and magnesium levels. However, treating saline/alkaline soils with water may intensify the

alkalinity via the removal of neutral soluble salts, allowing an increase in the per cent sodium

saturation and consequently increasing the OH- ions in the soil solution. This can be avoided by the

use of chemical ameliorants such as gypsum or sulfur which convert the soluble sodium carbonate

and bicarbonate to sodium sulfate. A second approach to the saline/alkaline problem is to re-

redistribute the salts throughout the soil profile or the landscape and so reduce the localised high

concentration within the root zone so that non salt tolerant plant species will be able to re-establish.

Some factors which have contributed to the lack of successful application of reclamation strategies

are outlined below:

• the need for simplified presentation of the scientific material to landholders, engineers and

planners;

• dissemination of scientific literature which is already known to landholders who hold the

responsibility of managing the land;

• the problem of ignorance and a determination to resist change in agricultural procedures;

• lack of extension services, infrastructure and organisation set-up

• economic constraints in implementation of effective reclamation strategies (Kovda 1976).
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3.7.2 Controlling Salinity and Alkalinity - Review of Reclamation Strategies

The ultimate aim of any reclamation strategy for salt induced scalds is to re-establish and maintain

vegetative cover (Peck 1978a). Strategies will vary according to soil type, position in the landscape,

climatic conditions and geological features of the site. The techniques which have been used in

attempts to ameliorate saline/alkaline affected areas include:

• graded banks to divert surface flow from saline/alkaline affected areas;

• implementation of various drainage strategies, for example, subsurface drains and

interception drains to control the lateral throughflow and surface flow;

• mulching to prevent evaporation and crystallisation of salts at the soil surface;

• fencing to exclude stock and prevent trampling, licking and subsequent soil compaction;

• the application of various chemical ameliorants including gypsum or lime to restore soil

permeability and filth;

• deep ripping to allow deeper percolation of water through the soil profile to leach out salts

from the surface of soils;

• planting of salt tolerant grass species such as the perennials, Puccinellia cilata (puccinellia)

and Agropyron elongatum (tall wheat grass) (Table 3.5);

• application of fertilisers once areas have been reclaimed because saline soils usually have

imbalances.	 (Hamilton and Lang 1978; Van Schilfgaarde 1981)

Table 3.5 List of plants suitable for sowing on saline areas of N.S.W.
Source: (Hamilton and Lang 1978)

Climatic Zones Salinity Suitable Plants

Northern (over 450 mm, summer
dominant

High

Low-moderate

Agrophyron elongatum
Festuca elatoir
Agrophyron elongatum , Festuca elatior
Cynodon dactylon, Phalaris aquatica.

Central (over 425 mm,
non-seasonal)

High
Low-moderate

Agrophyron elongatum, Puccinellia ciliata
Agrophyron elongatum, Puccinellia ciliata,
Cynodon dactylon, Festuca elatoir, Phalaris aquatica

Southern (over 400 mm,
winter dominant)

High
Low-moderate

Puccinellia ciliata, Agrophyron elongatum
Puccinellia ciliata, Agrophyron elongatum
Cynodon dactylon

Western (below 450 mm) High Atriplex vesicaria, Atrip/ex nummulariaa , Maireana brevifolia,
Galenia secunda
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In assessing reclamation strategies, options best suited for maintaining or enhancing in situ

agricultural production are foremost. One strategy employed at one site may not be a feasible solution

at another. Bettenay (1986) highlights problems that exist in the identification of saline areas and the

inadequacy of a reactionary approach rather than a preventative one. Often land is not recognised as

being at risk until only the most salt tolerant vegetation remains. It is therefore necessary that

salinity/alkalinity be recognised as a problem in its early stages of development before symptoms

such as loss of vegetation are observed.

3.7.3 Reclamation of Saline/Alkaline Soils

The basic requirement in the reclamation of alkaline or sodic soils is the displacement of a

substantial proportion of exchangeable sodium by more favourable ions such as calcium (Szabolcs

1989).

Calcium may originate from the dissolution of calcium containing minerals in the soils or with the

use of amendments such as gypsum and calcium chloride. A significant factor in the reclamation of

sodic soils is the maintenance of hydraulic conductivity by providing a sufficiently high solute

concentration in the soil solution to counter the influence of exchangeable sodium in dispersing the

clay fraction. Methods which give quick results include the application of chemical ameliorates and

the removal of soluble salts via leaching. The effectiveness of amendments in reclaiming sodic soils

depends on their dissolution properties (Kemper et al. 1975; Keren and O'Connor 1982).

Discrepancies between reclamation procedures on alkali, solonetz and solod soils are largely due to

differences in local climatic conditions, parent materials and levels of agricultural technology

(Szabolcs 1989). Differences in salt profiles and salt dynamics arising from differences in the depth

and quality of the groundwater can exercise a decisive influence not only on the genetics of alkaline,

solonetz and solod soils but also on possible reclamation techniques used to combat problems with

these soil types. Szabolcs (1989) classified solonetz and solod soils into three principal groups

according to their water-soluble salt content and linkage with the groundwater. In group 1 the soil

profiles are capillary linked with mineralized groundwater especially in the top layers of the profile,

while in group 2 the profile is only temporarily linked with groundwater and the salt content of the

A and B horizons is lower than Group 1. In group 3 the soil profile is not linked with the groundwater

(Table 3.6).
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Table 3.6 Schematic grouping of solenetz and solod soils and suggested methods of
amelioration.

Source: (Szabolcs 1989; Boyko 1966)

Genetic type Relation with
groundwater

Water soluble salt
content in the
surface layer

Amelioration

1. Saline Permanently linked More than 0.2% Drainage and chemical
(Solonchak) (about 4 mho) amendments

2. Saline-sodic
(Solonetz-Solonchak)

Temporarily linked About 0.2% Chemical amendments,
deep plowing and drainage
if necessary

3. Non-saline-sodic
(Solonetz or
Alkali soils)

Not linked Less than 0.2% Low amount of chemical
amendments,proper
agrotechnics (deep
plowing and subsoil
loosening, etc.), suitable
crops (alfalfa, etc.)

Organic Amelioration of Saline/Alkaline Soils

Organic matter plays an important role in aggregate stability of soils by the formation of linkages

between particles. These linkages prevent slaking by slowing the rate of wetting of the aggregate by

water (Rengassamy and Olsson 1991). Problems arise in alkaline soils where organic matter is

ineffective in stabilising soil structure due to the presence of M. + which results in weak organic

linkages. Nat must first be replaced by another cation, eg calcium, to enable stable linkages between

particles by organic matter. Gupta et al. (1984) therefore recommends that organic manures should

not be used until a calcium amendment is applied. Due to the high alkalinity of these soils, high pH

levels are encountered which add to the dispersive potential of such soils by increasing the negative

charge on the organic molecules. Organic matter (humus) also becomes soluble at high pH resulting

in a black layer on the surface of these soils (Rengasamy and Olsson 1991).

Electrolytes and Cation Exchange Processes

Two factors important in the reclamation of saline/alkaline soils are the action of soluble salts and

cation exchange processes. Soluble salts influence water infiltration through the soil profile while

cation exchange processes improve soil physical properties (Gupta and Singh 1988). Concentrated

solutions of calcium in combination with water will reduce high ESP values (Prather et al. 1978).

Kelly (1937) states that if chemical amendments are applied without the establishment of adequate

drainage, then the reclamation will only be a temporary solution as alkaline conditions will develop

again.
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Gupta et al. (1985) has defined amendments for the reclamation of alkali soils as:

"materials that directly or indirectly, through chemical or microbial action, furnish

divalent cations (usually Ca 2+) for replacement of exchangeable sodium".

Gupta groups chemical amendments into three categories.

1. soluble calcium salts: gypsum (CaSO 4 .2H20), CaC12, phospho-gypsum,

2. sparingly soluble calcium salts: Calcite, CaCO3

3. Acids or acid formers: , iron and aluminium sulfates, lime-sulfur and pyrite etc.

Reclamation of Saline/Alkaline Soils with Gypsum

Gypsum is widely used as a calcium source for different crops and as a soil conditioner on sodic soils

(Shainberg et al. 1989), because of its low cost, availability and ease of handling. Its value as an

amendment has been known for some time (Hilgard 1906; Kelley and Arany 1928).

Gypsum is sparingly soluble in water with a solubility of about 2.6 g but will maintain sufficient

permeability to allow water entry into and through the soil profile and at the same time provides

calcium for exchange with sodium (Shainberg et al. 1989). Gypsum directly prevents swelling and

dispersion and indirectly increases porosity, structural stability, hydraulic properties, soil tilth,

drainage and leaching and reduces dry soil strength (Shainberg et al. 1989). Reduction in surface

crusting has been recorded in the literature associated with marked improvement in seedling

emergence and establishment as well as reductions in the modulus of rupture and resistance to

penetration (Loveday and Scotter 1966). Water penetration and soil water have been increased by

gypsum applications (McIntyre et al. 1982). Increased leaching of soluble salts resulting from the

extra profile drainage after gypsum application has also been documented by McIntyre et al. (1982).

Sodic soils often have low hydraulic conductivities because of their high exchangeable sodium

percentage (ESP) levels. For such soils the electrolyte concentration of leaching water is often too

low to promote flocculation (Prather et al. 1978). Reclamation of sodic soils requires that water pass

through the profile to carry added divalent ions (usually calcium) into and flush exchanged sodium

out of the root zone. The rate at which sodic soils can be reclaimed is dependent on the rate of water

flow through the profile and the concentration of calcium in solution (Prather et al. 1978). Overall
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dissolution of gypsum is soils is promoted by exchange of calcium for other exchangeable ions. In

soil systems water is often in flux through pores (during percolation) or over the soil surface (during

runoff) and thus the rate of dissolution is an important parameter affecting the efficiency of gypsum

amendment.

Abbott and McKenzie (1986) state that soils most likely to show responses to gypsum application

have the following features:

• High clay content - greater than 30 per cent;

• High sodicity level - exchangeable sodium percentage (ESP) greater than 5;

• Low salinity level - electrical conductivity of 1:5 water suspension less than about 0.4 dS/m

• Ratio of exchangeable calcium to exchangeable magnesium (Ca/Mg ratio)-the lower the

Ca/Mg ratio, the greater the likelihood of response, particularly for marginally sodic soils

(ESP about five). Values of Ca/Mg ratio between 1 and 2 are considered low; less than 1 very

low.

• Organic matter content-organic matter helps to prevent clay dispersion; therefore sodic clay

soils with low organic matter levels (less than 2%, particularly less than 1%), are more likely

to respond to gypsum.

Gypsum can be sourced from both mines and as a by-product of the phosphate fertiliser industry with

the rate of dissolution of industrial gypsum much higher than that of mined gypsum (Keren and

Shainberg 1981). The first application of gypsum will reclaim affected soil to a limited depth which

will usually permit a shallow-rooted crop to be established. Subsequent applications of gypsum will

increase the depth of reclamation (Keren and O'Connor 1982). In soils with a pH of 9.0, gypsum

application will lead to the precipitation of HCO 3- and CO32- complexes and which will lower the pH

by 0.5 to 1 unit (Gupta and Abrol 1990).

Sulfur can also be used as an ameliorate where the sulfur upon oxidation yields sulfuric acid which

converts the sodium carbonate to a less harmful and neutral sulfate and reduces pH by eliminating

the carbonate radical (Buckman and Brady 1960).

Na 2 CO3 H2SO 4 = CO 2 + H 0 + Na 2SO 4
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Na2SO4 is a neutral salt and is readily leached out of the soil profile. The advantage that sulfur has

in comparison with gypsum is that sodium carbonate is changed to a mild neutral salt and the

carbonate radical is entirely eliminated, whereas in gypsum application the carbonates remain in the

soil profile as calcium salts and can contribute to increasing pH values of the soil profile (Buckman

and Brady 1960). The research on epsomite as an ameliorate is limited and so a detailed review could

not be included.

3.7.4 Drainage

An effective drainage system for waterlogged saline/alkaline areas is a main requirement for

preventing the problem intensifying by the removal of surplus water from the soil surface and

subsurface (Singer and Munns 1991) and both internal drainage and soil permeability must be

adequate for effective drainage to occur. From a functional point of view subsurface drainage

includes both relief and interception drainage (Luthin 1957). Relief drainage is used to lower a high

water table which has a low gradient while interception drains intercept, reduce the flow and lower

the flow line of the water in the problem area. The interception drains must be located in the most

effective positions. Subsurface interception drains located on the upslope side of an affected area

have been effective in reclaiming scalds (Doering and Sandoval 1976; Sommerfeldt and Paziuk

1975). Work by Doering and Sandoval (1976a) also demonstrated that the use of subsurface

interception drains in North America can be effective in certain circumstances. It is very important

when constructing drains to have adequate outlets for disposal of the saline water.

Pasture production is directly influenced by the distribution of salinity/alkalinity within the soil

profile. Reclamation therefore needs to result in the reduction of the concentration of ions to

acceptable levels by a combination of leaching and alleviating waterlogged conditions. This is

usually accomplished by the correct placement of drains in the soil. A general rule of thumb is that

nearly 80% of the soluble salts from a 50 cm deep soil profile can be removed by 50 cm of water,

provided the hydraulic conductivity of the soil is sufficiently high for the water to pass through

(Pessarakli 1991).

The only permanent way to reclaim waterlogged saline/alkaline sites is to leach and remove excess

salts, as well as preventing further inflow of soluble salts which will be removed with the drainage

water. Leaching generally occurs in areas of high rainfall and under irrigation (Negus 1983a; 1983b).
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Surface drainage to prevent water from entering waterlogged areas may be an effective strategy in

regions where waterlogged conditions result in reduced plant growth. However surface drains may

not necessarily reduce local water tables. Studies in the saline valleys in Western Australia by

Bettenay (1978) showed that groundwater was confined and under pressure and that the confining

layer restricted penetration of surface water as well as restricting the rate of upward movement of

groundwater. Surface drainage will be ineffective in such cases.

Interception Drains

Interception drains are those which intercept seepage water moving down hillsides and are usually

positioned on sloping land. Open interception drains collect both surface and sub-surface water

(McFarlane and Cox 1989). Research conducted by Cox and Negus (1985) showed that interception

drains were effective in reducing waterlogging down slope. The use of open surface drains has the

benefit of removing large quantities of water quickly and efficiently. Where duplex soils occur and

the surface is free draining, open surface drains can assist in lowering the watertable (Cole and

Middlemas 1985).

Interception drains are installed to collect relatively shallow sub-surface water flow coming from

upslope, and prevent it reaching the areas to be protected. The advantage of interception drains lies

in their ability to cut off and divert underground water from seepages on sloping areas if the seepage

is caused by impermeable rock or clay at shallow depth. The amount of flow intercepted is dependent

upon its depth relative to the thickness of the water bearing layer (George 1978). Understanding of

the performance of interceptor drains is limited, partly because there have been a number of

theoretical analyses and laboratory studies but few field experiments (Fipps and Skaggs 1989).

Saline/alkaline scalds are occasionally flooded and surface and subsurface drainage can be used to

prevent or reduce flooding and to improve soil conditions for plant growth (George 1978). Surface

drainage is useful under the following conditions:

1. the topography is extremely flat and the soils are relatively impermeable,

2. there are depressions that hold water,

3. large amounts of runoff from surrounding land accumulate

4. overflow from streams or rivers is likely

5. the natural drainage lines are ill-defined or discontinuous (George 1978).
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Work by Kreeb et al. (1995) suggested that the drainage of areas which previously were swamps

perhaps caused the development of saline/alkaline scalds by allowing an increase in the concentration

of carbonates and bicarbonates rather than their dispersal in the swamps.

Subsurface and surface drains have been used to remove excess water from duplex soils in Australia

(McFarlane and Cox 1992). Whipkey and Kirby (1978) found variations of flow within the soil from

catchment to catchment and between plots within a single catchment. Cox (1988) in studies

conducted in south-western Australia also found variability in waterlogging intensity among duplex

soils. Principally it is saturated subsurface flow, also called interflow, throughflow or subsurface

stormflow which is of most interest in drainage studies (Gregory et al. 1992).

In order for drains to be effective on duplex soils on sloping land, the drains must have the following

features:

1. a channel in the subsoil clay is required to intercept all of the water that moves down slope

on top of the clay,

2. enough slope to ensure that the intercepted water is carried away and not allowed to seep

through the bank or downwards to add to saline groundwaters and

3. a safe disposal point for the water, such as a grassed waterway or uneroded creek-line

(McFarlane and Cox 1989).

In 'conventional' interceptor drains (Fig 3.16), overland flow and interflow are removed in the same

channel but the upslope batter often erodes resulting in silting of the channel. Therefore reverse

interceptor drains were developed (Negus 1983a; 1983b).

Reverse bank interceptors have the spoil from the channel placed on the upslope side which prevents

storm water flows from entering and scouring the drain channel, whereas conventional interceptor

drains have the spoil on the down slope (McFarlane et a/.1985).
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Figure 3.16 Diagrammatic representation of a interception drain.
Source: (McFarlane et al. 1985)

Drainage studies have shown that hydraulic control can be accomplished quickly with subsurface

interception drains located on the upslope of an affected area (Doering and Sandoval 1976;

Sommerfeldt and Paziuk 1975).

3.7.5 Ponding Technique

Ponding involves flooding an affected region, so that the soluble salts in the topsoil dissolve in the

ponded water and can be removed through a drainage system. Leaching works in a similar way to

flooding except that the soluble salts are dissolved and leached down the profile and removed via a

subsoil drainage system (Jones 1967).

When redirecting potentially saline/alkaline waters from ponding sites one consideration which needs

to be examined is the conflict that may arise in the re-distribution of this water to other areas. The

redistribution of waters from ponded sites needs to be at a low concentration to ensure there are no

adverse effects on plant growth and to ensure the problem is not transported to other unaffected

regions such as streams and rivers as increased salinity of these regions.

Waterponding banks have been used in far western New South Wales with immense success in

reclaiming scald areas, the ponds acting as permanent water retention structures. Research by Jones

(1967) in the Hay region of New South Wales showed that salt levels in ponded soils at 100 mm

depth were reduced to between one-tenth and one-quarter of that on an adjacent untreated scald, with
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soil moisture storage increasing on ponded land. Jones (1967) found that waterponding was

associated with a cracking of the soil surface, a reduction in soil salinity and improvements in

persistent vegetation cover and soil moisture regime. Later work by Williams (1955) and Peck (1977)

also showed that ponding benefited the reclamation process by improving the soil moisture regime.

In the longer term leaching due to the ponded water results in the collapse of the sodic B horizon

which forms shrinkage cracks on drying. This improves infiltration due to changes in soil properties

(Ringrose-Voase et al. 1989). Studies by Cunningham et al. (1974) indicated that the soil moisture

content under ponded areas ranged from one and a half times as much as the levels under untreated

sites at 600 mm depth to 11 times immediately below the surface. A reduction in the concentration

of soluble salts in the top 50 mm of the soil from 30 to 70 per cent was achieved after 12 months

under waterponding. A further seven years later the concentration of soluble salts had fallen to an

average of 10 to 30 per cent of that recorded on unponded sites. A noticeable improvement was also

observed in the soil structure as a result of the leaching of salts from the upper layers of the profile

via improved infiltration capacities.

Reeve et al. (1955) showed that one unit depth of water was required per unit depth of soil to reduce

total salinity of the soil by 80% as a result of leaching due to ponding of water on the surface.

3.7.6 Summary of Salinity/Alkalinity in Australia

Saline and alkaline soils occur in Australia in arid, semi-arid and higher rainfall areas. Soil profiles

in all but the wettest parts of the continent hold vast amounts of salt derived from marine sediments,

or from the ocean and deposited on land by rain for many thousands of years. Cyclic salt has become

concentrated in the subsoil and when uneffected by disturbances this salt store is quite harmless

because it remains below the root zone of grasses and shrubs and the ecosystem which has developed

around such areas operates effectively. Problems arise however when the salt store in the soil profile

is disturbed and these problems will vary according to site specific characteristics such as rainfall

patterns, soil type, geology and hydrogeomorpholgy. Therefore salinity problems experienced in arid

areas such as central Australia are likely to be different from the salinity problems in the wheatbelt

of Western Australia and Victoria or on the Northern Tablelands of New South Wales.

The salinity problems in Western Australia result mainly from the removal of trees and shrubs and

their replacement by shallow rooted cool season cereals in a winter rainfall environment. Rain during

winter results in the recharge of watertable levels. This soil water is not depleted during the dry



Literature Review: Page 67

summers because the deep rooted trees and shrubs have been removed and so the water level then

rises carrying soluble salts to the surface. The time lapse in the wheat belt of Western Australia

between clearing and the appearance of saline seeps is about 15 to 20 years. In south Western

Australia a dual aquifer system is the norm. Near the surface, in the porous, coarse textured soil, an

unconfined aquifer usually exists that is dependent upon the abundance of recent rainfall. This

shallow 'perched' aquifer, up to about 3 m thick, sits above a finer-textured clay-like layer which has

a perennial and more saline groundwater system. Again, with the clearing of forests for crops and

pastures summer evapotranspiration was reduced, resulting in more water remaining in the water

table to be supplemented each winter. This carries salt (mostly sodium chloride) towards the soil

surface causing saline seeps (Teakle and Burvill 1938; Cope 1958; Bettenay et al. 1964; Rowan 1971

and Hookey 1987).

The salt which accumulates in surface soil is washed into streams by run-off. Associated discharges

of saline groundwater in springs and directly into streams and rivers add further to the salt load in

surface waters (Peck 1978).The total dissolved solids (TDS) exceeds 1000 mg/1 in 33% of the

average annual discharged from rivers, while a further 36% of the flow carries TDS in the range of

500-1000 mg/1 (Anon 1976). Dimmock et al. (1974) found that soluble salt storages throughout the

soil profile ranged from 17 to 95 kgrn- 3 in deeply weathered (average 20 m) soils developed on

granitic and gneissic rocks. Extensive sampling of soils down to 3 m in many investigations of saline

seeps has resulted in similar findings (Teakle and Burvill 1938; Cope 1958; Bettenay et al. 1964;

Greenlee et al. 1968; Rowan 1971 and Halvorson and Black 1974).

The salinity problems in Victoria are similar to those in Western Australia with increases in the water

table in combination with capillary rise of groundwaters containing soluble salts (Hookey 1987).

Again, the winter dominant rainfall causes a rise in the water tables which prior to land clearing, were

depleted during the summer months when evaporation rates are high. Following clearing of deep

rooted trees, water tables have risen bringing soluble salts to the surface of the soil resulting in

salinity problems. In Victoria salinisation occurs in all but the highest and wettest areas. The soluble

salts stored in the weathered zone and in the groundwater are mostly sodium chloride and provide

a very large salt supply with the majority of saline seeps occurring in the valley floors (Jenkin 1981).

Kreeb et al. (1995) described scalds on one site on a property on the Northern Tablelands as

occurring more or less parallel with the contours on the lower part of a slope and postulated the

existence of several closely associated but distinct confined aquifers each with a different
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potentiometric head and water chemistry. The general levels of salinity were low but the salts were

mostly sodium carbonate/bicarbonate with pH levels often in excess of 10 (Kreeb et al. 1995).

Piezometer tube data revealed a rapid response of these aquifers to rainfall sequences and that these

different aquifers were separated by impermeable layers of rock within the profile. The rapid

response to rainfall sequences indicated local intake for the aquifers and the discharge was very

localised indicating that the groundwater was probably moving through cracks and fissures in the

underlying metamorphosed sedimentary rocks of marine origin. Kreeb et al. (1995) postulated that

these scalds were independent of previous tree clearing and that the activation of the aquifers,

probably resulted from periods of heavy rain (particularly in winter) followed by a drought. Drainage

of swamps probably decreased the dispersal of the carbonates/bicarbonates coming to the soil

surface.

Saline Seeps in Relation to Soil Type

Saline seeps have developed in a variety of soil types. In the south west of Western Australia they

are associated with deeply weathered lateritic soils developed on granitic and gneissic parent rocks

(Smith 1962; Bettenay et al. 1964). In Victoria saline seeps are generally found on the swales, lower

slopes and nearby flats of sandy dunes which overlie much less permeable clay soils (Rowan 1971)

or develop in lower topographic positions on clay soils of the broad plains (Cope 1958).

In the southern Tablelands of New South Wales Van Dijk (1969) observed saline seep development

on dense subsoils of low permeability which may include more permeable layers. Valley and hillside

seeps are common in this region with hillside seeps occurring in shallow (0.3 m) stoney loarns

overlying an irregular thickness of dense clay and partly decomposed rock. These seeps occur in

areas where the clay layer is very thin or non-existent. Valley seeps tend to be found in strongly

differentiated silty-loam surface soil overlying dense clay subsoils.

3.7.7 Detailed Aims

The aims of the project were to investigate the nature, extent and severity of saline/alkaline scalds

in the Uralla/Walcha district of the Northern Tablelands of New South Wales and to test several

amelioration treatments. The hypothesis to be tested was that saline/alkaline scalds on the Northern

Tablelands are different from scalds in Western Australia and Victoria. This hypothesis was tested

by undertaking the following:
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1. a farmer survey to investigate the number and types of scalds that occur in the Uralla/Walcha

district,

2. a more detailed survey of a sub-set of these scalds,

3. a detailed survey of the three dimensional distribution of the salts in a single scald,

4. piezometer tube studies to gain some idea of groundwater changes and

5. an electromagnetic survey of some scalds to see if the patterns revealed in 3 above are more

widespread.

Amelioration Treatments

Experimental treatments were designed to ameliorate some of the features which are associated with

saline/alkaline scalds such as:

1. high SAR and ESP,

2. waterlogging,

3. poor soil structure and

4. high pH levels.

The amelioration treatments were designed to produce results within a short time frame and included

the following:

1. ponds fitted with drains designed to dissolve and disperse accumulated salts,

2. reverse interception drains designed to divert above and below ground flow away from

scalds and

3. the application of two chemical ameliorants namely gypsum (calcium sulphate) and

epsomite (magnesium sulphate).

Ponding was designed to dissolve and disperse the soluble salts present in the soil profile and reduce

their concentration to a level less detrimental to plant growth. The salts in the soil profile would be

dissolved in the ponded water and then dispersed to areas of the paddock which were not affected by

high concentrations of salts. Reverse interception drains were used to divert both surface and lateral

flow of water from entering the scalds thereby alleviating any waterlogging problems. The two

chemical ameliorants of gypsum and epsomite decreased the ESP by providing extra calcium and

magnesium ions.
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