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ABSTRACT

Leaching of solutes such as nitrate from soil to surface water and groundwater is of

environmental and economic concem. Leaching experiments were conducted both in

the laboratory using large intact soil cores (230 mm diameter; 250 mm depth) and in

the field using a mole-pipe drained Tokomaru silt loam soil under pasture.

In the laboratory experiments 'tracers' (tritium, bromide or chloride) were applied as

pulse or step-change inputs to the soil surface during steady flow. A transfer

function model, based on a probability density function (pdfl, which characterised

solute travel between inlet and outlet surfaces in terms of cumulative drainage, was

used to predict solute movement. Using tracer model pafameters, leaching of

indigenous chloride was reasonably predicted, but the leaching of indigenous nitrate

could not be modelled satisfactorily. This was apparently due to the dynamic nature

and spatial variability of the biological transformations to which nitrate is subject in

soil.

I

In the field experiment solid sodium bromide and urea were applied in autumn 1990

to adjacent drained paddocks, each 0.125 ha in area. Soil, suction-cup and drainage

samples were collected regularly during the drainage seasons of 1990 and 1991. The

average amounts of drainage collected were 250 mm in 1990 and 320 mm in 1991,

but the average amounts of nitrate leached were 47 and 20 kg Nlha, respectively.

The results indicate the importance of source-strength for nitrate in N leaching loss.

The nitrate-N concentration was around 35 g N m-3 in the early drainage, well above

the WHO limit of 10 g N m-3, but dropped to around 2 g N m-3 later in the drainage

season. About 8 Vo of the applied N, but 52 7o of the applied bromide, was leached

during the 1990 drainage season. This shows the important effect that biological

reactions such as immobilization can have in reducing nitrate leaching.

Comparisons were made between solute concentrations of suction-cup solution, soil

extracted solution, and the drainage. For non-reactive solutes such as bromide (an

applied solute) and chloride (an indigenous solute) the suction cup data provided

better estimates of the solute concentration in the drainage than did the soil solution

data. For nitrate, neither of these two measurements could estimate accurately solute

concentrations in the drainage.
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The solute leaching data obtained in the field were modelled using transfer functions.

The bromide and chloride data were used to calculate the pdf of solute travel times,

For chloride, an exponential pdf fitted the data stghtly better than a lognormal pdf,

despite it having only one rather than two fitted parameters. The chloride pdf
appeared to be similar for both 1990 and 1991. For bromide, the infened pdf
conformed to a log-normal distribution and was quite different from the pdf derived

from the chloride data. It seems that assuming a pulse @irac delta) flux input for a

surface-applied solid fertilizer is not valid, and that this is the reason for the

discrepancy between the pdfs obtained using the bromide and chloride data. When

the pdf derived from the chloride data was used to model nitrate leaching, the result

was generally disappointing.
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CHAPTER 1

INTRODUCTION AND REVIEW OF LITERATURE

INTRODUCTION

Movement of water and solutes through soil has been a subject of interest for more

than a century. The study of solute movement has been intensified in the past two

decades. Anempts have been made to predict the movement of water and solutes

under different conditions. Movement of solutes from the root zone is called

leaching.

Solutes or plant nutrients are added to soils from different sources. For example,

nitrogen (N) is added to soils through biological fixation, fertilizer addition,

atmospheric input and animal returns. N added through these sources is liable to be

leached in the form of nitrate (White, 1988). leaching not only depletes the

available soil N for plant uptake, thereby limiting the potential plant and animal

production, but also contaminates surface and underground water, thereby affecting

water quality or endangering the aquatic environment by eutrophication. The

European Community has imposed a limit of 50 mg ft for nitrate, equivalent to 11.3

mg l-t NO3-N, in potable water (Council of the European Communities, 1980). Thus

a study on nitrate leaching becomes important from the environmental as well as the

economic point of view.

Because the increase in nitrate concentrations in water has coincided with an increa.sc

in the use of nitrogen fertilizers, it is often assumed to that these fertilizers have been

a major contributing factor (Addiscott and Powlson, 1991). But, a major source ol'

groundwater nitrate from agricultural land can originate from mineralization of

organic N following cultivation, rather than from the fertilizer itself (Kolenbrander,

1975). So, the study of nitrate leaching from the indigenous soil nitrate source

becomes important. Moreover the prediction of solute leaching under field

conditions is difficult due to a general lack of satisfactory models of solute

movement (Jury 1983; Wagenet, 1983), particularly for the rate or amount of nitrate

leaching (Wild and Cameron, 1980; Nielsen et a1.,1982; White, 1988). Modelling
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nirrate leaching in field soil is made difficult for the following reasons (White' 1988):

(1) inputs of water and N are spatially and temporaly variable; (2) microbial

transformation and plant uptake of N during and between leaching events can change

the pool of nitrate available for leachinSi and (3) heterogeneity of the soil's physical

properties can cause spatial variability in water movement'

So the overall aim of this study wtls to measure and model the movement of nitrate

in natural soil. Because nitrate is biologically reactive, the movement of non-reactive

and conservative solutes such as bromide and chloride through soil was also studied'

The study was carried out both in the laboratory and in the field'

REVIEW OF LITERATURE ON LEACHING

Reviews on solute leaching, especially nitrate, seem to appear regularly' Recently

Wild and Cameron (1980), Nielsen et al. (1982), Cameron and Scotter (1986)'

Keeney (1986) and white (1988) have carried out in depth reviews of the

measurement and modelling of nitrate leaching. In this review the methods of

measuring, and the factors affecting, solute leaching are discussed' There is a small

section on the sources and transformation processes of N. Subsequently the

principles and philosophy of various models used for predicting solute leaching are

briefly discussed.

1.2.1. Sources and transformation processes of N

Undisturbed soils under vegetation have average N reserves of 5000 kg N/ha

(cameron, l9g2). Most of this (over 90 7o) is held as insoluble organic N present in

decomposed organic matter. organic nitrogen in the soil is relatively immobile, and

is inaccessible for either plant uptake or leaching' Microbes convert it to ammonium

and then to the mobile nitrate form, not necessarily when crops need it' but when

conditions suit. At any one time only about l-2 vo of the total N content in soils is

present in a plant available form (Woodmansee et a1.,1981; Cameron, 1992)' In

New Zealand, biological fixation provides most of the N for pastures, and it has been

estimated that approximately 1 million tonnes of N annually is added to soil through

this source (Syers, 1982; Bolan et a1.,1991)'



1.2.1.1. Mineralization

Niuogen mineralization is a process by which organic N is converted into mineral N-

Firstly, organic N is converted into ammonium ions by a process called

ammonification. Ammonium in soils is also added to soil through the application

and hydrolysis of certain type of nitrogen fertilizers. Ammonium ions are

subsequently oxidized via nitrite to nitrate, and this process is called nitrification.

The reactions are generally mediated in soil by the activities of nvo small groups of

chemoautotrophic bacteria, Nitro s omonas and N itrobac te r.

1.2.1.2. Immobilization

Immobilization is a process in which mineral N is converted into organic N, i.e. the

reverse of mineralization. Whether net mineralization or immobilization occurs in a

soil depends on its carbon to nitrogen ratio. When the C:N ratio is high (>20-25) net

immobilization results.

1.2.2. Processes involving N losses

Mineral N can be lost from the soil solution by the processes of denitrification,

volatilization, and leaching. It can also be removed by the processes of

immobilization and plant uptake.

1.2.2.t. A mm o nia v olatilizatio n

Ammonia volatilization is a process by which ammonium is converted into fr"-c

ammonia gas which is released into the atmosphere (Freney et aI., 1983). Thc

quantities of ammonia lost are highly variable depending on factors such it-s rrlc. t!'pc

and method of fertilizer application, soil pH, and environmental factors including

temperature, moisture, and wind (Black et a1.,1985). Losses through ammonia

volatilization of fertilizer N applied to the surface of grassland or bare soil oftcn

appear to be in the range of 0 to 25 Vo (Black et al., 1985).

t.2.2.2. Denitrification

Denitrification is a process by which nitrate is biochemically reduced under anaerobic

conditions, the products being nitrous oxide and dinitrogen girs. These gases can be

lost from the soil into the atmosphere (Firestone, 1982). The rate of denitrification in
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soil depends on the nitrate concentration, oxygen diffusion rate, the availability of

carbon substrate, temperature, and pH. Colbourn and Dowdell (1984) generalized

that direct and indirect estimates of losses of N, and NrO from soils range from 0 to

7 7o offertilizer N applied on grassland soils. Denitrification may occur in specihc

locations in soil, such as within an aggregate, and does not necessarily require the

complete profile to be anaerobic (Cameron, 1992)'

Denitrification is undesirable because a valuable plant nutrient is lost' But with

increasing concern about nitrate losses to natural waters, denitrifrcation plays a more

favourable role of preventing nitrate losses into surface waters and aquifers

(Addiscott et a1.,1991). The desirability of denitrification depends, however, on the

nature of the final product formed. Dinitrogen gs, \, is no problem because it

makes up ?9 Vo of. the atmosphere in any case, but nitrous oxide is implicated in two

major environmental problems, climate change and the depletion of the ozone layer'

The rate of denitrification is likely to be greater in wet clay soils and this can further

reduce the apparent leaching loss (Kolenbrander, 1972; Gambrell et aI',1975)'

1.2.2.3. I*aching

As mentioned in an earlier section, organic N is relatively immobile in soil.

Ammonium N is positively charged, and is generally retained on soil colloids by

adsorption and also within the interlamella regions of 2:1 mixed layer minerals-

Thus it is relatively immobile and to some extent it is protected from leaching'

Nitrogen is leached mainly as nitrate (White, 1988). Nitrate in solution is a

negatively-charged ion, and thus repelled from cation exchange sites' The

vulnerability of nitrate to leaching is related to the availability of nitrate in the soil

solution. Leaching of nitrate is one of the main pathways for N loss from pastures

(Steele and Vallis, 1988; White, 1988), and thus is the focus of this study'

1.2.3. Methods of measuring solute leaching

To estimate the amount of nitrate leaching, two variables, the quantity of water

participating in leaching and the flux-averaged nitrate concentration in that water,

must be known (White, 1988; Bergstrom and Johansson, 1991). Accurate

measurement of these two variables is diflicult due to spatial and temporal variability
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(White, 1985). Nitrate concentrations in drainage water can be measured directly

from lysimeters and mole-pipe drained systems, or estimated indirectly from soil

sampling or porous cup sampling. Since all these methods are used in this study, it

is appropriate to discuss briefly each one of them.

1.2.3.1. Indirect methods (soil sampling and porous cup sampling)

Soil sampling is a cheap and easy method in which soil samples are taken with a

corer to the desired depth. The soil samples are then extracted with water or

electrolyte solution and the nitrate concentration in the extractant is measured. This

method has been widely used to find the nitrate concentrations in the soil solution

(e.g. Mohammed et aI., 1984; Field er aI.,1985). sampling at regular intervals

provides information on changes in the amount of nitrate in the soil. These changes

do not necessarily arise from leaching. They may also be due to plant uptake and

microbial transformations in the soil. Thus sampling does not explicitly tell us how

much is leached or at what concentrations nitrate moved.

The principle of the suction cup ("artificial root") was first described by Briggs and

McCall (1904). Wagner (1962) described its modern equivalent. Suction cups are

constructed of hydrophilic materials with fine pores. When suction is applied to the

sampling system, water flows from the soil into the suction cup. Recent reviews of
this method are given by Litaor (1988), Grossmann and Udluft (1991). Porous cups

are relatively cheap and fairly easy to use. Their installation is relatively simple and

causes very little disturbance to the soil profile. They allow continuous sampling

during any period and at several different depths in a soil profile. The cup can draw

water from large distances - up to about 0.6 m (Van der ploeg and Beese, 1977).

The disadvantages of suction cups iue that the soil solution is drawn from a wide

variety of pores not all of which may contribute to the flow. Reproducibility of
either the volumes of water extracted or the nitrate concentrations measured are not

very satisfactory. The reasons for this could be due to the intrinsic variability of the

cups themselves, slight differences in installation, and variability in the soil (Wood,

1973). Also, the rate at which the cups fill can affect the nitrate concentrarion that

they measure - and add to the problem of reproducibility (Hansen and Harris, 1925).
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A problem associated with both soil sampling and porous cup sampling is the spatial

variability in nitrate concentrations (Nielsen et al., L979; Cameron and Wild' 1984;

MacDuff and White, 1984; White et a1.,1987), and thus these methods require a

large number of replicate measurements. Also it may be difficult to obtain deep

samples especially on stony soils. Estimating the leaching losses with an indirect

method, e.g. from the concentration of leachate collected from suction devices or soil

samples and a water balance can lead to substantial errors, as is shown later in the

thesis.

1.2.3.2. Direct methods (lysimeten and mole-tile drainage systems)

A lysimeter is a system in which the soil volume is well defined, usually soil is

enclosed in a casing. The lysimeter, like a porous ceramic cup, is quite simple in

concept but not particularly easy to use. In lysimeters because the soil volume is

precisely defined, inputs and outputs of water and solutes can be easily measured'

The first lysimeter with undisturbed soil was constructed by Lawes and Gilbert in

1870 (Lawes et a1.,1882). They showed the importance of the structure of the

undisturbed soil on water and solute movement' and questioned the relevance of

using filled-in lysimeters to learn about water and solute movement through natural

soil. Barbee and Brown (1986) used porous cups and lysimeters to evaluate chloride

concentrations in three differing soils: a loamy sand, a moderately-structured silt

loam and a strongly-stnrctured clay soil. They found no significant difference

between applied chloride concentrations measured in the water samples from the two

measuring techniques in sandy soils. They found differences in other soils- A

problem that can be associated with lysimeters is edge-flow. Cameron et aI. (1990)

provided a technique to stop this edge-flow by injecting vaseline between the edge of

the soil core and the soil.

A mole-pipe drained system has a big advantage in monitoring solute leaching

because of the relevance of such experiments to normal agriculture, that is, solute

leaching is studied at a scale comparable to the normal field scale of agricultural

operations. The area of soil from which the water and solute originate is well

defined. The spatial variability of solute and water movement is integrated over the

field. A problem is that the drains may not intercept all the percolating water and



therefore do not properly measure the amount of leaching that occurs over a whole

field Cfhomas and Barfield, 1974).

1.2.4. Factors affecting solute leaching

Some of the important factors which influence solute leaching directly or indirectly

are climatic conditions, soil properties, fertilizers and land management.

1.2.4.1. Chmatic conditions

As mentioned earlier the amount of leaching depends on the downward movement of

wat€r. Such movement occurs when rainfall is greater than evaporation and when

soil is relatively wet during autumn, winter and spring (Alison, 1968; Mclean, 1977:

Cameron et a1.,1978). The leaching pattern depends to some extent on rainfall

intensity (Wild and Cameron, 1980; Milburn et a1.,1990). In autumn rainfall plays

an important role of increasing the soil water content and thus drainage is generally

minimal (Williams, 1975). Chloride in soil increases over summer due to a lack of --

leaching. When the soil rewets a flush of N mineralization occurs @irch 1958,

White et a1.,1983, Cameron and Haynes, 1986), increasing the pool of resident

nitrate, particularly in the surface layer where more organic matter is found. This

results in high chloride and nitrate concentrations in the drainage in the first flows in

autumn and early winter, and a subsequentconcentration decline (Hanis et a1.,1984;

Haigh and White, 1986). This pattern is often most marked if the previous summer

has bern unusually hot and dry (Williams 1976; Garwood and Tyson,1977; Foster

and Walling, 1978). By late spring or early summer, leaching becomes negligible as

plant growth accelerates and evapotranspiration generally exceeds rainfall.

Exceptions do occur when heavy spring rain falls on land that has recently been

fertilized (Macduff and White, 1984).

Temperature affects the rate of N mineralization of organic matter. Thus, as

temperature rises the nitrate content in soil often increases which affeca nirarc

leaching. Temperature also affects plant growth rates and hence the capacity of
plants to absorb water, and chloride and nitrate from the soil.
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1.2.4.2. Properties of soil

The important soil physical properties involved in nitrate leaching are the hydraulic

conductivity and water storage capacity of a soil, which are directly related to its

texture and structure. The texture of the soil, that is the relative proportions of sand,

silt and clay, changes vertically in a field soil. This 'variability' is one of the

complicating factors in measuring leaching. The volumetric water content above

which water moves freely under the influence of gravity ("field capacity") is

generally great€r in clay soils than sandy soils. In general, the amount of nitrate

leached is more in sandy soils than in clay soils (Kolenbrander, 1969; Cooke,1976;

Sommerfeldt et aI., 1982).

Depending on the soil's structure, some of the rain water entering the soil,

particularly during storms, may move rapidly from the A horizon by pathways

between aggregates which bypass much of the soil in the B horizon (Scotter, 1978;

Smettem et a1.,1983; White et a1.,1983). This affects the rate of solute leaching.

When solute is held within soil aggregates it will be protected from leaching when

bypass flow occurs (Cunningham and Cooke, 1958; Wild, 1972; Thomas and

Phillips, 1979). However if fertilizer has been recently applied, or if soil solute is

held on the outside of aggregates, bypassing flow causes it to leach faster than it

would by uniform displacement (Addiscott and Cox, 1976; Barraclough et aI., 1983).

Solute within aggregates is relatively protected from leaching during individual

events, but between events some of it diffuses to the aggregate exteriors whence it

can be leached. It has been shown that only a part of the soil water is apparently

effective in solute transport during individual rainfall events (Smettem et a1.,1983;

Scotter et a1.,1984; White et a1.,1984, 1986; White, 1987).

Most temperate agricultural soils carry an overall negatively charged surface.

Nitrate, being a negatively charged ion, is forced away from the clay surface.

Negative adsorption and the exclusion of nitrate from very fine pores in soils of this

kind may cause a nitrate pulse to move slightly faster than the accompanying water

(Cameron and Wild, 1982), but the effect is usually insignificant compared to the

bypassing effect created by the soil's structure (White et a1.,1984; Dyson and White,

1987). Many tropical soils tend to be acidic and often have an overall positive



charge on the clay, particularly in the subsoil low in organic matter. In such soils,

therefore, the nitrate is attracted to the clay and experiments show that the nitrate is

to some extent held back against being washed out (e.g. Wong et a1.,1987).

Substantial leaching losses of nitrate can occur from unfertilized bare fallow soils

(Lowe, 1973; Guiot, 1981). Under cultivated situations, Dowdell et aI. (1984) found

a more significant loss of nitrate from the mineralization of organic maner than from

applied fertilizers. They estimated less than 10 Vo of the applied fertilizer was lost

by leaching.

1.2.4.3. Fenilizers

Nitrogen fertilizer usually contains nitrogen in one of three forms, ammonium, nitrate

or urea. Of these the commonest, on a world basis, is urea. Studies have shown that

nitrate leaching losses increased when fertilizer was applied at rates above the

optimum for crop production @urwell et a1.,1976; Baker and Johnson, l98l). The '

amount and type of N fenilizer used can have a major influence on the amount of

nitrate available for leaching (Pratt et al., 1967). Addition of fertilizer N may tend to

stimulate mineralization of soil organic N and thus lead to enhanced leaching of

native soil nitrate called a 'priming effect' (Jenkinson, 1983). Also past applications

of fertilizer N which have become incorporated into the organic N fraction may

become a source of nitrate for leaching when mineralized (Mackenzie and Viets,

1974). Haigh and White (1986) estimated that up to 43 Vo of one year's application

of fertilizer N was apparently leached under grazing. As expected, the proportion of

fertilizer N that is leached is inversely related to the recovery of N by the plants

(Webster and Dowdell, 1984).

1.2.4.4. Soil management

Soil use and land management play an important role in determining the extent of

nitrate leaching. Vegetation helps in taking up the available nitrate from the soil

solution and thus reducing nitrate leaching. Perennial crops such as trees and grass

are generally more effective in this way than annual crops. Water draining from

forests usually contains little nitrate because most of the nitrogen is cycled from the

soil to the trees and then back to the soil in leaf-fall in a closed cycle. Grass absorbs
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nitrogen whenever mineralization occurs and grassland is potentially a less leaky

system than arable farming. However a substantial amount of nitrate leaches when

forest is cleared or grassland is ploughed. Ploughing of old grassland accelerates

nitrate leaching because of the increased rate of mineralization of organic N (Cooke,

1976: Foster et al.,l9S2). Grassland often responds to higher rates of fertilizer N

than other crops (Morrison et a1.,1980).

Field and Ball (1978) found that grass species in New 7*,aland pastures are usually

under N stress and appear to absorb N from the upper layers of the soil almost as

fast as it becomes available from mineralization, except during drought. The

leaching losses of N from pastures have been considered to be small because of the

ability of the grass to utilize large amounts of N. However, recent studies (Wild and

Cameron, 1980; Ryden et a1.,1984; Haigh and White, 1986) have shown that large

leaching losses of N (25Vo-40Vo of the N input) can occur from intensively managed

grazed pastures. The main problem with grazed grassland systems is that they use

nitrogen very inefficiently. Cut grass uses nitrogen efficiently because the nitrogen it

contains is removed from the field and because it continues to regrow after each cut

almost all the year round. The grazed system leaks more nitrate because on average

more than 80 7o of all nitrogen consumed by the animal is returned to the soil in

urine and dung in which the organic N is readily mineralized. The main effect of

gruing seems to be the concentration of soluble N in small volumes of soil under

urine patches, and the local concentration of mineral N greatly exceeds plant uptake

capacity. l,eaching losses can be relatively large (up to 90 kg N/ha/yr) on intensely

managed pastures where high fertilizer rates are combined with high stocking rates

(Steele et a1.,1984; Ryden et a1.,1934). The effect of grazing animals on leaching

losses has been well demonstrated (Ball and Ryden,1984; Steele, 1984).

1.3. MODELLING SOLUTE LEACHING : Principles and philosophy

Models are simplified descriptions of reality. They enable the most important

aspects to be identified, studied, simulated, and ultimately predicted in advance

(Addiscon et a1.,1991). Models are being increasingly used as management tools

predict the fate of agricultural chemicals, toxic wastes and salinity in soil.

'.-'
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Many models of solute leaching have been developed over the years, some simple

and some complicated. The simplicity or complexity of a model often depends on

whether it is constructed from a management or research perspective. In general, the

quantity of required input data, depth of consideration of basic processes, and

sensitivity, of simulations of a research oriented model are greater than a

management oriented model. Several reviews have been written recently on solute

transport models (e.g. Addiscott and Wagenet, 1985; Brusseau and Rao, 1990; Jury et

a1.,7991, Jury and Fltihler, 1992).

Models can be put into several categories (Addiscott and Wagenet, 1985; Jury and

Nielsen, 1987). Addiscon and Wagenet (1985) distinguish between functional and

mechanistic models, and between determinisric and stochastic models. Functional

models aim to give a reasonably good general description of the leaching process and

its results without going into great detail. Mechanistic models, on the other hand, try

to incorporate the best possible description of the process in the leaching mechanism.

A deterministic model presumes that for a given set of events there is a unique

definable outcome, but a stochastic model presumes the outcome to be uncertain and

is structured to account for this uncertainty. Jury and Nielsen (1987) classify the

modelling approaches into two groups, process models and stochasric models.

Process models develop a description of transport based on mass conservation and

flux laws, leading to differential equations to predict values of the water and solute

variables as functions of position and time. In contrast, stochastic models describe

the variables as random functions, which depend on the distribution of values of the

soil properties which determine their movement. Rather than predict values of

concentration as a function of position and time, stochastic models predict

concentration averages and variances, and are used to calculate the probability of

having a concentration of solute at a given depth or time.

There are many solute transport models available but not all models are discussed

here. A brief introduction of functional models is given. Then process models and

stochastic models are described. Finally the models developed for a mole-tile

drained field are discussed.
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1.3.1. Functional models of solute transport

Functional models are based on the observed quantitative relationships among

variables, and they are less mechanistic (Addiscott and Wagenet, 1985). A useful

functional model was developed by Burns (1974)- It can be visualized as a vertical

series of stirred containers each of which overflows into the one below. Water added

to the top one is assumed to mix instantaneously with water and solute already there

before an equivalent volume overflows. These containers represent layers in the soil

and the volume held in each of them corresponds to the volumetric moisture content

of the soil at 'field capacity', 0," Burns (1975) developed another useful leaching

equation,

(r.1)

where / is the fraction of solute that is washed below a depth /r cm by the percolation

of P cm of rain. This equation applies to a surface-applied solute. If the solute is

initially distributed through the soil to the depth /r, then h in the equation is replaced

by M2.

Neither of the approaches suggested by Burns takes account of mobile and immobilc

water in the soil, and they are likely to perform best on sandy or other relatively

unstructured soils. Addiscott (1977) and Addiscott and Whitmore (1991) developed a

model similar to the Burns model (1974), but incorporated mobile and immobile

water in each layer. Rain or irrigation causes flow through the soil in the mobile

water. After each flow event, solute moves betrveen the mobile and immobile water

to equalize the concentrations between the two zones. The Burns and Addiscott

models can be very useful for management purposes.

1.3.2. Piston flow model of solute transport

This is a simplified model, and it assumes water and solutes move through soil only

by convection, or mass-flow, In this model, the incoming water or solution replaces

the water initially present in the soil, or in other words, it pushes it ahead without

mixing with it. This is only approximated if the soil is completely uniform in pore

,=(*)^
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size, which means practically never. Jury (1975) calculated solute travel times and

effluent concentrations using a mathematical model to characterise the curved water

flow pathways to a tile drain, coupled with a piston flow model to calculate the

solute movement. Rao et aI. (1976) found the piston flow model to give a good

estimate of the position of the solute front in sandy soils but not, of course, its

spread. However Wild and Babiker (1976) found that this model tended to

overestimate nitrate movement and suggested that the model ignored the effects of

soil aggregates. Although this model predicts the position of the front of the

displacing solution, it gives no estimate of how much this front is spread out.

1.3.3. Convection-dispersion equation for solute transport

The convection-dispersion equation (CDE) is the classic mechanistic approach to

modelling the transport of solute through the soil by water. This model assumes that

water and solutes move through the soil by two processes, convection and dispersion.

Dispersion means that the solute becomes dispersed, or spread out, within the flow. ''

There are two reasons for dispersion happening, One is that water flows more

rapidly in some pores than others, so that the solute is carried forward faster in some

places than others. This may be due to variation in pore water velocities in soil due

to different sizes of pores, and/or different pathlengths of water movement

(tortuosity). The other reason is diffusion, the "natural tendency" of a solute to

spread itself uniformly throughout the whole volume of water in which it finds itself.

Diffusion occurs whether or not the water is flowing. Even in columns of repacked

soil dispersion is observed.

If the water flow is at a steady-state, then the solute movement can be described by

the CDE as (Nielsen and Biggar, 1962;lury et al., 1976; Wagenet, 1983; Cameron

and Scotter, 1986)

ac __ o&c _ Y&6t pz Az
(r.2)

where C is the flux-averaged solute concentration (M L-t), D is a parameter called

the diffusion-dispersion coefficient (L2 Tt), y is ttre mean pore water velocity (L Tt)

which is equivalent to Darcy flux density over volumetric water content, z is the

depth (L) and r is the time (T).



If the solute is adsorbed, or subject to gain or loss during transport, additional terms

can be included in the CDE to describe such processes, giving
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where 0 is volumetric water content (L3

amount adsorbed per unit mass (M M-I)

solute (M L{ tt).

L-3), p is the bulk density (M L'), t is the

and O represents a source (or sink) term for

The CDE can be solved analytically for certain boundary and initial conditions

(Kirkham and Powers, 1972) and also numerically (De Smidt and Wierenga, 1978;

van Genuchten and Alves, Ig82). Numerical solutions are flexible in accommodating

a range of initial and boundary conditions for water and solute.

1.3.4. Mobile-immobile model of solute transport

In a structured soil, however, water containing solutes does not move at the same

velocity due to the presence of a range of soil pore sizes. Preferential flow through

macropores (Scotter, 1978; White, 1935) occurs in structured soils. Solutes move

faster through macropores and slower through micropores. To incorporate the effect

of preferential flow of solute, a model known as the "mobile-immobile" water modcl

was developed (Coats and Smith, 1956; van Genuchten and Wierenga, I976:

Addiscott, 1977 Sconer et a1.,1991). In this model the total water content (0) i.s

divided into two notional water contents: a mobile water content 0. and an immohilc

water content 0,.. The solute is transported by a convection-dispersion procc-as in thc

mobile region, and also exchanges with solute in the immobile region by a diffusion

process. Although this model has been used successfully (Nkedi-Kizza et al.. l9t{3).

as a simulation model it has a drawback. Its parameters generally cannot be

measured independently and can only be obtained by curve frtting outflow data using

simultaneous optimization (Jury et a1.,1991). Also there are difficulties in defining

the mobile and immobile phases. Clothier et aI. (1992) have proposed a promising

method to measure the mobile phase using a disc pelmeameter. The mobile-

immobile model equation is
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where g,, is water flux density in the mobile volume (L Tt). The rate of mass

transfer between the mobile and immobile region is expressed in the model as

o^+. q+ =4# -q^+. (r.4)

u^ + -- d(cn-cn) ,
(1.5)

where cr is a rate coefficient (Tr). Equation (1.5) states that the rate of change of

solute concentration in the immobile region is foponional to the difference in

concentration between the two regions.

Recently, Tillman et al. (1991) used the mobile-immobile model of solute transport

under transient field conditions. They coupled a mobile-immobile variant of the

convection-dispersion equation with a description of the transient water flow and root

water extraction. They used this model successfully to describe the main features of

the non-reactive solute (bromide) movement under different regimes of water

application. They inferred that if a slug of liquid nitrogen fertilizer was applied to a

relatively dry topsoil, it will be much less prone to subsequent leaching than if
applied to wet soil. On the other hand, if it is desired to get a non-sorbed fenilizer

down into the subsoil as quickly as possible, it should be applied to moist soil and

followed immediately by inigation. Their model ignored spatial variability in both

the water and solute fluxes. They argued that for unsaturated flow under conditions

with a spatially uniform flux at the surface, one would expect the variability to be

much less compared to the leaching under ponding conditions.

There is generally wide spatial variability in soil physical and chemical properties

within a field (Biggar, 1978; Nielsen et aI., t979; Cameron and Wild, 1984; Macduff

and White, 1984). The spatial and temporal variability of field soils makes

difficulties in using the above models. The recognition of the variability of soil

properties has led to the use of stochastic models for prediction of solute movement

in field soils, or at least the inclusion of stochastic parameters in deterministic

models (Nielsen et a1.,1986).
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1.3.5. Transfer function model of solute trarsport

Transfer functions provide an interesting alternative approach, which may be entirely

non-mechanistic in form. They have been applied to industrial processes by

Dankwaerts (1953) and hydrological processes by Ericksson (1971). Jury (1982)

developed a transfer function model (TFM) for soil which does not require the

restrictive assumptions of the CDE. The simplest description of the downward

movement of solute is the travel time, the time the solute takes to move from the soil

surface to a specified depth. If the application rate of the surface applied solution is

steady, then the "time" form of the equation can be expressed in the "drainage" form.

The simplicity of the model makes it useful as a management tool for solute

movement (Addiscott and Wagenet, 1985). TFMs show promise for simulating the

leaching of both surface-applied and indigenous soil solutes under both laboratory

and field conditions (White et aI., 1992). These models have been successfully

applied in the laboratory for both applied solutes (White, 1985; White et a1.,1984;

1986; Dyson and White,1987; Khan and Jury, 1990; White and Magesan, 1991) and

resident solutes (Magesan et a1.,1990; l99l; White and Magesan, 1991; White et al.,

1992) and also applied to field conditions (Jury er al., 1982; White et aI., 1986;

1987; Butters et aI., 1989; White and Heng, 1990).

The "net applied water" form of the transfer function model is (Jury and Roth, 1991)

I
c;r) = [ tV-r) c,*(1, dlt

0

(1.6)

where flI) is the net applied water probability density function (pd| which has

dimensions (L't), and is the fundamental solute fansport property; flI) N is the

probability that solute added at z = 0 (soil surface) when .I = 0 will exit nL z = L

between / and I + N net applied water. C,n and C,, are the flux concentrations of

nonreactive solutes (M L) at the enfance and exit surfaces, respectively.

1.3.5.1. Measurement of transfer function parameterc

A detailed discussion of the measurement of transfer function parameters is given by

Jury and Roth (1990). Here the methods are given in a simplified manner. Two

standard types of experiment that can be performed to obtain /(/) under laboratory
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and field conditions are: (1) a narrow-pulse input (a Dirac delta input in the flux

concentration), and (2) a solute front input (a step change in input flux

concentration).

A distinction between volume-averaged concentrations and flux-averaged

concentrations needs to be made here. Volume-averaged concentration is the

concentration of soil solution obtained by extracting a volume of soil. Flux-averaged

concentration is the effective concentration of the moving water in the soil. Suction-

cup samples and drainage samples represent (possibly different) flux-averaged

concentrations.

In a narrow-pulse input experiment, a concentration pulse of mass M" (M L'2) is

applied at an instant to the soil surface at .I = 0. In laboratory experiments it is

usually applied in solution form. Solid fertilizer applied to the soil surface in the

field is often assumed to be a pulse input (more discussion concerning this is given

in Chapter 7). The average outflow flux concentration C,,(I) is then measured at the

exit surface as a function of L For soil cores, C,,(l) is the effluent concentration

(e.g. White and Magesan, 1991). For mole-tile drained fields, C,,(I) is the mole-pipe

drainage concentration (e.g. White, 1987). For large fields that drain freely, the

outflow concentration is often estimated from the average of a set of solution

samplers tt 7 = I, @utters et a1.,1989). For a Dirac delta input added ro rhe

entrance surface,

I(D -_ Mo-t CoU) (t.7 )

For a conservative solute the mass M,(M L2) need notbe measured at thc inpur

surface. It can be calculated from the mass recovered as (Jury, 1982):

( 1.8)

For solute front inputs, where a flux concentration Co is added to the inlet end aL I =
0, flI) is equal to (Jury, 1987):

Mo = ic;r5ar' .

0
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Once flI) has been obtained, the transport volume fraction 0,, can be calculated from

either the median or mean .I water input displacement (White et aI., 1986), as is

shown in Chapter 4.

A lognormal probability density function (pdf) is often found for one dimensional

flow through large, intact cores (White et a1.,1984, White and Magesan, 1991). The

pdf for such flow is given by (Jury et a1.,1986; Dyson and White, 1987),

f(D = ,""0'-d"

tt' _ exp[-Qnl - Dz\dl
J \1, - t__

{ zlt ot

where p is the mean of the distribution of ln I and d its variance.

(1.e)

(r.10)

.J:
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Jury et al. (199I) mentioned that any linear solute transport model that obeys the

solute conservation equation can be represented as a transfer function. The piston

flow model and CDE can be represented as transfer function equations in the form of

(1.6) (Jury and Roth, 1990). The pdf of the CDE is known as a Fickian pdf (Jury

and Sposito, 1985) and is

f(D =
L expl-(L - w)zl$Dry (1.1l)

2GDF

f3.6. Solute transport models for mole-pipe drained fields

Most of the models available at present to describe field situations are one-

dimensional. Scotter et aI. (1991) developed two models for the leaching of a non-

reactive solute to a mole drain. Because the field study of solute leaching in this

present study was carried out using a mole-pipe drainage system, a brief review on

these two models is given here. The first model was research-oriented and thus it

required many model inputs such as rainfall intensity and basic soil hydraulic data.

In fact, this model was developed from another model which described the soil water

flow to a mole drain (Scotter et aI., 1990). The second model was simpler and was

management-oriented. It required only a few inputs.

l. ,1.'
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The first model of Scotter et al. (1991) may be classified as a mechanistic model

(Addiscon and wagener, 1985) or process model (Jury and Nielsen, 1997). It
simplifies two-dimensional water and solute flow to a mole drain by dividing the soil

between the mid-mole plane and the mole into notional compartments. Also soil

depth is divided into two horizontal layers, a thin surface layer and a thicker lower

layer. It assumes that the solute movement occurring between compartments is by

convection and mechanical dispersion. To take preferential flow into account, the

soil water and solute in any comparunent is assumed to be divided into mobile and

immobile phases, with diffusion tending to equalize the concentration between them.

Nearly all the flow in saturated structured soils takes place through the macropores.

An explicit finite difference solution to the water and solute mass-balance and flux
equations was used in this model.

The second model of Scotter et al. (1991) can be classified as functional (Addiscott

and Wagenet, 1985). It is simple both in concept and in the mathematical equarions.

The required inputs are daily rainfall and evaporation rates. It is assumed that the

soil solution behaves as if it were a well-mixed sysrem (Raats, l97gb). A soil

system is said to be effectively well-mixed, when the solute concentration in the

drain flow is the same as the average soil solution concentation in the soil below the

water table. The equations used for prediction of leaching losses of solute can be

easily solved using a spreadsheet.

These two models can be extended to the leaching of a reactive solute. Because of
the number of model inputs and its sophistication, the first model was able to

simulate leaching under different situations, such as immediately after fertilizer
application and during bypass flow induced by prolonged heavy rain. The second

model, however, could not simulate these situations because of its simplicity.

White (1987) and Heng (1991) have developed transfer function models for mole-

pipe drained field situations. These moders will be discussed in chapter 7.
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1.4. PURPOSE AND STRUCTURE OF THIS STUDY

Although some information about the purpose of this study was given earlier in this

chapter, this section gives further discussion on the purpose of this study and why

this study was conducted in the laboratory using large undisturbed soil cores and in

mole-pipe drained fields of Tokomaru silt loam soil. The structure of this study is

also described.

In the past many leaching studies have been carried out in the laboratory, usually

using disturbed soil (e.g. Bolan et al.,1986). Moreover, small columns of soil were

used. Solute transport in natural undisturbed soil cores is different to that in

disturbed, repacked soil columns due to the pore systems (macropores and

micropores). Moreover, the parameters estimated from disturbed soil columns do not

represenr the natural soil. Ritchie et aI. (1972) suggested that the effects of

discontinuities in conducting pores caused by the core walls can be reduced by using

large cylindrical soil cores. Biggar and Nielsen (1967), and Scotter (1978) suggested

that leaching soil at water contents below saturation could produce more efficient

leaching of salts from the soil profrle. So in this study large undisturbed soil cores

were leached under largely unsaturated steady-state flow conditions.

Most of the leaching studies carried out on mole-pipe drained fields, either in

Tokomaru silt loam soil (Turner et aI.,1976; Sharpley and Syers, 1979; Mohammad

et a1.,1984; Scotter and Kanchanasut, 1981; White and Heng, 1990; Scotter et al',

l99l; Heng et aI., lg92) or overseas studies on different soil (Haigh and White,

1986; White, 1987) have emphasized the leaching of externally applied fertilizer-

But none of these studies gives much detail on the leaching of indigenous solutes,

especially nitrate. So the objective of this field study was mainly to study the

leaching of indigenous nitrate. Because nitrate undergoes biological transformations,

the leaching of indigenous chloride, which is a conservative solute, was also studied.

Chloride has been shown to be a good tracer of nitrate movement (Weselaar, 1962)

and the two ions to have comparable rates of leaching in field conditions (Cameron

and Wild, 1982).
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Sodium bromide was applied externally as a tracer because bromide and nitrate have

been found to move similarly through soil (Smith and Davis, 1974). Bromide has

also been widely used as a tracer to study the movement of non-reactive solutes in

laboratory experiments (Clothier, 1984; Clothier and Elrick, 1985; Clothier et aI.,

1988; Scotter and Tillman, 1992; White et al., 1992) and in field experiments (Jury

et al., 1982; Smith et al., 1984; Brasino, 1986; Buners er aI., 1989)- Bromide ions

are preferred because of their negligible background concentration in most soils, and

because they can be easily analyzed.

The methods and materials of the experiments conducted are explained in €hapter 2.

In Chapter 3 the results of laboratory experiments are given, and the data are

modelled using a transfer function model in Chapter 4.

Results of the field experiments are given in Chapters 5 and 6. In Chapter 5, soil,

suction cup and herbage results are given. Also the flux-averaged and volume-

averaged concentrations of solutes in the soil are compared. In Chapter 6 leaching

results and solute mass balances are given.

In Chapter 7 the leaching results of chloride and bromide are modelled using

analytical solutions of the transfer function model. Different parametric forms of the

pdfs are compared. Since the analytical solution of the TFM could nor be extended

to nitrate because of the biological transformations it underwent, a numerical solution

of the TFM is developed in Chapter 8. A general discussion and conclusions are

given in Chapter 9.



CHAPTER 2

MATERIALS AND METHODS

FOR LABORATORY AND FIELD EXPERIMENTS

2.I. INTRODUCTION

As mentioned in Chapter 1, experiments were canied out in the laboratory as well as

in the field to measure the leaching losses of indigenous nitrate from the soil.

Because nitrate undergoes biological transformations, the leaching of indigenous

chloride. which is a conservative solute, was also studied. In the experiments to be

described, externally applied tracers were used to investigate the movement of water

and indigenous solutes. Some experiments carried out in the laboratory were in two

parts. In the frrst part, tritiated water was used to leach indigenous solutes from

columns of undisturbed soil. In the second part, water containing either bromide,

chloride or nitrate was used to leach from the soil the tritium which had been applied

in the first part of the experiment. For the field experiment in 1990 solid NaBr (200

kg Br/tra) was applied on 29 May 1990 to one paddock as a tracer- Urea was

applied at the same time to an adjoining paddock'

In this chapter the experimental site, instrumentation and methods of data collection

are described. Field data include rainfall, and analyses of soil, drainage water,

herbage and suction cup samPles.

2.2. SITE AND SOIL DESCRIPTION

The site of the field experiment and the collection of undisturbed cores for the

laboratory experiments was the Research Area of the.Department of Soil Science,

sinrated about 2 km from the Massey University campus. Figure 2'l shows a

schematic diagram of the experimental site, which consisted of four small adjacent

paddocks designated as A, B, C and D. Paddocks A and B were used for the field

experiment. The undisturbed soil cores for laboratory leaching experiments were

taken from paddocks c and D. The drained area of each paddock was approximately

1250 m2.
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The soil is a Tokomaru silt loam, classified as a Typic Fragiaqualf (Soil Survey

staft lg75) or as a gleyed Yellow Grey Earth (New Tnaland soil Bureau Staff'

1963). The soil profile has been described elsewhere in detail, with morphological

data being presented by Pollok (1975) and physical characteristics by Scotter er a/'

(1979). At the site, the soil consists of a silt loam A horizon extending to

approximately 250 mm, a clay loam B horizon between 250 and 780 mm' then a

very compact silt loam fragipan C horizon extending from 780 to I100 mm and

underlain by a less compact silt loam (Scotter et aI., 1979). A perched watertable

normally occurs during winter and spring, due to the low hydraulic conductivity of

the subsoil and the fragipan. Mottling in the subsoil, indicative of poor drainage,

was observed when large cores were taken for laboratory study. To alleviate the

waterlogging conditions the area was mole-pipe drained. Installation of a mole-pipe

drainage system is relatively inexpensive and particularly suited to fine textured soils

with impermeable subsoils. However, the soil must be stable enough to hold a mole.

The paddocks were moled in 1975 and remoled in 1986. The moles were collapsed

along the paddock boundaries to stop the flow of drainage water from one paddock

to another. The mole drains, 75 mm in diameter, were pulled at 2 m spacing in the

B horizon at approximately 450 mm depth on a gradient of I Vo. [}te pipe drains'

100 mm in diameter, were installed perpendicular to the moles at approximately 750

mm depth on a minimum gradient of 0.4 7o. Backfill above the pipe-drains was the

topsoil removed during trenching, which ensured that the low permeability of the

subsoil did not affect flow from the moles to the pipe drains. Soil drainage water

collected by the mole drains therefore percolated rapidly to the underlying pipe

drains. The advantage of the mole-pipe drainage system is that the concentration of

solutes in the drainage waters is averaged over the whole paddock, integrating the

effects of spatial variabilitY.

The experimental arca supported a ryegrass-white clover pasture and was mob-grazed

by sheep periodically. Before any fertilizer application, paddocks A and B were each

divided inro 15 equal compartments to facilitate the spreading of fertilizers and to

achieve a uniform distribution.
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2.3. LABORATORY EXPERIMENT

2.3.1. Corers used for large core extraction

Hollow galvanized steel cylinders, 230 mm in diameter, 250 mm long and 1.4 mm

thick were used to collect 'undisturbed' cores of soil- The seams in the cylinders

were soldered and smoothed to reduce the possibility of edge-flow. It is considered

(Hvorslev, 1949; Aitchison and Lang, 1963 a,b) that for minimum or negligible

disturbance of the structure in the sample, the sampler used to extract cores should

have as low an area ratio as possible. Area ratio is defined as the ratio of the area of

the annulus of displaced soil to the area of the sample at the cutting edge. Certainly

it should be < 0.15 and preferably < 0.10 to obtain 'undisturbed' samples. The area

ratio used here is about 0.02 so that the corer can be defined as a thin-wall sampler

(Loveday, 1974). The soil taken in these corers was used for the laboratory leachins

experiments.

2.3.2. Core collection

The method used for soil collection was similar to that of Smith et aI. (1985). The

soil cores were taken by driving the corers in to a depth of about 250 mm below the

soil surface. A plywood and steel driving head placed on the top of each cylinder

was repeatedly tapped with a sledge hammer. After driving a cylinder in to rhe

desired depth, a hole was dug next to the cylinder in such a way that the cylinder

could be lifted out easily with little disturbance

Using a soil corer, small soil cores, 25 mm in diameter and 250 mm long, were

taken from around each large 'intact' core. These samples were analysed to estimate

the initial concentration of solutes in the soil solution and the moisture content of the

soil in the large cores. The small corcs were cut into 5 sections (0-50 mm, 50-100

mm, 100-150 mm, 150-200 mm and 200-250 mm). All the soil samples were sealed

in plastic bags, and stored at 4 oC until analysed. The intact cores were sealed in

double plastic bags and were also stored at 4 "C until used.

Figure 2.2(a) is a schematic diagram of the sampling site for the first experimenr.

The sampling area was 900 mm x 500 mm. Two large intact cores (A and B), and
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twenty small cores around each, were taken. The procedure was as follows. An

outline of the sampling site was drawn on a big sheet of paper. This paper was

placed on the soil surface where the cores were to be taken. Pointers (match sticks)

were inserted into the ground through the paper. Then the paper was removed

slowly without disturbing the pointers. Prior the second experiment, four soil cores

were taken from an area of lm x lm. Two of the cores (C and D) were used in the'

second experiment whereas the other two cores were used for a preliminary

experiment which will be described briefly in section 2.3.4. Note that these cores

were taken from the field on an earlier date than the cores for experiment 1. For the

third experiment, two soil cores @ and F) were taken from an area of 800 mm x 800

mm, and the schematic diagram of the sampling site is shown in Figure 2.2(b).

The collection of soil cores for first (cores A and B), second (cores C and D) and

third (cores E and F) experiments were on 5 July 1989, l0 February 1989 and 5

January 1990, respectively.

2.3.3. Soil pretreatment

Cores A and B received no pretreatment and were leached within two weeks of

sampling. Pretreatment is defined as creating a uniform distribution of solutes in soil

by applying a known concentration of solution. Cores C and D were stored for

nearly 22 months at 4 oC before leaching. The volumetric water content decreased

from 0.35 to 0.30 m3 m-3 during storage. The average soil solution nitrate

concentration in the soil increased markedly during storage from 10 g N m-' to 180 g

N m-3. Most of this nitrate was in the top 100 mm depth. The soil solution

concentration in the 0-100 mm, 100-200 mm and 2fi)-300 mm layers was 320, l15

and 42 g N m'3, respectively. The indigenous solutes present in the soil were leached

with two liquid-filled pore volumes (p.v.) of tritiated water as a pretrearment jusr

prior to the leaching experiment (see Section 2.3.5).

For the third experimen! for reasons that will be discussed later, a uniform

distribution of chloride was created by pretreatment in the field. The procedure for

doing this was as follows. Between 28 October and I November 1989, 30 mm per

day of 142 g cl m'3 (2 mM caclr) solution was applied by ponding on the soil



28

surface. The chloride solution was applied to a flat 0'64 mt area' Four metal plates

each 800 mm long formed a square border to prevent the ponded water moving

outside the sampling area. The chloride concentration in the soil solution before the

application of the chloride solution was low (g' l0 g Cl m'3)'

on 12 December and 13 December 1989, another 150 mm of the same solution was

appliedbypondingonthesoilsurface,g0mmonthefirstdayand60mmonthe

second day. After ponding on 13 December a polythene sheet was spread over the

soil surface to minimize evaporation and also to protect the soil from rainfall' Soil

sampling was carried out at the site on 15 December 1989' FOur soil Cores were

collected down to a depth of 300 mm from just inside the border with a 25 mm

diameter corer. The soil samples were sectioned into six equal depth intervals and

analysedforchloride,asdescribedlaterinSection2.5.3.2.

The data from the 15 December sampling suggested that although the chloride

concentration was fairly uniform at any one depth' the concentration decreased with

depth. So another 300 mm of the same solution was applied by spraying instead of

ponding. Between 18 December and 22December 1989,30 mm per day were

sprayed on. Similarly 30 mm per day of the same solution were sprayed on betwccn

24 De*ember and 28 December 1989. on 30 December 1989 the soil was again

sampled just inside the border and analyzed for chloride' This sampling showcd that

a relatively uniform distribution of chloride in the soil had been achieved'

A third and final more derailed soil sampling was carried out just before thc largc

cores were taken on 5 January 1990. Nine small cores were taken at the lgcatitrns

showninFigure2.2(b).Thissoilsamplingwasthemostrepresentativeofthc

pretreated field site, a,s soil samples were taken from around the large corcs and al'sp

well inside the border. Two large inuct cores (E and F) were also taken from thc

field on 5 January 1990, from the locations indicated in Figure 2'2(b)'

The gravimetric water content determinations and the extraction of the soil samples

weredonewithin2daysofsoilsampling.Theaveragevolumetricsoilwatercontent

was 0.43 m, m-3. It was calculated as described in Section 2.5.1'
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2.3.4. Leaching apparatus

Before mounting the cores in the leaching apparatus, the following procedures were

undertaken: (1) The vegetation was cut as short as possible; (2) The excess soil was

removed from the base by gently chipping off aggregates along natural fracture

planes to prevent smearing and sealing of conducting pores (Kanchanasut and

Scotter, 1981); (3) Acid washed sand (medium frne, laboratory reagent, May and

Baker Ltd) was used to cover the soil surface to l0 mm depth, so that the flow from

the hypodermic needles would be spread evenly over the core area; (4) A gauze

restrainer was attached to the base of each core; and (5) The cores were weighed.

Plate,2.lshows the apparatus used to leach the intact ,orr, ,rlne laboratory. It

consisted of a "dexifn" stand to support the cores and a rainfall simulator for the

application of solution. The dexian framework was constructed to hold three

horizontally mounted chipboard planks. The lower plank was about 400 mm above

the bench surface. In this plank two holes 230 mm in diameter (equal to the

diameter of the intact cores) were cut. Two large funnels (250 mm diameter) were

placed in the holes. The soil columns were supported on the large funnels.

The middle plank was about 250 mm above the lower plank. Two 260 mm diameter

holes were cut in it. This plank gave lateral support to the cores, while still allowing

them to be moved up and down freely. The upper plank was placed about 100 mm

above the soil cores. The rainfall simulator was attached to it.

To construct each rainfall simulator, two plastic tubes with internal diameter 7 mm

were formed into a spiral, and the ends of the tubes connected by a 'T' joint. The

remaining end of each 'T' joint was connected to a silicon tube which was connecrcd

to a peristaltic pump. Nineteen hypodermic needles (vacutainer blood collection

needles) were inserted in each spiral in such a way that they were evenly spaced.

Plate2.2 shows the uniform distribution of dye (see Section2.3.5) on the sand/soil

surface, indicating that a uniform application of water was achieved. This was in

part because of the l0 mm sand layer placed on the soil surface. The needle outlets

were 5O-60 mm above the soil surface-
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Plate 2'l Experimental set-up for the intact core leaching experiments

ptate 2,2 Uniform distribution of dye indicating uniform application of
tritiated water to the soil surface
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During each experiment the two rainfall simulators were supplied by a single

peristaltic PumP, allowing two cores to be leached simultaneously. A pump rate was

chosen that supplied input solution without ponding. Drainage water dripped from

the base of the cores and was collected manuallv.

During the development of the apparatus a preliminary experiment was conducted

with two large cores in which the effluent was collected from the inner and outer

areas of each core by means of two concentric funnels. The l0 mm sand layer was

not used for this experiment. The ratio of inner to outer areas partitioned was I :

0.55. If the water (and solutes) moved uniformly through vertical pathways, then the

volume of outflow and the amount of solutes collected from the inner and outer

funnels should have had the same ratio of I : 0.55. In fact, there was no consistent

ratio of volume of effluent collected from the inner and outer funnels. For the frrst

core the ratio increased with time from I : 0.18 to I : 0.85. For the second core the

ratio decreased with time from I : 1.55 to 1 : 0.79. The ratio of the amounts of
nitrate and chloride leached from the inner and outer funnels followed the same

pattern. The observed fluctuation in the relative flow rates could have been due to

movement of earthworms during leaching which changed macrgpore pathways.

As explained in the previous chapter, the reason for using a two funnel system to

collect effluent was to detect any edge-flow which might occur between the soil and

the corer, but the data did not indicate any consistent effecc Also from the

observations of dye flow (see Section 2.3.5) no edge-flow wiu apparent. Hence in

the remaining experiments only one funnel was used to collect the effluent.

2.3.5. Leaching experiments

The large cores were leached initially by applying tritiated water to the soil surface.

Each core was irrigated with tritiated water until approximately two p.v. of effluent

had been collected. The effluent wils collected in volume aliquots gradually

increasing from 50 ml to 350 ml as leaching progressed (i.e. the frst 10 samples

were 50 ml, the next 10 samples were 100 ml and so on). Each leachate sample was

divided into nvo subsamples. To one was added I ml of a I g m-3 phenylmercuric

acetate solution and the sample stored at 4 oC to preserve the soluble inorganic N
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(Klingaman and Nelson, 1976). These samples were later analyzed for nitrate- The

other subsample was analyzed for chloride and tritium as described in Section 2-5-3-

For cores A, B, C and D, Nile blue dye (0.05 Vo) was applied at the conclusion of

each experiment. The purpose of applying dye was to:

(l) Determine whether there was any edge-flow between the cylinder wall and

the soil.

(2) Detect any preferential flow through macropores.

(3) Determine the effectiveness of the acid-washed sand in spreading evenly the

water applied to the surface.

For all cores (A, B, C, D, E and F) subsequent to the last solution application, the

cores were allowed to drain freely for several hours and the leachate collected. Then

five small cores 25 mm diameter and 250 mm long were taken from each large core.

These cores were cut into five sections (0-50 mm, 50-100 mm, 100-150 mm,

150-200 mm and 200-250 mm). The extraction and analysis of these samples were

as described for the small soil cores taken in the field (see Section 2.5.3). Then the

large cores were weighed, oven-dried at 105 "C for 7 days, and reweighed to

calculate the p.v. during leaching.

For cores A and B, tritiated water (4490 cpm/ml) was applied at a rate of 5 mm/hr to

the soil surface. Following Prasad et al. (1971),3-amino-1,2,4-tiazole (56 I m'')

was added to the leaching solution to retard nitrification. About two p.v. of cl'llucnt

were collected.

For cores C and D, which had been stored for nearly 22 months at 4 oC bcforc

leaching, laboratory pretreatment involved leaching the indigenous soil nitratc and

chloride with tritiated water (4438 cpm/ml) applied at a rate of 4 mm/trr.

Immediately after the application of approximately two p.v. of tritiated water a 30

mm 'pulse' input of bromide solution (500 g Br m'3) was applied, followed by

another two p.v. of bromide and tritium free water.

For cores E and F, the experiment was divided into two phases. In the first phase
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the cores were leached by the application of tritiated water (4950 cpm/ml), applied at

a flux density of 5 mm/hr, until the concentration of tritium in the effluent reached at

least 0.96 of that applied. By that time approximately four p.v. of effluent had been

collected. In the second phase of the experiment the leaching solution was changed

to 3mM CaCl, (containing 2I3 g Cl m'3), applied at a flux density of 3 mm/hr, until

the relative concentration of chloride approached 1. Relative concentration is defined

as the ratio of solute concentration in the effluent to that of applied solution. The

flux density was reduced to 3 mm/trr in the second phase of the experiment to avoid

ponding. Approximately two p.v. of this solution was applied. At the start of the

second phase of the experiment a 20 mm pulse of Ca(NOr)r solution containing 500

g N m'' was applied with the CaCl, solution. Terrazole (0.05 Vo) was used as the

nitrification inhibitor in all percolating solutions used in this experiment (Turner and

Macgregor, 1978). The reason for changing the nitrification inhibitor was the

unavailability of the chemical used earlier.

2.4. FIELD EXPERIMENT

2.4.1. Field instrumentation

2.4.1.1. Drainage sample collecton

The drainage from the mole drains in each paddock was collected by a single pipe

drain. The collected drainage in Paddocks A and B passed through two 30o V-notch

weirs installed in pits A and B, respectively (Figure 2.1). Plate 2.3 shows the V-

notch weir and the drainage pipe outlet in pit A. These weirs enabled the flow from

the two paddocks to be measured. The height of the drainage water through each

weA was sensed by a pressure transducer placed on the floor of the weir and

connected to a flow meter. PLate 2.4 shows a flow meter and plotter. The flow rate

is a function of the height of the water passing through the V-notch weir, given by

the following relation

Q* = K*H:t

where Q* lLt Ttl is flow rate, H- El is the height of water from the base of the V-

notch, and K* is a constant determined by the angle of the V-notch and the units of

measurement. The flow meter (ISCO Inc, Model 2300) was calibrated to convert

(2.r)
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Plate 2.3 V-notch weir and a pipe draining in pit A

Plate 2.4 Flow meter and plotter
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water level into the corresponding flow rate. The flow meter displayed flow rates

and total flow at the time of observation. To record the flow, a plotter (ISCO Inc,

Model 2310) was used. The validity of equation (2.1), and the value of K,, had

previously been established (Heng, l99l).

Drainage samples were collected using an automatic water sampler (ISCO Inc, Model

2900). It contained twenty-four 500 ml polyethylene bottles. A 100 ml sample of

drainage was collected for every 600 litres (equivalent to 0.48 mm) of drainage.

However, by the end of June l99l the drainage volume per 100 ml sample was

changed from 600 litres to 1250 litres (equivalent to I mm) of drainage. Drainage

events were monitored over the drainage se:uon of spring 1989, and winter and

spring of 1990 and l99l (see Chapter 6).

2.4.1.2. Rainfall recorden

Rainfall was measured using two rainfall gauges. One recorded continuously and -

siphoned automatically. This recorded rainfall amounts and intensities. The other

was a 250 mm diameter Marquis manual raingauge. These two instruments were

installed about 50 m away from the site. Charts were changed once a week for the

continuous recording raingauge whereas readings were taken daily from the manual

raingauge.

2.4.t.3. Suction cup samplen

Suction cup samplers were made with porous ceramic cups (22 mm outside diameter

and 80 mm long) joined to PVC tube. They were installed into the paddocks in

August 1988 (Heng, 1991). The samplers were inserted at approximately 200 mm

and approximately 450 mm (below mole-drain) depths. A total of ten samplers were

installed at the 200 mm depth and five at the 450 mm depth in each paddock. One

sampler in paddock A and two in paddock B, all at 200 mm depth, were not working

properly during 1990.

2.4.2. Fertilizer application

Nitrogen fertilizer in the form of urea (46Vo N) was applied to the field on 13

September 1989, to enable the effect of spring applied fertilizer on drainage nitrate
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concentrationtobestudied(seeChapter6).Anotherimportantreasonwastosee

whether the pasnrre response to S fertilizer was limited by N supply (Heng' 1991)'

Urea was spread on both paddocks A and B at a rate of 50 kg N/ha'

Ureaatarateoft20kgN/hawasappliedonpaddockBon2gMay,1990(late

autumn).suchapplicationsarecommonlyusedtoboostwinterandearlyspring

pasturegrowthforhighproductiondairysystems.Atthesametime,theleachingof

indigenoussoilnitratewasmonitoredinpaddockA,towhichNaBrwasappliedat

therateof200kgBr/haalsoon2gMaylgg0.AsmentionedinChapterl,the

bromidewasusedasanexternallyappliedtracertomonitorthemovementofwater

throughthesoil.Ithadtheadvantagesofbeingamobilesolutewithphysico-

chemicalpropertiessimilartonitrate,beingconservativeandnotinvolvedin

biological transformations, and ia presence in the soil and atmosphere is negligible'

For these reasons it can be used as an analogue of externally applied nitrate but its

mass balance and actual movement through the soil can be easily estimated'

2.4.3. SamPle collection

Table 2.1. gives the dates of soil, suction cups, herbage sample collection, and also

gives grazrngdetails such as number of days and stocking rate'

2.4.3.1. Drainage and rainfall

Drainagesampleswerecollectedregularlyaftereachrainfalleventasdescribed

above.Rainfaltreceivedduringeacheventwasnotedandtherainintheraingauge

was collected regularly. As for samples collected in laboratory experiments' the

drainageandrainfallsampleswerepartitionedintotwopalts:toonephenyl

mercuric acetate (PMA) was added to preserve inorganic nitrogen (Klingaman and

Nelson,|g76),andnothingaddedtotheother.Thesampleswerestoredinacold

room(4"C)untilanalysed.Thedrainagesampleswereanalysedinbatcheswhen

about 100 to 150 samples had been collected'

2.4.3-2. Suction cuP samPles

The samplers were put under vacuum with a hand-operated pump the day after all

majorrainfallevents,andsampleswerecollectedthefollowingdayusingneoprene
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Table 2.1 Dates of soil, suction cup and herbage data collection- Also included is

grazing duration and stocking rate

Soil Suction
cup

Herbage Grazing
(1" day)

Number of
days

Stocking
rate

5.4.90 27.4.90

2.5.90 7 40

28.5.90 28.5.90

15.6.90

29.6.90 30.6.90

2.7.90 10.7.90 5 21

20.7.90

31.7.90 2.8.90

17.8.90

28.8.90 28.8.90 28.8.90 25.8.90 2 unknown

5.10.90 4.10.90 10.10.90 8 46

20.11.90

18.1.91 2r.t.9l 31.1.91 5 7l

18.3.91

31.5.91 12.4.91 8 35

I r.9.91 11.9.91 16.9.91 8 48

24.9.9r 3 29
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tubing attached to a syringe. The extracted solution was analysed for bromide and

nitrate for paddock A, and nitrate and chloride for paddock B'

2.4.3.3. Soil samples

For the experiment conducted in Autumn 1990, soil samples were taken on 5 April to

measure the initial concentrations of nitrate, ammonium, ciloride and bromide'

paddocks A and B were divided into 15 equal compartments. The soil sampling was

carried out at the centre of each compartment. Two samples from each site were

taken and pooled together. The soil samples were divided into 6 sections: 0-50 mm'

50-150 mm, 150-250 mm, 250-350 mm, 350-450 mm and 450-600 mm' The last

section was from below mole depth (i.e. 450 mm). At the end of the 1990 drainage

season once again the soil was sampled below 450 mm to determine the extent of

deep percolation of solutes below the mole depth. From paddock A, soil samples

were collected to 1 m depth. The samples were cut into 8 sections' i'e' 0-50 mm'

50-150 mm, 150-250 mm, 250-350 mm, 350-450 mm, 450-600 mm, 60o-750 mm

and 750-1000 mm. The objective of this deep soil sampling was to estimate the

deep percolation of bromide ions. Fifteen soil samples from paddock B were

collected to a depth of 600 mm at the same time' The soil samples were cut into 6

sections as for the earlier sampling.

2.4.3.4. Herbage samPles

A quadrat of 0.25 m2 area (0.5m x 0.5m) was randomly thrown and the herbage

(aerial parts of all plan6) from the area enclosed by the quadrat was cut and packed

in a paper bag. The paper bags were weighed beforehand. Four samples were cut

from each paddock. Then they were kept in an oven at 55 "C until a constant dry

weight was obtained. The herbage was subsampled and ground for analysis'

2.5. PHYSICAL AND CHEMICAL ANALYSES

2.5.1. Water content measurements

Gravimetric water content was measured by drying the soil overnight at 105 "C'

previously published bulk density data (Bramley, 1989; Scotter et al-' 1979) were

used to convert the gravimetric water contents to volumetric water contents'
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2.5.2. Preparation for ctremical analyses

2.5.2.1. Soil extraction

To measure bromide, chloride, nitrate and ammonium the soil samples were extracted

in the field moist state wirh 0.05 M K,SO. (equivalent to 5 g oven dry soil solids to

15 ml extractant). The samples were shaken for t hour on an end-over-end shaker,

centrifuged for 5 minutes at 5000 revolutions per minute, and then filtered through

Whatman No. 41 filter paper.

2.5.2.2. Herbage extraction

2.5.2.2.L. Total nitrogen

A subsample of 0.05 g of dried, finely ground herbage was digested with 4 ml of

Kjeldahl mixture (a mixture of concentrated HrSOo, KrSOo and Se) for four hours at

350 t (McKenzie and Wallace, 1954). The digest was diluted fifty times and a

subsample was used to measure N by autoanalyser (Section 2.5.3.L).

2.5.2.2.2. Bromide and chloride

The method for extraction of herbage samples for bromide and chloride analysis was

similar to White and Ayoub (1983). A 0.25 g herbage sample was placed in a

conical flask with 60 ml of deionised water and put on a hot plate at a temperature

between 85 and 90 "C (simmering) for about 2 h. The mixture was stirred regularly

(every 15 minutes). After 2 h, the mixture was cooled and filtered through No. 42

Whatman filter paper into a 100 ml volumetric flask. The filtrate was made up to

100 ml. An aliquot of this filtrate was analysed for bromide and chloride.

2.5.3. Chemical analyses

2.5.3.1. Nitratz

Nitrate was measured colorimetrically using a Technicon Autoanalyzer, Series 2.

The method involved initial reduction of NOj to NOr' by hydrazine/ copper sulphate.

NO' then formed a diazo compound with sulphanilamide which coupled with N-

napthylene diamine dihyrochloride to give a purple azo dye whose absorbance was

measured at 520 nm @ownes, 1978).
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2.5.3.2. Chloride

Chloride was analyzed using a Tecator Flow Injection analyzer following the method

of Florence and Farrer (1973). The solution was injected into a stream of distilled

water and mixed with a reagent consisting of mercury thiocyanate and iron (trI)

nitrate. Chloride reacts with mercury thiocyanate to form a soluble nonionic

compound with mercury. The released thiocyanate ions react in the acid solution

with iron (trI) to give a red coloured iron (Itr) thiocyanate complex. The resulting

colour was measured photometrically at 463 nm.

2.5.3.3. Bromi.de

Bromide in the drainage water and soil extracts was analyzed, after mixing l0 ml of

the sample with 0.3 ml of the ionic strength adjuster 5M NaNOr, with a bromide

selective electrode (Orion solid state bromide electrode) and reference electrode

connected to a Orion research model 701/ digital pH meter. The reading was

recorded when the number displayed had stabilized, usually after I minute. A

similar procedure of measurement in soil was used by Abdalla and [.ear (1975).

Interference of chloride during the bromide analysis was checked. Three sets of

standards of NaBr were prepared: (a) with no Cl added, (b) 20 g Cl m-3 background

and (c) 60 g Cl m'3 background. The reason for choosing these values was that the

concentration of chloride in the drainage in the early part of the drainage season was

around 60 g Cl m-3 and that in the latter part of the season was around 20 g Cl m'3.

It was interesting to note that there was no or very little interference of chloride ions

with the bromide electrode when the bromide concentration in the sample was above

l0 g Br m-3. Almost all samples had a concentration above l0 g Br m'3. The

standards with chloride background showed less drift than standards with no chloride

background. Soil and drainage samples had a background chloride concentration, so

the bromide electrode was calibrated using the standards having 20 g Cl m-3.

2.5.3.4. Tritium

The activity of tritium in the leachate was measured using a Beckman Liquid

Scintillation counter after mixing I ml of sample with l0 ml scintillation cocktail

(Patterson and Greene, 1965).
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Expression of results

Soil solute and drainage concentrations

Solute concentrations in the soil arc expressed either in terms of g m'3 soil or g m-3

soil solution. The advantages of expressing solute concentration in g m'3 soil are: (l)

It is easy to compare the distribution of solute concentration in the soil profile at

different times (irrespective of the water content); (2) The concentration of nitrate

and ammonium can be plotted on the same graph; and (3) When the depth interval is

100 mm (which applies to all layers except the top layer which is 50 mm) the

concentration expressed in g m'3 soil is equal to kg/ha, a mathematical convenience.

However when it is desired to compare the soil concentration with the concentration

in the solution emerging from the soil, it is necessary to express the soil

concentration in g m'3 soil solution.

The concentrations of the solutions from suction cups and the drainage are expressed

ir g --t solution.

2.5.4.2. Data tansformation

Unless otherwise specified all the values have been log transformed to calculate the

sample mean (m) and the standard deviation (s). The maximum likelihood method

(Parkin et a1.,1988) was used. The equations used were

2.5.4.

2.5.4.1.

where

.d.t7=exp(rr*v)

sz = mzfexQt(o')-tl

o'=+i (h(')-tr)n-17'
Xi = the ith observation,

n = the ndmber of observations in a sample.

rr=1 T "t

(2.2)

(2.3)

(2.4)

and

(2.s)



CIHPTER 3

RESULTS AND DISCUSSION OF THE SOIL CORE EXPERIMENTS

3.1. INTRODUCTION

In this chapter the results obtained from the laboratory experiments outlined in the

preceding chapter are presented and discussed.

3.2. LIQUID.FILLED PORE VOLUME

The liquid-filled pore volume of a core (p.v.) is defined as the pore volume filled by

liquid during a leaching experiment. The solute transport volume is somewhat

loosely defrned as the volume of the soil that has interacted with the applied leaching

solution. Its upper limit is the liquid filled pore volume.

Table 3.1. gives the volumetric water contents estimated from the small soil cores

taken from around each large core, and the liquid-filled pore volumes for all large

cores. The depth of water in the large soil cores during leaching is also given- It is

found as p.v. divided by the cross-sectional area of the core'

Tabte 3.1. Volumetric water content before and during each experiment and

liquid frlled pore volume for each experiment

Experiment
and

core label

Volumetric water content
(mtm-') Liquid- filled

pore volume
(ml)

Depth of
water present

(mm)Before
lraching

During
Leaching

I
A 0.41 0.48 5042 12l

B 0.40 0.48 4939 l19

2
c 0.31 0.45 3876 93

D 0.31 0.44 36s9 88

3
E 0.43 0.47 4913 ll8

F o.43 0.46 4951 119
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3.3. MASS BALANCE OF WATER AND SOLUTES

3.3.1. Water

Any unaccounted for gains or losses of water from the soil cores during leaching

were identified from any errors in the mass balance for water. The mass balance

error for water was calculated from the equation:

Input - (output + change in mass of water in core) = Water unaccounted for. (3.1)

Input is the mass of applied liquid. Output is the mass of effluent collected. The

change in mass of water in the core was measured by weighing the cores before and

after each leaching experiment.

For cores A and B, 95 7o of the applied water was accounted for.

Vo could have been lost by evaporation. Similarly for cores E and

was accounted for. The data for cores C and D were not available

mass balance.

The porosity of the soil, f, can be found as

f=(L-pr/p,) (3.2)

where Pu = the bulk density of the soil, and

P, = the particle density.

The mean bulk density of the soil to 250 mm depth was 1.25 Mg *-' (Bramley,

1989), and the mean particle density was 2.62 Mg *-' (Scotter et al., 1979). Thus

the average porosity of the soil was 0.53 m3 m'3. The gas-filled porosity e during

leaching was calculated as:

e=f-0
and had values ranging from 0.04 to 0.09 mt m''

The remaining 5

F,97 Vo of water

to compute the

(3.3)

3.3.2. Nitrate

The initial amount of niuate in the large cores was estimated from the small cores

taken from around each large core. The final concentration of nitrate in the large

cores was estimated from the small cores collected from within each large soil core

after each leaching experiment.
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The mass balance error for nitrate was obtained using the following equation:

(Mass of nitrate in soil before leaching + mass added during leaching) - (mass in the

soil after leaching + mass collected in the effluent) = Unaccounted for nitrate (3'4)

For cores A, B, C and D no nitrate was added. Nitrate was added as a pulse to cores

E and F.

3.3.2.1. Experiment I : no pretreatment (Cores A and B)

For core A, the estimated amount of nitrate in the soil before leaching was 158 mg.

The amount leached was 18 mg. The amount remaining after leaching was 96 mg.

Thus 44 mg of nitrate was unaccounted for. For core B, the estimated amount in the

soil before leaching was 2I4 mg, the amount leached was 128 mg and the amount

remaining in the soil after leaching was 103 mg. Thus 17 mg more nitrate was

recovered than was estimated to be present initially.

The nitrate balance for cores C and D was not carried out because in this experiment

nitrate was not dealt with.

3.3.2.2. Experiment 3 : with field pretreatment (Cores E and F)

The mass balance error for nitrate in core E was calculated as follows:

From the soil sampling around the core, the estimated amount of nitrate in corc E

before leaching was 2l mg. The amount leached during the first part of thc

experiment was 4 mg, or 20 Vo of 2l mg. The amount applied during thc pul.sc input

was 432 mg and the amount not leached in the first part of the experiment u'a.s 17

mg, giving a total of 449 mg. The amount leached during the second part of thc

experiment was 291 mg and the amount remaining in the soil at the conclu.sion o[ thc

experiment was 87 mg. So the unaccounted for nitrate-N was 7l mg-

The mass balance error for nitrate in core F was similarly calculated as follows:

The estimated amount of nitrate in core F before leaching was also 2l mg. The

amount leached during the first part of the experiment was 4 mg or 201o. The

amount applied during the pulse input was 432 mg, and the amount not leached in

the first part of the experiment wtls l7 mg, giving a total of 449 mg. The amount
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leached during second part of the experiment was 278 mg and the amount remaining

in the soil was 90 mg. So the unaccounted for nitrate-N was 8l mg.

The unaccounted for nitrate-N could have been lost by denitrification, especially

from the surface soil layer. The silica sand, which was applied to the soil surface to

help to distribute the applied solution uniformly, could have reduced the oxygen

supply thus making the topsoil anaerobic. This, plus a ready supply of nitrate and

organic carbon in the topsoil, could have allowed denitrification to occur.

3.3.3. Chloride

The method used for the calculation of the mass balance of chloride was similar to

the one described above for nitrate.

3.3.3.1. Expeiment 7 : no pretreatment (Cores A and B)

In the case of chloride, the results are rather unusual. In core A, the estimated

amount in the soil before leaching was 43 mg. The amount leached was 7l mg. In

core B, the inferred amount of chloride in the soil before leaching was 103 mg. The

amount leached was 183. The amount of chloride remaining in the soil after

leaching could not be estimated because of the interference of Nile blue dye with

chloride measuremenL

For cores A and B, the amount of chloride leached was greater than the estimated

amount present before leaching. Thus a question arises as to the reliability of

estimating solute concentration from the soil samples taken around large intact cores.

The reasons for this discrepancy will be discussed later.

3.3.3.2. Experiment 3 : with fieA pretreatment (Cores E and F)

The estimated amount of chloride in core E before leaching was 525 mg. The

amount leached during the frrst part of the experiment was 483 mg. The amount

applied during the second part of the experiment was 2749 mg, and the amounr nol.

leached in the first part of the experiment was 42 mg, giving a toral of 2791 mg.

The amount leached during second part of the experiment was 1972 mg. The

amount remaining in the soil at the conclusion of the experiment was 722 mg. So
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the unaccounted for chloride was 97 mg. As this is only about 4 Vo of that applied,

nearly all the applied and resident chloride was accounted for.

The inferred amount of chloride in core F before leaching was 525 mg. The amount

leached during the first part of the experiment was 423 mg. The amount applied

during the second part of the experiment was 2749 mg, and the amount not leached

in the first part was 102 mg, giving a total of 2851 mg. The amount leached during

the second part of the experiment was 2044 m9 The amount remaining in the soil at

the conclusion of the experiment was 702 mg. So the unaccounted for chloride was

105 mg, again a satisfactory resull

3.4. DYE APPLICATION

Studies using Nile blue dye clearly showed the importance of macropore flow.

Plates 3.1, 3.2 and 3.3 show various examples of preferential movement of dye

through the soil. The plates show preferential flow occurred through earthworm

channels, old root channels, and also through a combination of flow paths, e.g. some

old root channels were connected with earthworm channels. Plate 3.1 illustrates this.

Similar results were observed by Ritchie et aI. (1972\, Omoti and Wild (1979) and

Anderson and Bouma (1973). In general, therc was no evidence of edge flow i.e. the

movement of dye between the soil and the cylinder walls. However, on one occasion

a small stone was pushed ahead of the cutting edge of the cylinder and cut a groove

which allowed some edge-flow, as shown in Plate 3.4. Data from this core, which

was used for an early trial of the sampling and leaching technology, were rejected.

The dye solution moved into the soil through large pores, such as gaps between roots

and the surrounding soil, decayed root channels, worm channels, soil cracks and the

incipient fracture planes between structural units. Grass root channels and worrn

channels appeared to be the major pathways for water intake into the soil profile.

Relatively fewer blue-stained roots and worm channels were observed in the

subsurface horizon than in the surface horizon.

Blue-stained fracture planes, roots and worm channels were observed in vertical
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Plate 3.1 some root channels connected with earthworm channels

Plate 3.2 Root channels
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PREFEB€}ITiAL FLOW

Plate 3.3 Vertical view of dye movement

Plate 3'4 Edge florv due to a stone rvhich cut a groove during core collection
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sections of the soil core. Worm channels did not necessarily have to reach the

surface to be effective in conducting water and solutes, provided they were connected

with other somewhat smaller conducting channels, planar cracks and./or root channels

which did reach the surface. In other words, networks of interconnected pores of

different types seemed to provide the preferential flow paths, rather than flow down a

single channel.

Some conducting channels were cut off by the core wall, causing blue staining on the

side of the soil core, but there was no indication of solution leaking down between

the soil and the corer. Due to the very strong adsorption of methylene blue bysoil,

the colour observed only shows the pathways of highly preferential solute movement.

3.5. SOIL AND LEACHING DATA

/3.5.1. Experiment I: No leaching pretreatment

Figure 3.1 shows the estimated distribution of niuate and chloride in the soil solution

for cores A and B before leaching on 5 July 1989. No consistent trend of

concentration with depth was observed, although nitrate concentration tended to bc

highest near the surface, and chloride concentration higher at the lower sampling

depths.

Figures 3.2 (a) and (b) show the outflow rates as a function of cumulative drainagc

for cores A and B respectively. After 30 mm of drainage, corresponding ro 7 hours

for core A and 8 hours for core B, the flow was steady. Figures 3.2 (c) and (d)

show the breakthrough curves (BTC) for tritium- A BTC is defined here a.s I pkrr ot'

relative concentration as a function of cumulative drainage. The curves arc similar

for the two cores. A significant amount of tritium was present in the first cfllucnr

sample collected from both cores, indicating preferential flow, particularly for corc

A. For this core the concentration decreased in the next 6 effluent samples, and thcn

increased slowly as leaching progressed. For core B the concentration of tritium

decreased for the first three samples, and then increased. This behaviour could be

due to swelling during wetting blocking some macropores. The relative

concentration from both cores approached 0.9 after approximately two p.v. of drainagp.
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Figure 3.3 shows the concentration of indigenous nitrate and chloride leached from

cores A and B. Similar curves, showing in general a monotonic decrease in

concentration with cumulative drainage, were observed for both cores. However, the

concentration of nitrate in the effluent of core B was nearly 10 times higher than that

of core A. The results for chloride show a similar discrepancy between cores A and

B. The ten-fold difference in nitrate, and five-fold difference in chloride

concentration in the effluent from the two cores during leaching, even though the

cores were taken only 170 mm apart, is surprising. The most likely explanation is

the effect of urine being deposited where core B was taken during the sheep graang

which occurred a few days before the cores were collected.

Figures 3.a @) and (b) show the distribution of nitrate in the soil solution of cores A

and B, respectively, after leaching. The soil solution concentrations at depth were

much higher than those in the final effluent, providing another indication of

preferential flow. Figures 3.a (c) and (d) show the distribution of tritium in the cores

after leaching. The distribution is almost uniform with depth, which suggests that by

applying more than two p.v. of tritiated water an almost uniform distribution in the

soil could be achieved, even though the soil solution concentration is substantially

lower than the applied solution, which contained 4490 cpm/ml.

The experiments showed that there was a discrepancy between the concentration of

the solutes in the effluent and the inferred concentration of solutes in the soil solution

before leaching, as estimated from soil sampling around the core. This discrepancy

is probably due to a spatially non-uniform distribution of solutes in the soil before

leaching. In other words, the average concentration of solute in the soil samples

taken from around the large cores was different to the initial concentration in the

cores themselves. One way to avoid this discrepancy is to preleach the solutes in the

soil with a tracer. This tracer largely replaces the indigenous soil solutes and creates

an almost uniform distribution of the applied solute in the soil solution. So two

experiments were designed to study leaching from large cores with a known uniform

distribution of solute. In one experiment the preleaching was carried out in the

laboratory, and in the other experiment the preleaching was carried out in the field.
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3.5.2. Expertment 2: Laboratory preleaching

Figures 3.5 (a) and (b) show the outflow rates as a function of cumulative drainage

for cores C and D. The flow was re^sonably steady for core C but unsteady for core

D. The unsteady flow for core D was due to intermittent blockage of needles during

leaching. To compensate for the amount not applied during a blockage, the flow rate

was subsequently increased for a short time so that the amount applied to both cores

was equal. However, the flow was steady during pretreatment with tritiated water.

Figures 3.5 (c) and (d) show the breakthrough of bromide for cores C and D after the

pulse application of 500 g Br m-3 in 30 mm of input solution. The behaviour of the

pulse in the two cores was somewhat different. In core C the concentration rose

quickly and decreased slowly with a peak concentration of 180 g Br m'3, after 25 mm

drainage. The concentration was maintained almost constant between 60 mm and

100 mm drainage. In core D the concentration rose more slowly and the peak

concentration wiu 240 g Br m'3 after 50 mm drainage. The amount of bromide

leached from core C and core D was 499 mg and 613 mg, respectively, equivalent to

82 Vo and 94 Vo of that applied.

Figures 3.6 (a) and (b) show the leaching of the tritium which had been applied

during the pretreatment. In this experiment the initial tritium distribution can be

assumed to be fairly uniform, as in the previous experiment it has been shown that

an almost uniform disribution of solutes could be attained by applying more than

two p.v. of tritiated water. Figures 3.6 (c) and (d) give the distribution of tritium in

the soil after leaching.

3.5.3. Experiment 3: Pretreatment in the field
For the pretreatment, a selected area of soil was regularly inigated with chloride

solution in an attempt to obtain a uniform distribution of soil chloride down to 300

mm depth. Chloride rather than nitrate was used as nitrate can undergo rapid

transformations in field soils. Details were given in Chapter 2.

After the pretreatment, two large cores were collected and leached with tritiated

water. In the second phase of the experiment, solutes were applied to the surface
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both as a step-input (chloride) and as a pulse input (nitrate) and the effluent

analyznd. The leaching of the tritium applied during the first phase of the

experiment was also observed-

3.5.3.1. Fint phase of the exPeiment

Figure 3.7 shows the distribution of nitrate and chloride in the soil solution after the

pretreatment, but before leaching, in the soil surrounding large cores E and F' The

nitrate concentration in the soil solution was highest in the 50 - 100 mm layer after

preleaching treaunent in the fietd. A possible explanation is that in the top layer the

bulk density is lower and the saturated hydraulic conductivity is higher when

compared to lower layers. Thus more effective leaching could have been taken place

in the top layer. Figures 3.7 (c) and (d) show that the distribution of chloride in the

soil solution was almost uniform with depth. The mean estimated concentration of

nitrate in the soil solution was 4.6 g N m-3 and of chloride was 118.5 g Cl m-3' This

chloride concentration is close to the concentration of the preleaching solution, which

contained L42 g Cl m-3.

Figures 3.s (a) and (b) show the outflow rates as a function of cumulative drainage

for the first phase of the experiment for cores E and F. The flow was unsteady

during the first 27 mm of drainage for core E and 16 mm of drainage for core F'

After that outflow wils quite steady and the flow rate was almost equal to the inflow

rate. Figures 3.8 (c) and (d) show the breakthrough curves of the applied tritium for

cores E and F. The tritium data for the two cores were similar. Some tritium was

found in the first effluent sample from both cores, but the relative concentration

(c/c") was different; 0.01 for core E and 0.09 for core F. After 2 p.v- of leaching

the relative concentration in the effluent reached approximately 0.95 for both cores'

Figure 3.9 shows the nitrate and chloride leached in the first phase of the experiment.

The concentration of nitrate in the first 60 mm of drainage from core E was

approximately 1 g N m-' and after that the concentration steadily dropped, being

close to zero after 200 mm of drainage. For core F the initial concentration was

higher than that in core E (2.4 g N m''), but decreased more steeply with leaching.

The estimated mean concentration of nitrate in the soil solution before leaching was
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4.6 gN m-3 for both COreS, So the initial leachate concentration was much less than

the mean soil solution concentration- The concentrations of chloride in the first

effluent from cores E and F were 123 g Cl m-3 and 106 g Cl m-3, respectively' The

estimated mean concentration of chloride in the soil solution before leaching was

118.5 g Cl m'3 in both cores. Thus, whereas the concentration of nitrate in the early

effluent did not agree with the mean concentration of nitrate in the soil solution

before leaching, the concentration of chloride did. This difference can perhaps be

explained as follows. During the pretreatment indigenous solutes in the accessible

pore space would have been replaced by the applied chloride' However, niuate is

produced duato slow but constant mineralization during pretreaunenl The nitrate

present in the effluent is probably the result of diffusion between the mobile and

immobile volumes and/or nitrate produced by mineralization.

3.5.3.2. Second phase of the exPeriment

Figures 3.10 (a and b) show the outflow rates as a function of cumulative drainage

for the second phase of the experiment for cores E and F. The flow was almost

steady during the experiment. Figures 3.10 (c and d) show the nitrate breakthrough

after the 20 mm pulse application of Ca(NOr), solution containing 500 g N m'3' The

behaviour of the pulse in both the cores was similar. The concentration rose quickly

to a peak after approximately 30 mm (0.28 p.v.) of drainage and then decreased

slowly, again indicating preferential flow. In core E the peak concentration of nitrate

was 80 g N m-t whereas in core F, the peak was sharper with a concentration of 103

g N m-'. The emergence of peak concentrations before one liquid-filled pore volume

of drainage (see Tabte 3.1) indicates that the water and solutes were flowing through

soil macropores, as shown by dye studies (section 3'4)'

Figure 3.11 shows the BTC of applied chloride and resident tritium. The

concentrarion of chloride in the step input was 212.7 g Cl m'3 (3 mM CaClt

solution). The relative concentration of chloride approached 0'99 after about 2'3 p'v'

of drainage from both cores. As expected the curves for tritium in Fig. 3'11 are

approximate mirror images of the chloride curves'
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Figure 3.12 gives the distribution of nitrate and chloride in the soil solution after the

leaching experiment. Note that the concentration of chloride was reasonably uniform

with depth, but that the concenration of nitrate is relatively much less uniform. The

pattern observed for nitrate in both cores was that the concentration decreased with

depth from the second layer onwards, but in the first layer the concentration was

lower than in the second layer. This is similar to Figures 3.7 (a) and (b). One

possible explanation could be mineralization taking place during the week long

experiment where the soil is aerobic and the organic matter content is high.

Denitrification Enzyme Activity (DEA) is highest in top 50 mm (J.Luo - unpublished

data) and denitrification could have occurred, because of the low oxygen levels there.

This would be due to the soil surface being covered with 10 mm of saturated sand,

inhibiting air entry through the soil surface (see section 2.3.4)-
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3.6.

Several

(a)

(b)

(c)

CONCLUSIONS

important conclusions can be drawn from this work. For example :

Dye studies have indicated that worm holes and root channels were the main

preferential pathways for water and solute movement through the soil.

Estimating the initial solute concentration in the large cores from small soil

cores taken from around them was not valid due to spatial variability. The

main cause for spatial variability is probably urine and dung spots due to

sheep granng.

Pretreatment in the laboratory or field can provide a way of obtaining a

uniform distribution of resident solute in the soil for leaching experiments.

This in fact helps when the leaching process is modelled, as will be shown in

Chapter 4.
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CHAPTER 4

MODELLING THE MOVEMENT OF NON.REACTIVE SOLUTES

THROUGH UNDISTURBED SOIL CORES

4.1. INTRODUCTION

As discussed in chapter l, for decades soil scientists have treated soil as a uniform

Porous medium and applied the convection-dispersion equation (CDE) to predict

water and solute movement in it (Nielsen and Biggar, 1962). However, the CDE

could not be applied successfully to some miscible displacemenr experiments using

natural soil cores due to effect of preferential flow (e.g. Thomas and Phillips, Iglg).
The transfer function model (TFM) (Jury, l98z: Jury et al., 1986), on the orher hand,

treats solute transport as a stochastic process, acknowledging that the exact

mechanisms governing solute transport may be poorly understood in a heterogenous

porous medium such as soil.

In this chapter, the movement of tritium, chloride, nitrate and bromide through

undisturbed soil cores described in chapter 3 is modelled using the transfer function

approach.

4.2. TIIEORY

The probabniry P(I) that a solute applied to the surface of a soil core will exit from

the base of the core after cumulative drainage or net infiltration /, (Jury, 1982: White

et al., 1984) is

I
P@ = [nnaro

0

(4.1)

where flI) is the probability density function (pdf) of the variable 1. Following Jury

et al. (1986), under steady-state water flow for a step input of solute that enters a soil

core initially only through an entrance surface at the top and disappears perrnanently

only through an exit surface at the bottom, the output concentration can be described
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by the equation

where C* (I) is the concentration at the exit surface after drainage / (expressed as

volume perunit area) and C^,(I') is the concentration of externally applied solute at

the entrance surface after a lesser amount of cumulative drainage .I'.

A lognormal distribution was assumed for the pdf because it has been found to

describe solute travel times or velocities in the field (Jury et a1.,1982) and in large

cores (White et a1.,1984), so equation (1.10) applies, that is

I
c*(D = [Xt-t)c,*{t)dt'

o

,.,r - expt-Qn/- D2palrv) - 
lr"a

where ;r is the mean of the distribution of ln / and d is its variance.

C.,r, = O /s0 i Cr* = Co I>0 ,

the solution of (4.2) subject to (4.3) and (4.4) is (Jury, 1982)

(4.2)

(4.3)

(4.4)

(4.5)

(4.6)

For a step-change in the input concentration from 0 to Co, that is for the boundary

condition

Similarly for a square pulse inpul with C.,, being C, from ^I = 0 to / = A1, and

otherwise being zero, the output concentration for I > N is given by (Jury, 1982)

c_@=+{ ,."o1?j] 
}

The leaching of a resident soldte initially distributed uniformly throughout the soil is

equivalent to a step change h C"* from C, to 0 at / > 0, (White and Magesan, 1991)

lt'
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and so

The mean pathway'length

The median pathway length

c-s)=9{ ,-"nlffil
l

(4.7)

4.8(a)

4.8(b)

In this case, Co is replaced by Cu the concentration of the resident solute in the

accessible soil volume at / = 0.

White et aI. (1984) and Iury et a/. (1986) introduced the concept of an operationally

defined transport volume, 0",. Because of the heterogeneity of the solid surfaces and

void spaces in undisturbed soil and the complexity of water movement, especially

under non steady-state conditions, the transport volume V", in any given volume of

soil would be irregular in shape and variable in size as water percolates through the

soil. Nevertheless, a quantitative description of the probable behaviour of surface-

applied tracer ions, once they have entered the transport volume, should be useful for

predicting the probable behaviour of resident ions initially in the soil's transport

volume. White (1989) initiated the modelling of resident solutes using transfer

functions with parameters derived from extemally applied solutes; he used chloride

as a tracer and nitrate as the resident solute.

0", can be calculated from a measure of the centre of location of the solute pdf under

particular conditions of measurement, and its value can be used to infer some general

conclusions about the nature of solute transport through the soil. 0,, can be defined

using the mean or median travel pathway length. For relatively short observation

pathway lengths, the median drainage /,, which occurs when P(it) = 0.5, is preferred

to mean drainage (White, 1985; White et a1.,1986; Dyson and White, 1987) because

it is not affected by the area under the "tail" of the solute breakthrough curve in the

same way that the mean is; i.e. the mean value can be affected by a large variance in

the drainage distribution. Mean and median pathway lengths were calculated using

the model parameters, p and o, as a function of / as follows

Io= expQt + dtz)

/, = exp (/l)



Using the mean PathwaY length,

Using the median PathwaY length,

where Z is the length of the core-

0rr=IolL

Qrr=I^lL
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a.8(c)

4.8(d)

4.3. ESTIMATION OF MODEL PARAMETERS

A least-squares optimization program (appendix I or 2) with either equation (4'5) or

(4.6) was used to estimate the model parameters p and o. These parameters were

then used to predict the leaching of resident solutes (appendix 3) using equation (4.7)

and also to estimate the solute transport volume.

4.4. RESULTS AND DISCUSSION

4.4.1. Experiment I
Using tritium breakthrough curyes to characteize solute pdfs4.4.1.1.

F

In Figure 4.1 the measured tritium data and the fitted curves for cores A and B are

plotted against cumulative drainage. The values of p and o for the best fitted data

are also shown in Figure 4.1. The fit to the core A data is not quite as good as the

core B data. Note also the shorter median travel time and larger variance for core A,

indicating a more skewed Pdf.

4.4.1.2. Modetting resident chloride and nitratc concentrations

predicted and measured concentrations are shown for chloride (Fig. 4.2 a and b) and

nitrate @ig. 4.2 c and d) in the effluent from cores A and B, respectively, using the pr

and o values derived above. One set of predictions were made using equation (4.7)

in which C, was the estimated mean concentration in the soil solution initially. In

general, these predictions did not agrce well with the measured effluent

concentrations of nitrate or chloride. A similar discrepancy has been reported in

previous studies (White, 1989; White and Magesan, 1991) when the mass rate of

nitrate efflux was modelled. A second set of predictions was attempted again using

equation (4.7) but with the solute concentration in the first effluent sample from each

core substituted for C,. These predictions of the effluent concentration were

somewhat better for both chloride and nitrate in core A, but not for core B.
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For both cores A and B it appeared that chloride did not leach out as fast as would

be predicted using the chloride concentration in the first effluent, but it leached out

faster than would be predicted from the mean chloride concentration in the soil

solution for the whole core. This suggested non-uniform chloride distribution has an

effect on predictability of leaching losses. Chloride concentration in the transport

volume appeared to be higher than the estimated mean chloride concentration for the

whole core for the whole of experiment for core A, but for the first 70 mm drainage

only for core B.

From Figure a.2 @) and (d) the effects of bypass flow were more obvious for nitrate.

For core A, loss of nitrate was greatly overestimated when the estimated mean nitrate

concentration in the whole core was used while the initial concentration in the

effluent was satisfactory for modelling the effluent curve. For core B, use of the

concentration in the first effluent volume overestimated leaching loss (as for

chloride); and using the estimated concentration of nitrate in the whole core also

overestimated leaching loss, except for the first 20 mm or so of drainage. In this

case the concentration of nitrate in the transport volume seemed to be lower than the

estimated average concentration in the whole core.

The skewed distribution for the pdf of travel pathways obtained with this soil (see

Figs 4.3 a and b) and with other structured soils in an undisturbed state (White et al.,

1986; Dyson and White, 1987; White, 1989) suggested the possibility of substantial

bypass flow. In this situation, if the concentration of the resident solute of interest is

not uniform within the transport and non-transport volumes, predictions based on an

average solute concentration for the whole soil volume may not accurately follow the

measured concentrations in the effluent (White, 1989; White and Magesan, 1991).

The chief problem seems to be in obtaining an accurate estimate of the initial nitrate

concentration in the transport volume of the soil. As discussed in section 3.5.1 a

great variability in soil nitrate concenration on a macroscale was observed. Also

evidence for differences in nitrate concentration on a microscale i.e. between the

interior and exterior of aggregates within each large core were possible and have

been observed in other studies (White, 1985).
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As explained in Chapter 3, the estimated mean concenfation of chloride and nitrate

for core B might be wrong because the site used for taking the undisturbed soil core

was thought to be an urine spot (note the very high soil nitrate and chloride

concentrations). However, that does not solve the problem for core A where there is

no evidence of concentration by urine. So as explained earlier, non-uniform

distribution of solutes could be the most probable reason for the discrepancy between

measured and predicted effluent concentrations. This suggests that a better prediction

could be obtained for a soil having a uniform initial distribution of resident solute.

The main conclusions from this experiment are (1) it is difficult to predict the

leaching of resident solutes if the initial soil solution concentrations are not exactly

known, (2) there is conflicting evidence as to whether the concentration of solute in

the first effluent enables a reasonable prediction of the leaching losses of a resident

solute to be made and (3) the estimation of resident solute concentrations in soil

solutions under graznd pastures using point sampling techniques may not be reliable.

4.4.2. Experiment 2

4.4.2.1. Using bromidc breakthrough cumes to characterize solute pdfs

The pulse input method is preferable to the step-change in input method for obtaining

the solute pdf (Jury and Roth, 1990). The bromide pulse efflux data were fitted to

equation (4.6) as described in section 4.3. Figures a.3 (a) and (b) show the fitted and

measured effluent concentrations for cores C and D as a function of cumulative

drainage. The simulation was excellent for core D and gave paraineter values of p -
3.943 and o = 0.696 for the bromide pdf. However, the simulation for core C was

not :ls satisfactory (p = 3.898 and o = 1.879), particularly after 60 mm drainage.

Both have almost the same median travel time but core C has a much larger

variance, indicating a more skewed pdf. However, the breakthrough data for core C

could be interpreted as showing two peaks - one at c. 25 mm drainage and the other

a much broader peak at g. 60-100 mm drainage. The early sharp peak could be due

to transport of bromide ions through a minor part of the transport volume which

might have transported the ions quickly, whereas flow through the rest of the

transport volume could have caused the second wider peak. For cores of similar

length and initial water content at the same input rate, those two soils represented

r'! .l
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different breakthrough behaviour for bromide. The differences could be ascribed to

differences in the geometry of the conducting channels, which determines the

distribution of pore water velocities. Similar observations had been made by White

et at. (1986) for bromide pulse inputs to mole drains in the field and with

undisturbed cores in the laboratory (Beven and Young, 1988).

The pdf for core C could be thought of as a composite of two density functions

representing two populations of travel pathlengths, with modal values of / around 25

and 75 mm, respectively. Thus one way of addressing this problem is to decompose

the pdf into two functions. The first can be obtained by fitting a lognormal function

to the tail of the breakthrough curve @gure 4.3 c). The fitted values of this function

are then subtracted from the measured values of flI) at the appropriate values of ^l

and the residuals fitted with a lognormal fuction (Figure 4.3 d). The solid lines in

Fig.4.4 (a) represents the integrals of the component lognormal functions for all

values of /. The labels "early" and "late" indicate that the integrals were obtained by

fitting lognormal functions for the early and the tail part of the breakthrough curves

(Fig a.3 c and d). Fig. 4.4 (b) shows the summing of these integrals to give a pdf

(dashed line) and the best-fitting of the resultant curve (solid line) which produced

the parameters p = 3.99 and o = 0.93. Note that compared with the first estimates of

p and o above, the centre of location of the pdf now occurs at a larger value of / but

the variance, and hence the inferred dispersion of the solute, has markedly decreased-

4.4.2.2. Modelling the haching of resident tritium

As explained in Chapter 3, a pretreatment with tritiated water was carried out in the

laboratory to create a uniform distribution of tritium in the soil solution. The

parameters obtained from the bromide pulse data were used to model the subsequent

leaching of this resident tritium. Figure a.4 @) and (d) show the predicted and

measured relative concentration of tritium as a function of cumulative drainage for

cores C and D. In both cases, the simulated concentrations were less than the

measured values and the amount of resident 3H leached was underestimated- This is

consistent with an anionic tracer such as Br being excluded, because of charge

effects, from part of the water-filled pore volume that was accessible to 3H (Corey et

aI-, 1963; White et al., 1984).
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i*,

4.4.3. Experiment 3

4.4.3.1. IJsing tritium and chloride BTCs to characterize solute pdfs

In this experiment considerable care had been taken to create a uniform distribution

of chloride through the soil volume immediately before the soil cores were collected 
.

(see Chapter 3). Figures a.5 (a) and (b) show the plots of the measured and fitted

(using equation 4.5) relative concentration of tritium as a function of cumulative

drainage for cores E and F in the first phase of the experiment. Figures 4.5 (c) and

(d) are similar plots for chloride in the second phase of the experiment. The tritium

pdf for core F was more highly skewed than for core E, with a shorter median

pathlength and a greater variance. This difference is also evident in the second half

of the experiment with chloride, although the variances are smaller. The values of ;u

and o for the best fitted data are shown on Figure 4.5.

Breakthrough curves for chloride and tritium were markedly asymmetric and unlike

those reported for columns of packed aggregates (Elrick and French, 1966). The

volumetric water content of the cores while applying Uitium was different from when

chloride was applied. This was because tritiated water was applied in the first phase

to the soils taken from the field, whereas chloride was applied soon after the

conclusion of tritiated water application. The flow in all cases was largely

unsaturated. The relative concentration of chloride approached 1.0 earlier than for

tritium. The reasons could be due to anion exclusion of chloride and the different

flow rates at which tritium (5 mm/trr) and chloride (3 mm/trr) were applied.

4.4.3.2. Modelling the leaching of resident chloride and nitrate

Figure 4.6 (a and b) shows that in the first phase of the experiment the efflux of the

resident chloride was well modelled by the parirmeters derived from the tritium

breakthrough when the estimated mean chloride concentration in each core was used

as the initial soil solution concentration. This can be attributed to the uniform

distribution of chloride in the soil solution initially, the reasons for which were

explained in Chapter 3. However, this result contrasts with what was found for

nitrate, where use of the estimated mean concentration seriously overestimated the

efflux of nitrate (Flgs. 4.6 c and d). Measurements of nitrate concentration made by

extracting the whole soil volume overestimated the concentration in the transport
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4.4.3.3.

volume, which was only a small fraction of the total water volume in the soil-

However, assuming the concentration of nitrate in the frrst effluent sample to

represent the concentration in the transport volume initially resulted in a much better

prediction of the effluent nitrate concentration. Similar results were obtained by

White (1989). The slight overprediction of nitrate loss from core F may have been

the result of some denitrification in this core during the experiment, which reduced

the nitrate concentration in the transport volume more than expected (White and

Magesan, 1991).

It appears that the nitrate concentration in the transport volume of cores E and F was

lower than suggested by the estimated mean concentration in the whole core.

Indigenous nitrate present in the transport volume would have been flushed out

during preliminary leaching in the field with chloride solutions (Chapter 2).

However nitrate which remained within the aggregates wils removed from the

transport pathways during the subsequent leaching in the laboratory.

Modelling the leaching of resident tritium

Either the parameters derived from the step-change input of chloride, or the square-

pulse input of nitrate in the second part of the experiment, could be used to model

the tritium efflux. However, it might be expected that the chloride or nitrate could

be excluded from some of the pore volume accessible to tritium, due to anion

exclusion and slower diffusion. Tritium would then behave somewhat differently to

niuate and chloride. If ttre mass balance of each of these applied solutes is known,

then the parirmeters from any applied solute can be used to model the movement of

another. If there is uncertainty about the mass balance, as in the case of nitrate

which undergoes biological transformations such as denitrification, it is advisable to

use the parameters from a conservative solute such as chloride. In this case values

derived from chloride transport are used.

Figures 4.7 @) and (b) show the predicted and measured relative concentration of the

tritium. The model slightly underestimated tritium in the effluent solution (and hence

underestimated the rate of tritium loss). The difference could be due to different

diffusion rates. Similarly Figures 4.7 (c) and (d) show the predicted and measured
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concentration of nitrate in the effluent following the pulse applied in the second

phase of the experiment. It can be observed that for both cores the prediction curve

fits the data reasonably well. However the fit was not that good at the tailing end.

Some of the important conclusions from this experiment were

(1) The breakthrough curves for chloride and tritium were different, perhaps due

to anion exclusion (for chloride) and different flow rates;

(2) It was possible to model the leaching of resident chloride well using

piuameters derived from a step input of tritium to the soil surface. This was

attributed to the uniform disuibution of chloride in the soil solution before

leaching. However, the same parameters could not predict the leaching of

resident nitrate well. The reason could be due to difficulty in estimating the

appropriate concentration of nitrate in the "transport volume";

(3) The parameters derived from a chloride step-change input were used

successfully to estimate leaching of resident tritium and surface-applied

nitrate.

4.4.4. Estimation of model parametens

The model pammeters ;r and o for both step-change input and pulse input of

externally applied solutes were estimated using the optimization program for

equations 4.5 and 4.6, respectively. Tables 4.1 and 4.2 give the details on the cores

used, external solute applied, rate of application and the estimated model parameters

for step-change and pulse inputs, respectively.

From Table 4.1 it can be observed that the median travel pathlength for both tritium

and chloride were similar. However, tritium had larger variances when compared to

chloride. This might indicate that tritium had access to a greater range of pore sizes

than the chloride ion which would be affected by anion exclusion. Similarly, the

median travel pathlengths for bromide and nitrate applied as pulse inputs were almost

the same. While the variances for nitrate in both cores were almost the same, they

were quite different for bromide. This was mainly due to the different breakthrough

curves obtained, and in particular, the suggestion of a bimodal pdf for bromide in

core C.
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Table 4.1. Model parameters for step-change input solutes
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Table 4.2. Model parameters for pulse input solutes
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Cores Solute applied Flow rate
(mm/hr)

Fl
o

A Tritium 5 3.963 r.936

B Tritium 5 4.248 t.2t5

E Tritium 5.3 4.198 t.278

F Tritium 5.1 3.850 1.52r

E Chloride 3.4 4.123 0.830

F Chloride 3.4 3.847 0.976

Flow rate
(mm/hr)
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4.4.5. Estimation of the solute transport volume

The solute transport volume for each core was estimated using the model parameters

of Tables 4.1 and 4.2 for a step-change input and pulse input, respectively, of each

solute. Tables 4.3 and 4.4 give the details of the cores, solute applied, estimated

pathway length (both mean and median), and estimated fractional transport volume

for step-change input and pulse input of solutes, respectively.

Some of the obsenrations from Table 4.3 are (l) in general, mean pathway length

and mean transport volume were greater than the median pathway length and median

transport volume, (2) tritiufn had a longer mean pathway length and higher mean

transport volume comparcd to chloride, although the median pathway lengths were

reasonably comparable, and (3) the mean pathway length for tritium in core A was

much greater than expected. Note the single pdf fitted to the tritium data for core A

is not a very good fit. This was mainly because the variance for core A was very

high. This suggests that the median travel pathway length is more appropriate to

calculate the tansport volume than the mean @yson and White, 1987).

Similar observations could also be made from Table 4.4 (pulse input data). Here,

bromide in the two cores behaved differently for the mean pathway length and hence

mean transport volume, whereas the median travel pathway lengths agreed very

closely. Furthermore, 0,, estimated from the median pathway length for nitrate was

very similar to that for bromide, but 0o estimated from the mean pathway lengths

were different. The bromide mean pathway length for core C was higher than

expected. This was probably because of the bimodal distribution of travel pathways

and higher variance in this core.

4.s. coNclusroNs

A number of important conclusions were derived from the results presented in this

chapter. They were :

(a) Prediction of leaching losses of resident solutes can be difficult if the inirial

soil solution concentration is not exactly known.
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Table 4.3. Estimation of the fractional transport volume for step-change input

solutes

Pulse input

Table 4.4. Estimation of the fractional uansport volume for pulse input solutes
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Core Solute
applied

Pathway length (mm) Transport volume 0,,

Mean Median Mean Median

A Tritium 343 53 1.37 0.2r

B Tritium t46 70 0.s9 0.28

E Tritium 151 67 0.60 0.27

F Tritium t49 47 0.60 0.19

E Chloride 87 62 0.35 0.25

F Chloride 75 47 0.30 0.19

Core Solute
applied

Pathway length (mm) Transport volume 0,,

Mean Median Mean Median

C Bromide 83 54 0.33 0.22

D Bromide 66 52 0.26 0.2r

E Nitrate tt2 61 0.45 0.24

52 0.41 0.21
F Nitrate t02
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(c)

The concentration of solute in the first effluent might be used to give a

reasonable estimation of the initial concentration of resident solutes in the

soil, especially for nitrate. A similar observation was made by White (1989)'

Estimation of resident solute concentrations in the soil solution under grazed

pastures by soil sampling may not be reliable and may be subject to large

elrors because of the variable input of dung and urine'

Breakthrough curves for chloride and tritium were different, possibly due to

anion exclusion (for chloride) and different flow rates'

Leaching of resident chloride for a soil pretreated with chloride solution was

well modelled using tritium Piulmeters. However, the same parameters did

not predict nitrate leaching well and that could be due to difficulty in

estimating the appropriate concentration of nitrate in the soil.

Chloride parameters from a step-change input were used successfully to

estimate leaching of resident tritium and surface-applied nitrate'

The median, not mean, travel pathway length was more appropriate to

calculate the solute transport volume (Dyson and White, 1987).

(d)

(e)
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5.1.

CIHPTER 5

SOIL, HERBAGE AND METEOROLOGICAL MEA SUREMENTS

FOR THE FIELD EXPERIMENT

INTRODUCTION

In this chapter rainfall, evapotranspiration and soil moisture data from the field

experiment are given. Also solute concentration measurements in soil, suction-cup

and herbage samples are prcsented and discussed.

As outlined in Chapter I the objective of the e*perimei-ts w:rs to measure the

leaching of indigenous soil nitrate and chloride under field conditions. Bromide was

used as a tracer for the movement of water and indigenous soil solutes. As described

in Chapter 2, NaBr at a rate of 200 kg Br/ha and urea at a rate of 120 kg N/ha were

applied on 29 May 1990 to paddocks A and B, respectively. Urea was also applied

on 13 September 1989 at a rate of 50 kg N/ha to both paddocks. The effect of

fertilizer N on soil mineral N concentrations (NHo* and NOr') was assessed by

regular core sampling to mole drairi depth; also samples of soil solution were

obtained from suction cup samplers. Soil samples were analysed for bromide and

chloride as well as inorganic N.

5.2. RAINFALL AND POTENTIAL EVAPOTRANSPIRATION DATA

The quantity of drainage that occurs during a drainage period can be estimated from

the amount of rainfall and evapotranspiration that occurred and some assumptions

about soil water storage. Thus rainfall and evaporation data are relevant to this

study.

The amounts of rainfall received during the months of September and October 1989

were 25 and 123 mm, respectively. Only these two months in 1989 were relevant to

the study of nitrate leaching. Monthly rainfall for 1990 and 1991, together with the

long term averages (obtained from the New Zealand Meteorological Service) for

1990 and l99l is shown in Fig. 5.1. Rainfall was unevenly distributed although the

t
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'It ''
E
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total rainfall received during 1990 and 1991 was similar, being 1014 and 1007 mm,

respectively. The long term average annual rainfall in Palmerston North is 995 mm-

Long term average monthly Penman "potential" evaporation is shown in Figure 5.2.

Comparing Figures 5.1 and 5.2, the winter excess of rainfall over evaporation is

evident

5.3. SOIL MOISTURE DATA

The mean volumetric water contents measured at the various soil samplings during

1990 and l99l are given in Figures 5.3, 5.4 and 5.5. They were calculated from the

measured gravimetric water contents and the bulk density profile. The bulk density

values at different depths of Tokomanr silt loam soil were taken from earlier

published data of Scotter et al. (1979) and Bramley (1989). The soil moisture

contents at each sampling were comparable for paddocks A and B throughout the

experimental period, except for the values in the top two layers (0 - 50 mm and 50 -

150 mm depths) of paddock B always being greater than paddock A. The soil dries

out over summer when potential evapotanspiration is higher than the rainfall. April-

May is usually the recharge period. The soil is usually near 'field capacity' from

fune to September.

5.4. SOLUTE CONCENTRATIONS IN SOIL

5.4.1. Bromide

The distribution of bromide in ttre soil at different times during the 1990 drain:rgc

period is shown in Figures 5.6 and 5.7. The samples from the first and sccond soil

samplings (5 April and 28 May 1990) were not analysed for bromide on thc

assumption that there was no bromide in the soil before sodium bromide application.

By 29 June 1990, a month after bromide application on 29 May 1990, most of thc

bromide had moved below 200 mm @gure 5.6). At the next soil sampling the

concentration of bromide at all depths except 0-50 mm had decreased compared to

the previous sampling. This could be because bromide immediately under the grass

leaves or stems has less opportunity to get leached (Scotter and Kanchanasut, l98l).
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By the next soil sampling on 27 August 1990 the concentration of bromide in the

soil had decreased even further.

The soil samples were taken down to a depth of I m (Figure 5.7) in the final soil

sampling on 5 October 1990. The purpose of such deep sampling was to estimate

deep percolation of bromide below mole drain depth. A total of 45 kg Brftra was

recovered in the top metre of soil, and 25 kg Br/tra (L2.4 7o of the applied bromide)

was recovered from below mole depth. Some bromide probably went below 1 m.

Pollok (1975) observed extensive root growth between the structural soil units in the

impermeable B horizon (approximately 300 mm - 700 mm depth) and the fragipan

(about 700 mm), and suggested that the cavities left by these roots would allow some

water and hence solutes to move through the fragipan in Tokomaru silt loam. The

concentration of bromide in the soil was highest around mole depth (350 - 650 mm).

5.4.2. Chloride

The paddocks exhibited similar initial soil chloride concentrations with concentration

decreasing with depth. The concentration of chloride in the soil decreased, in

general, as the 1990 drainage season progressed (Figures 5.8 and 5.9). The

concentration of chloride in rainfall was around 4 g .''. Similar observations were

made by Scotter et aI. (1991) at the same site during 1989. Whether the

concentration of chloride in soil increases or decreases is determined by the balance

between rainfall input and leaching. There was 136 mm of rain between 5 April and

28 May. It was the period of soil rewetting. The chloride distributions with depth

was more uniform at the 28 May sampling; apparently some chloride had moved

from the surface layers to lower in the profile. At the next soil sampling (29 June

1990) chloride concentration increased with depth indicating the downward

movement of chloride due to rainfall. On 31 July, the chloride concentration in the

surface layer increased in both paddocks, probably due to an input of chloride in the

urine of the grazing sheep. However, at the next soil sampling, which was carried

out soon after "unplanned" gtanng (section 5.5), no increase in concentration in the

surface layer was apparent. Similar low soil chloride concentrations were also

observed on 5 October 1990.
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The soil chloride concentrations in the two paddocks were comparable to each other

during l99l (Figure 5.10) except in the 0-50 mm layer. The concentration in the soil

profile during summer (18 January 1991) was slightly higher than that ar the end of
the 1990 drainage season. The chloride concentration increased further over summer-

autumn as shown by the 3l May l99l data. By the end of drainage season (11

September) the concentration had decreased again.

5.4.3. Nitrate-N

The distribution of nitrate-N in the soil samples collected ar various times from
paddocks A and B as a function of depth for the 1990 drainage period is shown in

Figures 5.11 and 5.12. In April and particularly in May a high concentration of
nirate was found nffir the soil surface in both paddocks. This high concentrarion was

most probably due to mineralization. White et at. (1983) attributed the high autumn

concentration to be due to a flush of mineralization of soil organic N, especially in
the top 200 mm, as the soil rewetted. Grazing (2 - 5 May 1990) could have also

been a factor in increasing the concentration of readily mineralizable N in the surface

layer of soil. The effect of a spatially variable input of excretal N may be the reason

for the standard elrors of nitrate concentrations, particularly in the surface soil.

The concentrations in the soil samples taken on 29 June 1990 (one month after urea

application) were lower than the previously measured soil nitrate concentrations.

There was 117 mm of rain between 28 May and 29 June. This rain would have

caused leaching, because the rain in the previous month had rewetted the soil to
'field capacity'.

Between 29 June and 3l July the concent"ration of nitrate in the topsoil increased in

both paddocks (Figure 5.12). This increase was probably due ro grazing between l0
and 14 July 1990. Nitrate concentrations were considerably lower at the next

sampling on 27 August 1990. Note the different scales on the x-axis for the different
datres- The decrease in concentration was probably due mainly to plant uptake and

leaching- The low soil nitrate concentrations were reflected in low drainage nitrate

concentration towards the end of the drainage season. The concentration in the soil
profile was almost the same on 5 october as on 27 August 1990.
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Soil nitrate concentrations during 1991 are shown in Figure 5.13. The nitrate profiles

on 18 January and 31 May 1991 showed generally higher soil solution nitrate levels

than the last sampling in 1990, although no nitrogen ferttlizer was applied over the

summer. The increase in concentration during autumn would be due to

mineralization of organic N (White et al. 1983) and also due to grazing returns. Ar

all three soil samplings in 1991 the concentration was higher in the surface soil than

the subsoil. The distribution was similar in paddocks A and B.

5.4.4. Ammonium-N

The disuibution of ammonium-N as a function of depth for paddocks A and B during

1990 is shown in Figures 5.14 and 5.15. The distribution of ammonium in the top

layer of paddock B was greater than that in paddock A except on 3l July 1990. It is
interesting that 31 July was the only occasion when nitrate concentrations in B were

consistently higher than in A. In general, B remained wetter than A, parricularly in

the surface layers, and this may have led to more denitrification at certain times of

the year. In all other layers the ammonium concentration in the soil in the two

paddocks wils comparable, except on the 28 May when the ammonium concentration

in the 50-150 mm depth of paddock B was unusually high. In general, the variability

was largest in the top layer and decreased with depth.

5.5. EFFECT OF SHEEP GRAZING

Sheep grazing happened on four occasions during the 1990 drainage season (Chaprcr

2). On 25 August 1990 the gate of paddock B was accidently opened and an

unknown number of sheep grazed the pasture. The effect of this unplanncd grazing

is uncertain, but not likely to be large. To avoid possible complications, rhc .soil lnd

herbage was sampled as soon as possible thereafter.

5.5.1. Time effects

During the drainage sei$on solute concentrations in the soil profile usually decreased

due to leaching of solutes. However, the soil samples taken after grazing on 28 May

and 3l July 1990 showed an increase in the concentrations of nitrate-N and

ammonium-N in the top layer (0-50 mm) and to some exr.ent in the 50-150 mm
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layer. After the first grazing, chloride concentration in the top layer did not increase

appreciably, but did increase after the second gtazing period'

5.5.2. Depth effects

High concentrations of mineral N and chloride were observed at all depths in some

soil samples, especially soon after a grazing period. Table 5.1 gives the mean

concentration of solutes (the standard errors are given in parenthesis) for different

layers on 28 May 1990 and also for the individual site 9 where the concentration of

solutes was greater at all depths compared to the mean concentration. The high

concentrations at all depths could be due to urine patches.

variability of solute concentrations in the top soil after grazing was greater than that

in the lower layers. This was probably due in part to the uneven distribution of

animal returns (urine and dung patches) all around the paddock. The movement of

solutes to deeper into the soil profile due to "hot spoB" (Ryden et al., 1984; White,

1984) was observed. Ball and Ryden (1984) concluded that if mineral N was

aggregated by sheep and cattle into excreta, urine patches in particular, pulses of

nitrate could move to below the zone of root uptake. Under wet conditions a large

proportion of this N may be lost as nitrate in drainage water (Field and Ball, 1982).

This would be particularly true in dairy pasture where the larger amount of urinc

from the cattle compared to sheep falls on a small area creating temporary surfacc

saturation, which might result in preferential flow. This effect is expected to hc lc.s.s

in sheep-grazed pasture, although possible as observed in this study.

SUCTION CUP SAMPLING

Suction cup samples were collected just before the fertilizer application on 29 ltlal'

1990 to measure the background concenuation of solutes. From then on, samplc.s

were collected approximately every fortnight. Suction was applied soon after a

rainfatl event and the samples were collerted the next day. The samples were

collected from suction cups at two different depths (200 mm and 450 mm).

Although the same suction of 80 kPa was applied to all the suction cups, the amount

of sample collected differed from cup to cup. The amount ranged from 8 to 75 ml.
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Table 5.1 Mean concentration of mineral N and chloride for all samples and
concentration of solutes for site 9 in different layers on 28 May 1990

Depth
(mm)

Mean conc. (g m-3 soil) Site 9 conc. (g m'3 soil)

Nor' NH4* cr Nor' NH4* cl'
0-50 40.7

(r4.2)
13.0

(l1.3)
3r.4
(s.6)

159.0 39.9 54.1

50-150 23.7
(7.3)

8.0
(3.8)

33.9
(5.8)

51.9 24.0 65.9

150-250 14.4
(4.6)

1.1
(0.03)

28.0
(s.3)

36.6 1.8 55.4

250-350 6.2
(l.e)

1.4
(0.14)

25.2
(4.8)

9.9 1.8 50.3

350-450 3.4
(0.e)

0.8
(0.03)

21.0
(3.6)

7.7 1.8 34.3
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The samples from paddock A were analyzed for bromide and nitrate, and those from

paddock B were analysed for chloride and nitrate. Analysis for ammonium-N in the

first set of samples showed that only 2 out of 40 samples had a concentration of

about 0.3 g m'3, and the rest had a lower concentration. So the rest of the samples

were not analysed for ammonium-N.

5.6.1. Bromide

As expected, the concentration of bromide at both depths in paddock A increased

from a very low value on 29 May 1992 to a peak and then decreased. As was also

expected, the deeper suction cups responded more slowly than the shallower ones

(Figure 5.16a). Although the number of cups sampled at the lower depth was only

four, the concentration was less variable compared to the upper depth. The

variability decreased at both depths with time.

5.6.2. Chloride

Figure 5.16b shows the chloride concentration for paddock B. The concentration

decreased with time at the upper depth, whereas it maintained almost the same

concentration at the lower depth for most of the sq$on. This indicates more

effective leaching of indigenous solutes from the surface layers than the deeper

layers.

5.6.3. Nitrate-N

The concentration of nitrate in suction cup samples for paddocks A and B is given in

Figure 5.17. In paddock A, the concentration of indigenous nitrate in both upper and

lower layers decreased from the second sampling onwards. But, in paddock B, the

concentration in the upper layer increased further after the second sampling and then

decreased. In the lower layer the concentration increased from a low value to a peak

and then decreased, similarly to ttrat for bromide in paddock A. The differences

between the paddocks probably indicate the effect of urea application to paddock B.

The standard error for mean nitrate concentrations was greater than that of bromide.

Steenvoorden et al. (1986) showed that for experiments on cut grassland with an

even distribution of fertilizers and animal manures, four suction cups per field were
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sufficient to produce reliable average values, which was true in the case of bromide.

But this is certainly not true for nitrate and chloride in the grazed pastures because

the concentration of nitrate and chloride in individual suction cups varied markedly

due to the deposition of excreta at random. So under graznd field conditions

bromide is a better tracer than chloride.

5.7. COMPARISON OF SOLUTE CONCENTRATIONS IN SOIL

SOLUTION

Solute corrcentrations in the soil solution, as measured on soil extraction or suction

cup samples, are compared in Figures 5.18 and 5.19. Concentrations in the soil

extracts, previously expressed in g m'3 soil, were converted to a soil solution basis by

dividing by the appropriate volumetric water content. The units are g m-3 soil

solution. Soil extraction concentration is given for the 150 - 250 mm and 350 - 450

mm depths. Suction cup samples are for the samples collected at about 200 mm

(upper) and 450 mm (lower) depths.

Bromide concentrations in the soil samples were generally lower than the suction cup

samples at both the upper and lower depths, throughout the drainage season. For

example, in the upper depth of soil two months after bromide application the soil

extract contained 26 gBr m'3, while the suction cup concentration was 41 g Br m'3.

At the lower depth the soil extraction concentration was 26 g m-3 while the suction

cup concentration was 57 g m'3. So, for an extemally applied solute, the suction cup

solution concentration was greater than the soil extraction concentration during the

drainage season.

For indigenous chloride the results were opposite to those for bromide; the soil

extraction concentration was always greater than the suction cup concentration at

both depths. For example, on 28 May 1990, the soil extraction concentrations at the

two depths were 69 and 53 g ft'3, while suction cup concentrations ar both depths

were 45 and 36 g m-3. So, for an indigenous solute, soil extraction concentration was

greater than the suction cup concentration during the drainage season.
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As shown in Figure 5.19 the nitrate concentration in the soil solution from paddock

A was grcater than the suction cup concentrations, which is similar to the results for

chloride discussed above. For paddock B, the concentration in soil extracts was

great1r than the suction cup concentrations at all samplings only in the top depth,

perhaps showing the effect of mineralization. The soil extract concentration is

expected to be greater than the suction cup concenuation at the first sampling (before

urea application). The only strange value is the 150-250 mm, third sampling. The

other values have all shifted to the left when compared with the values in Figure

5.19a (indigenous nitrate in paddock A) or the indigenous chloride values for

paddock B (Figure 5.18b). Hoqever, during the third and fourth sampling, suction

cup concentration was greater than the soil extract concentrations at the lower depths,

presumably showing the influence of urea application'

HERBAGE PRODUCTION

Cumulative dry matter production for both paddocks is given in Table 5.2. The dry

matter production for paddocks A and B was 5931 and 7720 kg har, respectively, for

the seven months from the end of April to the end of November 1990.

Table 5.2. Cumulative herbage production during the 1990 drainage season ftg
dry matter har)

From the first sampling onwards the dry matter production in paddock B was

consistently grearer than that in paddock A. This was probably due !o a nitrogen

response to the urea application on 29 May in paddock B and to a temporary plant

!
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growth suppression due to bromide application in paddock A. In paddock A the

herbage production was 7ll kg/ha from27 April to 2 July (> 2 months) and l05l

k/ha from 2 July to 28 August (< 2 months). This shows that the growth rate was

faster in the second period than the first. In both paddocks, the fastest growth period.

was during late spring and early summer, when generally favourable conditions for

plant growth occurred, with warm weather and moisture not limiting.

PLANT UPTAKE

The amount of solute uptake was calculated from the dry matter production and

herbage concentration of that solute.

5.9.1. Bromide

Figure 5.20a shows the cumulative amount of bromide uptake by the pasture in

paddock A as a function of cumulative evapotranspiration. The amount of bromide '
taken up by the plants during the 1990 drainage season was 26.5 kg Br/ha which is

equal to 13.3 Vo of the Br input. This result is very similar to that of Kanchanasut

and Scotter (1982) who showed in a field study on Tokomaru silt loam soil, that

about 13.5 Vo of the applied bromide was taken up by the grass plants during the 100

days after bromide application. These values are much higher than in a laboratory

column study in which Gish and Jury (1982) showed that only 2 Vo of the applied Br

was taken up by wheat. However, the value is less than that obtained by Owens er

aJ. (1985) who found in a field study that 30 Vo of applied Br was taken up by the

grass and returned to the soil surface after the grass had decayed.

5.9.2. Chloride

The cumulative chloride uptake as a function of cumulative evapotranspiration is

given in Figure 5.20b. A total of 54 and 50 kg Cl har was taken up by the pasture

in paddocks A and B, respectively during the drainage sfl$on of 1990. The chloride

concentration in the plants was similar for both paddocks at approxim ately 2 Vo.

This value is slightly high when compared to values of 1.5 Vo reportad by Goh et al.

(1979) and Heng (1991).
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5.9.3. Nitrogen

Figure 5.21 shows the cumulative N uptake for both paddocks for the period 27 April

to 4 October 1990. After the application of urea on 29 May 1990 there was a

response in both herbage production and N concentration in paddock B. N

concentrations in herbage of both paddocks were similar at the start with 3.5 7o.

After the urea application the concentration of N in herbage was 3.8 Vo for paddock

A and 4.9 Vo for paddock B.

5.10. CONCLUSTONS

Several important conclusions can be drawn from this work. For example :

(a) Nitrate and chloride concentrations in soil increased over the summer-autumn

period. Nitrate concentration increased probably due to the net mineralization

of soil organic N. Chloride in soil increased due to atmospheric input and a

lack of leaching. Both solutes were also recycled through granng. The effect

of grazing was observed particularly in the surface soil. As expected, the

concentration of these solutes decreased towards the end of the drainage

season, due to leaching losses. Although denitrification in the wintei was

possible, because the soil was drained the effect is expected to be low.

(b) High concentrations of both mineral N and chloride were observed at all

(c)

depths in some soil cores, especially after grazing. Such localized movement

of solutes (nitrate and chloride) to deep in the soil profile was probably due to

urine "hot spots" - high concentrations in relatively small areas.

For suction cup samples, the concentration of bromide at both sampling

depths increased with time to a peak and then decreased. There was a

differential time delay in the rise in concentration between the upper and

lower depths.

The soil solution concentration measured by soil extraction was compared

with suction cup sample concentration. Solute concentrations measured by

extracting a volume of soil represent volume-averaged concentrations (Jury

and Roth, 1990), in contrast to flux-averaged concentrations (mass of solutes

per volume of moving yater) which can only be unambiguously measured by

sampling the soil drainage water. In structured soils in which not all the soil
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water is effective in solute transport, the volume-averaged concentration is not

expected to be the same as the flux-averaged concentration measured at the

same time. suction cup samples of the soil solution may provide

representative measurements of the flux-averaged concentration of solutes

being leached through the soil.

It was found that for an externally applied solute which is not present in the

soil initially, such as bromide, the suction cup concentration was consistently

greater than the volume-averaged concentration of bromide. In contrast for a

conservative indigenous solute, such as chloride, the volume-averaged

concentration of resident solute was consistently greater than the suction cup

concentration during the drainage season. The same result was obtained for

soil-generated nitrate in the paddock to which no fertilizer N was applied.

However, in the paddock to which 120 kg N/tra of urea was applied, suction

cup and soil extract concentrations were roughly comparable. This reflec ted ..
the dual influence of both the surface-applied and soil-generared sources of
nitrate.
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CHAPTER 6

LEACHING RESULTS AND MASS BALANCES FOR FIELD EXPERIMENTS

6.1. INTRODUCTION

The freld study was carried out on a mole-pipe drained site to estimate solute

leaching from the root zone. In Chapter 5 the results of soil, suction cup samples

were given. In this Chapter the leaching of solutes, changes in solute concentration

with drainage flow rate, and the mass balance for different solutes are discussed.

It is known that solute concentrations in drainage I.y *itt discharge. Intermittent

sampling during drainflow is unsatisfactory (Kolenbrander, 1969; Cooke and

Williams, l9?0) because the concentration can vary unpredictably with flow rate

(Wild and Cameron, 1980; White, 1985). To calculate solute loads accurately it is

essential that the sampling frequency is sufficient to charactenze concentration

changes during rapidly changing discharge. In this study a sample was collected for

every 600 litres (0.48 mm) of drainage passing through the V-notch weirs. The

product of the measured solute concentration in the sample and the flow volume gavc

the amount of solute leached.

In the present study, the paddocks were periodically mob-grazed by sheep, thc

stocking rate and the duration of grazing depending upon the dry matter production

during the period before grazing. The effect of such grazing on nitrate leaching u'u.s

also studied because only a few studies of this have been carried out in Ncrv Zcalend

(e.g. Sharpley and Syers, 1979; Field et a/., 1985).

6.2. DRAINAGE AND LEACHING RESULTS

The drainage period is defined here as the period from the day when the first

drainage occurred in the calender year until the day when the drainage finally ceased.

Due to a total of 123 mm rain during October 1989 five significant drainage events

occurred and drainage samples were collected during each event. The total drainage

collected during this month was 36 mm for paddock A and 29 for paddock B.
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The total amounts of drainage collected from paddocks A and B for the 1990

drainage period were 266 mm and 236 mm respectively, with a difference of 30 mm

(i.e. 1 | Vo). Similarly the amount of drainage collected for 1991 was 339 mm for

paddock A and 300 mm for paddock B, with a difference of 39 mm (i'e' paddock B 
.

again 11 % less than paddock A). This difference might be partly due to some

overland flow from surrounding paddocks to paddock A (Heng, 1991) and partly due

to overland flow from paddock B to the outside (due to a slight slope towards the

pond) during intense stormflow events, assuming that deep percolation in both the

paddocks was equal. Although the paddocks were mole-pipe drained, a few ponded

areas (more on paddock B than A) were observed on both paddocks after high

intensity storm even6. The generally higher soil water content for B than A (see

chapter 5) suggess the drainage system in B was not ils efficient as in A. Although

the amounts of rain received in 1990 and 1991 were almost equal' the drainage

collected during these two years was quiet different. This was due to the different

seasonal distribution of the rain-

Nitrate losses from the paddocks can be regarded as good estimates of total N lost,

since the concentration of ammonium in the drainage water was negligible compared

to ttrat of nitrate, and nearly all of the excess water was lost in the mole-pipe

drainage rather than by deep percolation (Scotter et a1.,1990).

6.2.1. Bromide

The concentration of bromide in the drainage from paddock A was measured only

during ttre 1990 drainage period and is shown in Figure 6.1. The concentration of

bromide in the drainage before bromide application was considered to be negligible'

The concentration started at a low value and rose to a maximum after about 80 mm

of drainage. The concentration remained approximately constant for about a further

50 mm drainage and then started decreasing. The amount of bromide leached in this

drainage sg:6on was 103 kg/ha (52 Vo of the applied bromide)- In Figure 6'l some

',dips" in the solute concenfation could be observed both early and later in the

drainage season. The dips were associated with flow rate changes during individual

rain storms. These-changes are discussed in Section 6'3'
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6.22. Chloride

6.22.1. 1989 Spring

After the urea application to paddocks A and B on 13 September 1989, there was a

relatively dry period for one month and then drainage occurred on 14, 75, 17,22 and.

23 October. The concentration of chloride in the drainage from both paddocks is

shown in Figure 6.2. The concentration in paddock A was slightly lower than that of

paddock B before 13 September and the concentration in both cases fluctuated- The

concentration of chloride in the drainage samples collected in October was much

lower than that collected before the dry period. In paddock A, the concentration

which ranged between 60 and 70 g m'3 before dry period, decreased to 20 - 35 g m-3

after ttrat. Similarly, in paddock B, the concentration decreased from 70 - 85 g m-3

to 25 - 35 g m'3 afterwards. This indicates that during Spring when the grass is

growing vigorously it takes up large amounts of chloride along with other nutriens'.

6.2.2.2. 1990 Drainoge season

Drainage occurred in early March in response to a heavy rainfall event (91 and 27

mm rain on 9 and 10 March 1990, respectively). Due to some practical problems,

the drainage samples were not collected. The first drainage samples were collected

on 4 May 1990. On 29 May 1990, NaBr was applied to paddock A and urea was

applied to paddock B. The drainage samples collected before 29 May 1990 gave the

background concentrations of nitrate, chloride and bromide-

The concentration of chloride in the drainage samples from paddocks A and B is

shown in Figure 6.3. As expected, the concentration decreased from a higher

concentration at the start of the drainage period to a lower concentration when

drainage ceased. Similar observations were made by Haigh (1985) and Heng et aI-

(1991). The initial concentration in paddock A was about 60 g m'3 whereas in

paddock B the concentration was about 70 g m-3. These values are similar to those

reported by Heng (1991). With drainage from successive rainfall events the amounts

of chloride in the volume of soil interacting with the mobile soil solution would be

depleted. Throughout a drainflow season diffusion from the immobile soil solution

would occur to maintain levels in the mobile soil solution. With continual drainage

of excess water from the system both mobile and immobile soil solution

F
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concentrations would be depleted. Consequently solute concentrations in drainage

water during a drainflow season gradually decreased. The amounts of chloride

leached from paddocks A and B were 97 and 85 kg CUha. This difference could be

due to the different amounts of drainage collected.

6.2.2.3. 1991 Drahage season

Leaching usually occurs during autumn, winter and spring when the soil is relatively

wet (Allison, 1968; Mcl-ean, 1977; Cameron et al.' 1978). However, leaching has

also been observed at other times after a large rainstonn or irrigation, particularly

immediately after fertilizer application (Balasubramanian et aI.,1973; Kissel et sl.,

1974; Macduff and White, 1984; Haigh and White, 1986). Similar to 1990, there

was a heavy rainfall event (75 mm rain) on 18 February l99l and as a result about

29 mm of drainage was collected from paddock A and l0 mm from paddock B. The

chloride leaching resuls for l99l are shown in Figure 6.4. The concentration of

chloride in drainage from paddock A started at 48 g m-3, decreased to 30 g m-' at

high flow rate and then increased to 43 g m'3 as the drainage rate for the first major

event declined. Similarly, the concentration from paddock B starte d at 52 g Cl m-3,

decreased to 46 g m'3 and then increased to 53 g m''. The amounts of chloride

leached during that event from paddocks A and B were 10.2 and3.2 kg/ha,

respectively. The difference is mainly due the amounts of drainage collected.

Drainage began again on l1 April 1991. During this second drainage event in

paddock A, the chloride concentration was 26 g m'3 at the start and decreased during

the heavy flow and then increased. After about 70 mm of drainage (17 May 1991),

the concentration reached a peak of 45 g m-3 and then decreased to 6 g *'' after 336

mm drainage by 26 August 1991. For paddock B, during the second drainage event,

the Cl concentration was 28 g m-3 at the start and decreased during the heavy flow

and then increased. After about 36 mm of drainage (17 May l99l), the

concentration reached a peak of 59 g m'3 and then decreased to 3 g m-3 after 296 mm

drainage by 26 August 1991.

The amounts of chloride leached for this drainage season from paddocks A and B

were 48 and 55 kg Cl,/ha, respectively. This difference is mainly due to the different

11ir 
' 

.

.lu

llrl

rfrilll

E.
L
t
il,
E
i:,



?g
o
ut6
.E
6ta

o
tr)
(f)

oo
c)

oro
ol

oo
ot

o
to

o,o

L29

(t,

(l)
Q
(l)
AD
cll

6lL

o\o\
(l)

a0

tr

tr
q)

GI

(l)
AD
cll

cnL
q)

6l
li

I
I

I

I
(l)

6ltr

c!

+
(u

l-o

O

t
\o
AD

f&

trl
5

C.)

o
€
€
d
0"

oro
e)

oo
(f)

.*S;

I 5+-. f+i{++i
o
Ra

E:
AotrOrz

ol
o
a09at
'6
t{6a

5
C)
oan
at
0.

#3i.'Sl-
*#*"

o
ro

ro

("- ut E) 'cuoc elnlos



t30

.moun6 of drainage collected, although different concentration levels in the drainage

from the two paddocks also contributed to some extent'

6.2.3. Nitrate

6.2.3.r. 1989 Spring

Figure 6.5 shows the concentration of nitrate-N in the drainage water before and after

urea application. The arrow mark indicates the fertilizer application. The first

drainage was collected one month after urea application. The nitrate concentrations

were much lower than concentrations of chloride in drainage. The nitrate

concentration in draipage from paddock A fluctuated from 1.0 to 3.5 g m'3, hardly a

marked fluctuation. An even smaller fluctuation was observed in paddock B.

Comparing the concentration of nitrate-N in the drainage samples before and after the

application of urea, it appeared that the application of urea did not cause any

substantial increase in the rate of leaching of nitrate. The impact of the small

quantity of urea (50 kg N/ha) added was negligible. The vigorously growing pasture

was able to draw on the N from both the fertilizer and soil reserve. Nitrate-N

concentrations were low when the urea was applied and they stayed low in the

subsequent drainage. Low nitrate concentrations were also recorded in 1990 and

1991 for these paddocks by the end of winter. This contrasts with Wild and

Cameron (1980) and Haigh and White (1986) who found that a secondary nitrate

concentration peak occurred in spring after fertilizer application. A study group in

United Kingdom (Anon., 1983) reported that after cold and wet winters nitrate

leaching becomes negligible by early summer when plant growth accelerates and

evapotranspiration exceeds rainfall. Plant uptake of N during this period of the year

probably accounted for most of the applied N (Field and Ball, 1978). Any remaining

N may have been immobilized by soil microorganisms.

6.2.3.2. 1990 Drainage scason

Nitrate concentration in the drainage collected from paddocks A and B is given in

Figure 6.6. Drainage which occurred in early March was not collected. Drainage

started again in April 1990. For paddock A, the nitrate concentration in the drainage

started at about 17 g m'3 and increased to about 33 g m'3 after 35 mm drainage and
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maintained approximately that value for the next 35 mm drainage. The concentration

then decreased slowly to about 3 g *'' after 260 mm drainage. The pattern of nitrate

concentration in the drainage from paddock B was somewhat similar to the one from

paddock A. However, after 100 mm of drainage the concentration from paddock B

was slightly higher than from paddock A. Urea was applied to paddock B after 25

mm of drainage was collected (shown by an arrow mark on the figure), when the

concentration had almost reached the peak value. Because of the urea application, it

appeared that the peak in nitrate concentration in paddock B was maintained for a

longer period than in paddock A before decreasing. The concentration eventually

reached a final value similar:o paddock A after 235 mm drainage.

tThe concentration of nitrate is usually high at the start of the drainage season and

decreases as time progresses (Sharpley and Syers, 1979; Turner et a1.,1979; Wild

and Cameron, 1980; Haigh and White, 1986; Heng et a1.,1991). Here, the first

drainage event of the season was missed. But after that the concentration in the

drainage increased from a lower to a peak value. This could be due to the heavy

rainfall during the summer as wils observed in 1991 (Section 6.2.3.3). The amounts

of nirate-N leached during the drainage period (4 May to 28 August 1990) from

paddocks A and B were 44 and 50 kglha, respectively.

The amount of drainage collected before fertilizer application from paddock A wa.s

33 mm containing 9 kg N/tra, and from paddock B was 25 mm containing 6 kg N/h:t.

If the same arnount of drainage had been collected from both paddocks, thcn thc

difference between the amounts collected would be negligible. The amount o[

drainage collected for the period between the day of urea application (29 lt'hy 199())

and the last day of drainage from paddock B was 210 mm, which containcd a3 kg

N/ha- If the same calculation is done for paddock A for the same period, thc amount

of nitrate-N leached was 34 kg N/ha. The difference between these two paddocks

would then be 9.6 kg/ha which apparently came from the fertilizer applied. Thus,

only 8 7o (9.6kg ll20 kg x 100) of the applied fertilizer appears to have been

leached. Ball and Ryden (1984) reviewed N relationships in intensively managed

temperate grasslands and concluded that generally no more than 5-15 9o of fertilizer

input is lost through leaching and denitrification.



134

Two grazing events occurred at approximately after l0 mm and 150 mm of drainage

during the 1990 drainage period but no appreciable increase in nitrate or chloride

concentrations was observed.

6.2.3.3. 1991 Drahage season

The concentration of nitrate in the drainage in 1991 is given in Figure 6.4. The

nitrate concentrations were lower than in 1990. The concentration in drainage from

paddock A started at32 g m'3, decreased to 14 g m-3 at high flow rate and then

increased to 30 g m-3 when the drainage rate for that event declined. Similarly, the

concentration of niuate in the drainage from paddock B started at27 g m-3, decreased

to 20 g m-3 and then increased to 26 g m'3 at the end of the event. The amounts of

nitrate leached during this particular event from paddocks A and B were 6.4 and 2-4

kg Nlha, respectively. The difference was due to the different amounts of drainage

collected.

Drainage from both paddocks started again on 1l April 1991. For paddock A, the

concentration wls 9 g tn-t at the start, decreased during the highest flow rate and

increased. After about 70 mm of drainage (17 May 1991), the concentration reached

a peak of 20 g m-3 and then decreased steadily to 0.4 g m'3 after 336 mm drainage by

26 August 1991. The amount of N leached for the drainage season was 23 kg N/ha.

For paddock B, the concentration was 7 g m-3 at the start of the second drainage

event, decreased during the highest flow and then increased. After about 36 mm o[

drainage (17 May 1991) the concentration reached a peak of.26 g m'3 and then

decreased to 0.3 g m-3 after 296 mm drainage. Although the amount of drainage

collected from paddocks A and B was different, the peak concentration was obtained

on the same day. The amount of nitrate leached from paddock B for the drainage

season was l7 kg N/ha.

Although cumulative drainflow was greater in l99l than 1990, the amount of nitrate

leached in 1991 was almost 50 7o less than that in 1990. The change in solute

concentration in the drainage during 1990 and 1991, especially nitrate, was probably

associated with two factors: (l) the summer of 1989-90 was drier than that of 1990-
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1991. Increased nitrate levels in drainage have been reported by Williams (1976)'

Garwood and Tyson (1977), Foster and Walling (1973) and Haigh (1985) following

very dry summers; (2) the grazing periods were longer and the stocking density was

greater during the summer of 1989-90 compared to that of 1990-91. These factors

probably combined to give increased solute concentrations in the soil solution of the

paddocks after the summer of 1990 compared to that of 1991. This increased solute

concentration in the soil solution should be reflected in increased concentrations in

drainage. The difference between years illustrates the dangers inherent in assuming

o.ire year's data are typical of all years.

In general, the concentration decreased as the leaching period progressed. The early

part of 1991 consists of 2 major events, the first on 18 February, the second on l1

April 1991. Both of these (in both paddocks) show the "dilution effect", preferential

flow of water through macropores bypassing much of the resident soil nitrate (Scotter

and Kanchanasut" 19Sl). However, by 17 May the soil appears to have returned to

"field capacity" and the expected pattern of leaching ensues - that is, an exponentially

decreasing concentration of nitrate in the drainage with increasing cumulative

drainage. If the drainage collected in February was not considered, then the pattern

would be similar to the one observed in 1990 (an initial increase and then a

decrease). The decrease in nitrate concentration between the end of the 18 February

event and the start of the 11 April event could well be due to plant uptake of N

exceeding any increase in soil mineral N through net mineralization.

The leaching pattern of chloride was similar to that of nitrate (Figure 6.4). This is

similar to the results of Wetselaar (1962). The peak concentration of both nitrate and

chloride in both paddocks was reached on the same day (17 May 1991) showing the

similar behaviour of indigenous solutes. It appears that during the drainage season

only leaching and plant uptake are major factors, because if biological

transformations such as immobilization and mineralization were very important, they

would have affected nitrate and not chloride. As a result the leaching patterns of

nitrate and chloride would have been different.
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6.3. DRAINFLOW RATES AND SOLUTE CONCENTRATIONS

In this section individual drainage events which occurred early and late in the 1990

drainage season are discussed. Hydrographs from mole drains have been found to be-

very ,,peaky" in natur€ (childs, 1943; Leeds-Hanison et aI', 1982) and this peakiness

is typically retained in the hydrographs of mole-tile systems (Trafford and Rycroff'

t9l3;Annstrong,1983;Hanisetal.,1984).Thiscouldbeduetoanetworkof

natural and artificial macropores connecting mole dnins with the soil surface (scotter

and Kanchanasut, l9l9;Leeds-Harrison et aI., 1982). Both paddocks had similar

hydrographs in terms of their shape and response time' But in some of the drainage

events the flow rate in paddock A was greater than in paddock B' In all

hydrographs, a quick response to changes in rainfall intensity at peak flow rates was

observed, with the flow rate declining almost instantly when rain stopped' This

quick response is one of the characteristic features of a successful mole drainage

system (Jarvis and lreds-Harrison, 1987). In such drainage events the concentration

is expected to vary with drainage flow rate. Thus, the change in concentration of

externally applied solutes (bromide for paddock A and urea which hydrolysed and

after subsequent nitrification produced nitrate for paddock B) and indigenous solutes

(nitrate for paddock A and chloride for paddock B) in the drainage water in relation

to drainage flow rate was studied'

6.3.1. Effect of drainage flow rate on solute concentration in the drainage

6.3.1.1. Applied solutes

Individual drainage events and their solute concentrations were analyzed and thc

results are presented inFigures 6.7 and 6.8. Drainageevents occurred on 2' (r' ti' l{

and 20 June 1990 after fertilizer application on 29 May 1990. The conccntrutittn Ul'

applied solutes (bromide for paddock A and nitrate for paddock B) in thc drainagc

water tended to incrcase during a flow event. An example of one major drainagc

event (20 June 1990) is shown in Figures 6.7. while high flow in response to

rainfall commonly leads to dilution of resident solutes, in this case bromide and

nitrate concentrations were maintained and even increased as the flow rate increased'

This is an effect of the pulse inpus of Br and urea combined with preferential flow'

Similar observations were made by Trudgill et at' (1981), Haigh (1985)' and Milburn
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et at. Qg9f). Moharnmed et al. (1984) observed that the greatest losses of bromide

and native soil N per mm of drainage were from the early drainage events and they

were related to the occurrence of preferential flow. However, later in the drainage

seruon the concenuation of applied solutes changed inversely with the drainage flow 
.

rate (Figure 6.8). Milburn et al. (1990) also found that the concentration of nitrate

increased with increased in the drainage flow rate soon after the fenilizer application,

but the concentration of nitrate decreased with an increase in drainage flow rate at a

later time.

6.3.1.2. Resident solutes

Chemographs of indigenous nitrate (paddock A) and ctrtoriOe (paddock B) were also

studied (Figures 6.7 and 6.8). The concentration in the drainage was inversely

related to flow rate, as expected. This form of chemograph is probably caused by

low concentration rain water mixing with higher concentration mo6ile soil solution.

At high flow rates the input water moves through the soil more rapidly, resulting in

less mixing with the mobile soil solution and consequently lower concentrations in

the drainage water. This behaviour was observed both early and late in the drainage

season.

In summary, early in the drainage season the concentration of an applied solute

increased with increasing flow rate, and then decreased as the flow rate decreased;

while the indigenous solute concentration decreased with the increasing flow rate and

increased with decreasing flow rate. However, over time applied solutes became

indigenous and the chemographs of all solutes show a similar form, with a dilution

of the mobile soil solution by rain water occurring. Clearly, the longer the time

interval between the application of a solute (Br or urea) and a drainage event, the

less meaningful is the distinction benveen an applied (introduced) solute and a

resident (indigenous) solute.

6.4. COMPARISON OF SOLUTE CONCENTRATIONS IN DRAINAGE

AND SOIL SOLUTION

A comparison of solute concentrations in the soil solution as measured by soil
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extraction and suction cup samples was given in Figures 5.18 and 5'19' Soil

extraction concentration is given for the 150-250 mm and 350-450 mm depth'

Suction cup results are for the samples collected at about 200 and 450 mm depth'

The drainage samples were collected at 450 mm depth from the mole drains' Here

we compare the solute concentration in the drainage with the soil solution

concentration. Average solute concentrations in the drainage was calculated by

dividing the amount of solute leached in a particular event by the amount of drainage

coUected during that event-

The average bromide concentration in the drainage water from paddock A one month

after bromide application was 80 g m'3. This value was greater than soil solution

extraction concentrations at both depths (66 and 26 g Bt m-' at upper and lower

depths, respectively). But it is less than suction cup concentration at the upper depth

(L25 gBr m'3) and greater than at lower depth (27 g Br m'3). This shows preferential

flow has occurred. One month later, the concentration of bromide in the drainage

was 49 g m'3 which is greater than the soil extraction concentrations in both depths

(26 gBr m-3), but lies between the suction cup concentrations at the two depths (41

and 57 g m'3 at the upper and lower depths, respectively). At the final sampling in

August the bromide concentration in the drainage was 23 g m'3. Once again it is

greater than the soil extraction concentration at both depths (4 and 15 g Br m'3) and

lies between the suction cup concentrations at the upper and lower depths (12 and 38

g m-3). Thus for an externally applied solute the flux-averaged concentration

(measured in the drainage) was greater than its volume-averaged concentration in the

soil solution, and also intermediate between the concentration measured in suction

cup samples at the upper and lower depths. Note that simple averages of the upper

and lower suction cup concentrations are 76,49 and 25 g m-3 which are remarkably

close to the drainage concentrations at these dates in Table 6.1.

On 28 May 1990, concentration of chloride in drainage water from paddock B was

63 g m-3, which lies between the soil extraction concentrations at the nro depths (69

and 53 g m r). The value was greater than the suction cup concentrations at both

depths (45 and 36 g m'3). On 29 June 1990 the chloride concentration in drainage

was 48 g D'3, which once again lies between soil extraction concentrations at the two

{rhr

q

i:.'l

'fl

,l$l

il-

t
'{f'i-

rtlt 
.

I'ilffil



l-4 1

depths (41 and 64 g *'t). It was grearer than the suction cup concentrations of 34

and 35 g m-3 at the upper and lower depths, respectively. On 31 July 1990' the

drainage chloride concentration was 28 g rn3 which is close to the soil extraction

concentration at the upper depth (33 g m'3; but much less than that at the lower depth,

(77 g m'!). However, 28 g m'3 is almost the average of the suction cup

concenrrations at the two depths (15 and 38 g m'3). At the last sampling, the

drainage chloride concentration was 19 g rn3 which was lower than the soil

extraction concentration at both depths. But once again it is close to the average of

the suction cup concentrations at both depths (11 and 26 g m'3). So, if the solute is

indigenous, it appears that the drainage concentration is close to soil extraction

concentration early in the drainage season, but closer to the suction cup concentration

later in the drainage season.

Nitrate concentrations in drainage from paddock A' where no urea applied, were

closely related to soil extraction concentration throughout drainage season. Drainage

concentrations were greater than suction cup concentrations, although not markedly

so except on 28 May 1990. For paddock B, for the first sampling on 28 May 1990'

a day prior to urea application, the drainage concentration was close to the soil

extraction concentration. But at the second and fourth sampling the drainage

concentration was slightly greater than both suction cup and soil extraction

concentrations.

The amount of solute leached depends on the concentration and amount of water

passing through the soil. Two simple approaches to estimating the concentration of

the moving water are by soil extraction and suction cup sampling. Predicted

seasonal leaching losses were then calculated as the sum of the products of monthly

predicted drainage and the estimated concentration of the moving water- Table 6-2

shows the resulting predicted and measured losses from mole-tile drainage. The

prediction was made by using the estimated solute concentrations obtained separately

for upper and lower depths, but the average over a monthly period. The prediction

was generally disappointing. Table 6.3, once again, shows the predicted and

measured losses. But here the estimated concentration was taken as an average of

measured concentrations at the lower and upper depths, and also the average ovsr a
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Table 6.1

Table 6.2.

Table 6.3.

Average solute concentrations in the drainage at some events of the

1990 drainage season for both paddocks (standard errors are given in

the parenthesis)

Predicted and measured leaching losses of solutes during the 1990

drainage season. Prediction was made using average values of solute

concentration of upper and lower depths separately

Predicted and measured leaching losses of solutes during the 1990

drainage sqNon. Prediction was made using average values of solute

concentration of upper and lower depths

d[r

ji*6s

)lUrr

::

Date Flow
(mm)

Paddock A Paddock B

Bromide Nitrate Nitrate Chloride

28.5.90 32 2 (0.2) 32 (0.8) 26 (0.6) 63 (1.6)

29.6.90 t14 80 (3.6) 20 (0.6) 2e (0.8) 48 (2.8)

3r.7.90 176 4e (r.2) e (0.8) 20 (1.1) 28 (2.2)

27.8.90 260 23 (r.6) 3 (0.3) e (1.8) 19 (2.3Y

Solute Predicted losses (ke/ha) Loss measured in
drainage (kg/ha)

From soil
extraction data

From suction-cup
solution data

Upper Lower Upper Lower

Bromide 7l 47 r29 82 103

Chloride 93 147 58 80 68

Nitrate 59 35 2l 19 35

Solute Predicted losses (kg/ha) Loss measured in
drainage (k/ha)

From soil
extraction data

From suction-cup
solution data

Bromide 60 106 103

Chloride tzl 70 68

Nitrate 47 2L 35

ilfifl
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monthly interval. For non-reactive solutes such as bromide (an externally applied

solute) and chloride (an indigenous solute) the suction cup data provided better

estimates of the leaching losses than did the soil extraction data. This indicates that

not all solute prcsent in the soil participates in solute transport. However for nitrate

neither of these approaches provided accurate estimates of leaching losses- This was

probably due to the dynamic nature and spatial variability of the biological

transformations to which nitrate is subject in soil.

6.5. MASS BALANCE OF SOLUTES

6.5.1. Bromide

The monthly mass balance of bromide is shown in Table 6.4. Bromide

measurements in drainage, herbage and soil are considered. For soil samples, only

the top 450 mm depth is considered. It was assumed that sources such as rainfall

and grazing animals supplied negligible amounts of bromide'

With the amount of bromide recovered Qa.6 kglha between 450 and 1000 mm depth)

below mole depth on 5 Ocober 1990, the total recovery of bromide was 87.2 Vo of

the applied bromide on that date. This relatively high recovery allows the data to be

treated with some confidence.

6.5.2. Chloride and nitrogen

The mass balance for chloride is given in Table 6.5. Initial soil sampl€S wcru* takcn

on 5 April 1990 and the final sampling was on 10 August 1990. The pasturc

utilization coefficient was assumed to be 80 7o under mob-grazed conditions .so thlt

herbage chloride and nitrogen consumed during gradng was considered as tlO 7 of

that present in the herbage. The amount of chloride and nitrogen deposited through

animal excreta (dung and urine) was not measured in this experiment, but assumcd t<l

be 85 Vo of the intake amount. Since the measured concentration of nitrate in rainlall

was negligible, atmospheric N input was taken as zero-

For the soil, the solute mass balance implies that the change in storage equals output

minus input. Inputs are fertilizer, rainfall and animal return. Outputs are by leaching



F:

L44

Table 6.4. Bromide recovery Gg Br/ha) for various periods of the 1990 drainage

season for Paddock A

Paddock A 29.5.1990
to

29.6.1990

29.5.1990
to

3r.7.1990

29.5.1990
to

27.8.1990

29.5.1990
to

5.10.1990

Drainage 34 78 103 103

Herbage 9 T2 l6 27

Soil 97 50 13 20

Sum r40 139 r32 150

Percentage
of applied

70 Vo 70 Vo 66 Vo 75 Vo

Table 6.5. Chloride and nitrogen mass balance for 1990 (between 29 May and l0
Ocober 1990). The unis are kg/ha'

Components Chloride Niuogen

Paddock A Paddock B Paddock A Paddock B

Fertilizer 0.0 0.0 0.0 +120.0

Rainfall + 19.0 + 19.0 0.0 0.0

Animal retum + 32.0 + 30.0 + 58.0 + 68.0

A Herbage - 28.0 - 28.0 - 81.0 -103.0

Leaching - 97.0 - 85,0 - 43.0 - 49.0

Algebraic sum - 74.0 - 64.0 - 66.0 + 36.0

A Soil - 3s.0 - 45.0 - 45.0 - s0.0

Discrepancy + 39.0 + 19.0 + 21.0 - 86.0
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and in the herbage grown between the start and end of the monitoring period.

For paddock A, 2l kg N/tra was apparently gained by the system whereas for

paddock B, a loss of 86 kg N/ha was not accounted for. It was assumed that most of

the unaccounted for nitrogen was immobilized when the urea was applied during late

autumn. Also, there could have been some loss through volatilization or

denitrification.

The factors which could account for the discrepancies in the bromide, chloride and

nitrate balances are:

(l) Solute accumulation by plant roos. As mentioned in Chapters 2 and 5, the

measured data constitutes only the aerial section of the plana. It is assumed

that the root biomass (and hence solute content) remains approximately

constant over the measurement period. Since the plots were not heavily

graznd and moisture was not limiting, this is a reasonable assumption.

(2) Non-uniformity of urea and NaBr application.

(3) For ease of sampling the soil samples tended not to include plant crowns, and

the soil directly under them. Thus, due to interception and stem flow (Scotter

and Kanchanasut, 1981), an unconscious bias probably occurred in the soil

sampling, and this was probably one of the main reasons for the unaccounted

for bromide.

(4) In the case of nitrogen, biological transformations were not taken into

account. It was possible that some of the N was immobilized in a form such

that it does not reappear during the measurement period (hence is not detected

in the soil, herbage or drainage components).

(5) Movement below mole depth. It has been shown that some Br moved below

mole drain depth.

6.6. CONCLUSIONS

The important conclusions that can be derived from this chapter are

(a) Application of urea in Spring (1989) did not cause any substantial increase in

the rate of leaching of nitrate. Vigorously growing pasture could have drawn
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N from the fenilizer applied.

Although the cumulative drainflow was greater in 1991 than 1990, the amount

of nitrate leached in l99l was almost 50 Vo less than that in 1990. This was

apparently due to the lower amount of nitrate present in the soil at the start of

drainage season in 1991, due to less net mineralization during a wetter

summer/autumn period.

The solute concentrations in the drainage water varied with the flow rate.

Early in the drainage season the concentration of applied solute tended to

increase with the increasing flow rate, whereas indigenous solutes decreased

with increasing flow rate. However, later in the drainage season both applied

and indigenous solutes behaved similarly, their concentrations being inversely

related to flow rate.

Sheep grazing had little obvious effect on the concentration of solutes in the

drainage collected after grazing.

In general, it was difficult to relate solute concentration in the drainage to that

resident in the soil solution. For an applied solute such as bromide, the

drainage concentration was closely related to the suction cup concentration

throughout the drainage season. For indigenous chloride, the drainage

concentration was related to the average value of suction cup concentrations

at two depths. However for niuate, neither suction cup concentration nor .soil

extraction concentration estimated adequately the drainage concentration.

(c)

(d)

(e)
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CHAPTER 7

MODELLING MOVEMENT OF BROMIDE AND CHLORIDE

UNDER FIELD CONDITIONS

7.I. INTRODUCTION

As mentioned in Chapter l, the overall aim of this study was to investigate the

leaching of nitrate from soil under field conditions. However, before modelling

nitrate leaching data, appropriate model parameters derived from field experiments

using other tracers were obtained. Bromide and chloride, conservative and non-

reactive solutes, were the tracers used.

Bromide and chloride leaching data obtained in the field (see Chapter 6) are

modelled using transfer functions. Two approaches are followed- In the first
approach, which is analytical, source-sink terms are treated as linear with drainage as

explained later. If the plant uptake can be assumed to occur ar the soil surface, is
approximately linear with drainage and there is no grazing, and if the atmospheric

input concentration in rainfall is constant, then the source-sink term can be treated

simply. However, realistically, this simple situation would not normally arise. For
example, there may be a dry period in winter, or grazing may occur. under those

situations the source-sink term needs to be treated as non-linear with drainage. In
this second approach, which involves numerical solution of the tranfer function
equation, the source-sink terms are treated as non-linear functions of drainage,

although plant uptake is still assumed to occur at the soil surface. This approach is
discussed in the next chapter. In all cases, analytical forms of the probability density
function for solute travel, either log-normal or exponential, are assumed.

A more specific objective of the work described in this chapter was to use rhe

chloride and bromide data to get the probability density functions (pdf) for solute
travel and to see if they are stationary from one drainage season to the next. Two
experimental situations may be used to evaluate the pdf. The first is a Dirac delta
pulse input in the flux. Surface applied fertilizer has been assumed to approximate
as a Dirac delta pulse input (e.g. white, l9g7; Heng, l99r). second, a consrant flux-
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averaged concentration different to the soil solution concentration may be applied

continuosly at some time. This corresponds to a step change in input concentration

(Heng, 1991). For these boundary conditions and certain analytical pdfs' the tranfer

function equation has analytical solutions from which the parameters iri the pdf can

be evaluated. The solutions for these two boundary conditions are given in the brief

theory section below. Detailed theory relevant to a mole-pipe drained field is

presented by Heng (1991). Some ways of accounting for the source-sink term are

discussed.

7.2. THEORY

As discussed in Chapter 1, the "net applied water" form of the transfer function

equation for steady flow of a conservative, non-reactive solute through soil from

input to an output surface is

iifisr*

", rri'.l

u{-

,l{iltf

d

I
cu = [c,*tt\flt - I\dI' ,

o

(7.1) till

where C", and C"*are the output and the input concentrations [M L3] respectively' /

is net rainfall or drainage [L], nd flI) is the probability density function (pdfl [L'']

for solute travel through the soil expressed as a function of /.

Scotter et al. (1990) have shown that during and between drainage events the amount

of water in the soil to mole drain depth varies less than l0 Vo and can be considered

fairly const ult. Under situations where changes in soil water storage can be ignored,

nd flI) is not strongly dependent on the drain flow rate, Eq. (7.1) can adequately

describe the movement of a conservative solute to a mole drain, even though the

flow is not steady.

Eq. (7.1) has solutions which can be applied to different practical situations of

interesL The solution of Eq. (7.1) for a solute of magnitude Mo tM L''l applied as an

impulse in the water flux at a certain time (Dirac delta input) is (White et al-' 1992)

,I

ffr
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C-(I) = Mo 

^D

(7.2)

Surface application of a soluble tracer or fertilizer may approximate this boundary

condition. For a step change in C*, from C" to Co at.I = 0 the solution is (White et

al.,1992)

C*(I) = Co * (Cb-C,) P(D (7.3)

where P(I) is the cumulative distribution function, dehned by

I
P@ = fru)at

0

(7.4)

Equation (7.3) can be applied to a situation where there is an initially uniform soil

solution concentration, C", and a solution with a concentration Co is applied to the

surface for I ) 0. Co can also be considered as a net source/sink term, on the

assumption that the sources and sinks are concentrated at the soil surface, and are

proportional to ^L As Equations (7.2) and (7.3) are linear, they can be superimposed

to give (Heng, l99l)

c-Q) = Mo fir) * co + (c;Q Pfn . (7.s)

Equation 7.5 is the form in which the TFM is used here, assuming a linear

source/sink term. Two analytical forms of the pdf are considered, log-normal and

exponential. A lognormal distribution is considered for the pdf because it has been

found to describe solute travel times or velocities in the field (Jury et a1.,1982) and

in large cores (White et a1.,1984; White and Magesan, 1991). As discussed earlier

the equation of a log-normal pdf is (Jury et al., 1986; Dyson and White, 1987)

,o^ _ expt-Qn/- D2f2;lJ\.t--
r/2n oI

(7.6)
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where p fid o are the mean and standard deviation, respectively, of the log-normal

disuibution. Substinrting Equation (7.6) into Equation (7.4) and integrating gives

(7.7)

for a log-normal pdf. Assuming an effectively well-mixed system, Scotter er a/.

(1991) predicted the leaching of chloride to a mole drain reasonably well. Highly

skewed log normal pdfs and exponential pdfs may look very similar. Such a model

pdf is consistent with a well mixed system in which mixing between the input and

resident solutions occurs within a transport volume V-",. The pdf of such a system is

of exponential form, i.e.

.fiD = a-r exg(-Ila) (7.8)

P(D=*rr*erftffit

P(I)= 1-exP(-Ila)'

where a [L] is a fitted parameter.

(7.e)

The above equations are for solutes not adsorbed by the soil, such as bromide,

chloride and nitrate. As explained in Chapter 4 the mean and median pathway

lengths, and their corresponding solute transport volumes can be calculated using

Equation 4.8.

7.3. BOUNDARY AND INITIAL CONDITIONS

In order to use the above equations, the parameters in them need to be evaluated.

The amount of bromide applied as NaBr was 200 kg Br ha'r on 29 May 1990.

However only 84 % of the bromide applied was recovered. The amount recovered

was assumed to be Mo. Soil chloride and water content measurements made just

before fertilizer application were used to calculate the initial average values of the

soil solution concentration of chloride (C.). The initial resident soil solution

concentration of chloride was found to be quite uniform throughout the profile to

mole drain depth (c.72 g Cl m'3 in May 1990).

., .,

ilr
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7.3.1. Source-Sink Term, C,

The source-sink strength was calculated from variables such as plant uptake and

atmospheric input.

7.3.t.1. Rainfall input

An average of 4 g Cl m'3 wir measured in rainwater over the experimental period.

Similar measurements were made by Scotter et al. (1991) for the same site. An

average contribution to C6 for chloride in rainfall was obtained by dividing the total

rain Cl input over the drainage se:rson by the predicted drainage, / (Heng, 1991).

The estimated contribution to Co for chloride in rainfall was 5 g Cl m'3. Since

negligible concentration of bromide was measured in rainwater, the concentration was

assumed to be zero.

7.3.1.2. Herbage Upuke

Herbage uptake was assumed to be proportional to predicted drainage (Figure 7.1),

and was calculated as described by Scotter et al. (1991). The average conrriburions

to co of -5.8 g Br m-3 and -6.5 g cl m'3 from herbage uptake were obtained by

dividing the total herbage uptake of Br or Cl for the season by the total drainage. It
is interesting to note that for chloride the rainfall input was similar to plant uptake.

7.3.1.3. C, for bromide and chloride

Co values for bromide and chloride were obtained by summing the individual

contributions from the source-sink terms discussed above. Thus Co values were -5.8

g Br m'3 and -1.5 g Cl m-3. Having a negative net Cb value means that if drainage

were to continue long enough, the physical impossibility of a negative concentration

would be predicted. However, provided the effect of Co is small relative to Mo and

C.o,, assuming a negative C, seems a reasonable approximate way to take account of

a small net sink term distributed throughout the drainage season (Heng, 1991).

7.4. RESULTS AND DISCUSSION

7.4.1. Evaluatingf(I)

The model predictions were obtained using Equation 2.5. A least squares
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optimization program was used to find p and o for a lognormal flI) and a for an

exponential form of fiI) (See Appendices 4 and 5). For bromide Mo was non-zero

and C. was zero. For chloride Mo was zero and C" was not-

The measured and simulated drainage bromide concentrations for the 1990 drainage

season are given in Figure ?.2. The estimated model parameters are p 
= 

5.07 and o

= 0.81 for the lognormal flI) nd a = 285 mm for the exponential form of fl/). For

bromide, the results show that the log-normal pdf was able to fit the data (R2 = 0.87)

much better than the exponential pdf (R' = 0.02).

The measured and simulated drainage chloride concentrationJfo, paddock A for the

1990 drainage season are given in Figures 7.3. The initial soil solution chloride

concentration was 72 x' 6 g cl m-3. The best estimates ile p = 4'65 and o = 1'32 for

a lognormal flI) nd a -- 163 mm for an exponennil flI). Here the exponential pdf

fitted the data (R'= 0.72) slightly better than the lognormal pdf (Rt = 0.69), despite

it having only one rather than two fitted parameters. However, it should be noted

that the degrees of freedom for error (residual) in the regression will be slightly

greater for the exponential than the lognormal model. The measured and simulated

drainage chloride concentrations for paddock B for the 1990 drainage season are

given in Figure 7 -4- \\e best estimates are p = 4.55 and o = 1.14 for a lognormal

flI) nd a = 144 mm for an exponennal flI). In this case both lognormal and

exponential pdfs fitted the data equally well (R'= 0.87). The chloride model

parameters derived from both paddocks A and B were similar. So data from the both

paddocks were bulked together and the model parameters were estimated from the

bulked data (Figure 7.5). The estimated parameters are F = 4.61 and o = 1.22 for a

lognormal flI) nd a = 151 mm for an exponennal flI). The estimated values are

almost equal to the arithmetic mean of the values obtained from the individual

paddocks.

The best-fit values of p and o,or a, were substituted in equations (7.6) and (7.8),

respectively, to obtain the graphs in Figure 7.6. Figure 7.6 shows the pdfs derived

from the bromide and chloride data for log-normal and exponential fl/). Although

both bromide and chloride are conservative and non-reactive solutes, it is interesting
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to note that they apparently have very different pdfs whichever analytical form is

assumed. The exponential model did not fit the bromide data at all well' therefore

there must be considerable uncerrainty about the comparison between the exponential

pdfs obtained for bromide and chloride (Figure 7'6b)' Because four different pdfs

are obtained, a natural question is 'Which of these pdfs is the "right" one ?' We

need to see why these pdfs are different and which of them should be used to predict

nitrate leaching. The most likely reason for the difference relates to the assumed

boundary condition for bromide. The surface application of solid sodium bromide

was assumed to be a Dirac delta pulse in the input flux concentration' as assumed by

White(1987)forniuateandchloride,andHeng(1991)forchloride.This

assumption was apparently not valid. Rather than being dissolved by the first rainfall

after application, the sodium bromide was probably largely dissolved by hygroscopic

condensation. The average volumetric water content of the soil was 0'40 m3 m'3 on

the day before fertilizer application. But it should be noted that there was no rain for

four days after the fertilizer was applied. When a salt is placed on moist soil' water

moves into the salt predominantly in the vapour phase in response to a totd potential

gradient caused by the osmotic potential due to the salt (Wheeting' 1925)' This

water condenses in the salt, which dissolves' Liquid water with dissolved salt then

moves back into the soil in response to the matric potential and gravitational gradient

(Scotter and Raats, 1970). Once in the soil, molecular diffusion causes further salt

movemenr. Thus the NaBr probably became fairly uniformly distributed throughout

the soil solution (both mobile and immobile) in the surface soil' This is quite a

different boundary condition to a Dirac delta pulse input in the applied water'

However, if the rain or inigation had occurred immediately after the NaBr was

applied, then the Dirac delta flux input assumption may well have been more closely

approximated.

Ktuitenberg and HorOn (1990) rerently reported an effect of solute application

method on the preferential ransport of solutes in soil' They found that applying

solute in the irrigation water resulted in an earlier and higher peak for the

breakthrough of solute when compared with its incorporation into the surface soil'

Steenhuis et at. (1990), usin$ a numerical model for preferential solute movement in

structured soils, predicted similar results. So the fate of movement from the input

Httiii{i
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surface to the exit surface depends on how the solute is applied. Another possibility

is that the physicochemical behaviour in soil of bromide and chloride are not as fllillt!.

similar as assumed. If the assumption of a surface application of solid sodium

bromide being approximated by a Dirac delta pulse in the input flux concentration is

not valid, the parameters estimated from the bromide data should not used for * 
" 

"

prediction of other solutes with other boundary and for initial conditions- The

parameters derived from the chloride data, which were not subject to this problem,

wer€ ilssumed to be the more valid ones. The parameters derived from the 1990

chloride data were used to predict leaching of chloride in 1991 and leaching of 
ilr

nitrate in 1990 and 1991.

7.4.2. The stationarity of f(I) 
|

The transfer function equation (7.1) is only useful if flI) is relatively constant from d{l
I

year to year. Both lognormal and exponential pdfs with parameters derived from the 
I

1990 chloride data were used to predict the leaching of chloride in 1991. A starting .l

value for the initial soil solution concentration, C., in l99l was also required to 
I

predict the solute concentrations in the drainage. The initial measured soil solution "t 'J

concentration was 46 + 2 g Cl m'3 and the source-sink term, C5, was -1.5 g Cl m'3.

The measured and predicted chloride concentrations in 1991 for paddocks A and B I

are given in Figures 7 .7 and 7.8. In general, the 1990 chloride parameters predictcd

the leaching of chloride in 1991 reasonably well. Also, for both paddocks the

exponentiat pdf predicted the data slightly better than the lognormal pdf. Howcvcr, 
i

as observed by Heng (1991), neither pdf could model the variation in conccntrati()n

occurringduringindividualflowevents.AsdiscussedinChapter6,thisvariatitrn

tends to be associated with marked changes in flow rate. Heng (1991) oh.sc'rvctJ rhat

a lognormal fit was better than an exponential fit for chloride in 1988 and vicc vcrs:r .{
in 1989. This could be due to different reasons. First" in their experiment chloridc

was applied as a solid to the soil surface in both years and a Dirac delta flux input

w:ls :rssumed for the surface applied chloride. As has been shown here this is not a

reasonable assumption, although it should be acknowledged that it also depends on

the year. If the KCI was dissolved quickly by rainfall, then a pulse flux input is a

reasonable assumption. There was also resident chloride present in the soil. Thus,

both applied chloride and resident chloride contributed towards leaching. Second, the {
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model parameters may not have been stationary. This might have been due to

different soil water flow panems in different rainfall events, and the very different

amounts of drainage collected in the two years.

Because the exponential form of the pdf for chloride of 1990 predicted leaching of

chloride in 1991 reasonably well, this pdf will be used to predict nitrate.leaching in

1990 and 1991 in the next chaPter.

7.5. FRACTIONAL SOLUTE TRANSPORT VOLUME

solute transport volumes for bromide and chloride were estimated using equation

(4.8). The results are given in Table 7.1. At first mean and median pathway lengths

were calculated and then transport volumes were estimated.

Table 7.1. Estimation of the fractional transport volume

Solute Pathway length (mm) Transport volume (0,)

Mean Median Mean Median

Bromide 221 159 0.49 0.35

Chloride 2t2 l0l 0.47 0.22

Some observations from Table 7.1 are (1) in general, the mean pathway length and

mean transport volume were greater than the median pathway length and median

.transport volume. The results are similar to those obtained with undisturbed soil

cores (Chapter 4); (2) both bromide and chloride had similar mean pathway lengths

and hence mean transport volumes, whereas the median travel pathway lengths were

different.

7.6. CONCLUSIONS

The main implications of the results presented are:

(a) Assuming a Dirac delta flux input for a surface-applied solid salt was found
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not to be a valid assumPtion.

The model p4rameters derived from the 1990 chloride leaching data predicted

1991 chloride leaching reasonably well. Thus the pdf for solute travel

appeared to be stationary from one drainage season to the next" when the total

drainage for the two seasons did not vary too much (i.e. 260 vs 330 mm),

although Heng (1991) found this did not apply so well when the.two seasons

had markedly different drainage

An exponential pdf produced predictions which fitted the data slightly better

than a lognormal pdf. Therefore, on the basis of parsimony, the exponential

model should be preferred (a one parameter model vs a two parameter model).
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CHAPTER 8

MODELLING NTTRATE LEACHING UNDER FIELD CONDITIONS i[l{$

8.1. INTRODUCTION

In Chapter 7, the theory for analytical solution of the Transfer Function.model was

described. There the source-sink term was considered to be linear with drainage.

This was a reasonable assumption for non-reactive solutes. The same assumption

may not be appropriate for nitrogen because it is a biologically active solute. To 
ns.

incorporate the mineralization process and the effects of grazing, a numerical

approach is described below. In the numerical solution, the source-sink term is

treated as non-linear with drainage. It was shown in Chapter 7 that an exponential .;,

pdf was either as good as, or better than, a lognormal pdf in predicting solute ,4ril1

leaching for a given drainage season. So in this chapter an exponential pdf is . ,

assumed. The pdf assumed is that obtained from the chloride data. Nitrate leaching

data obtained in the field for the 1990 and 1991 drainage seasons (see Chapter 6) are

modelled. A comparison is made between the results of the analytical solution and a rrl

numerical solution of the transfer function equation. ..

A numerical solution has two advantages over an analytical solution of the transfer

function equation. Firstly, any source-sink term (or surface input) can serve as an

input for the numerical solution, whereas for the analytical solution the source-sink iL

term needs to be assumed linear with drainage over the drainage season. Fertilizer

and urine additions and mineralization are treated as sources, while plant uptake and

immobilization are treated as sinks for nitrate. Secondly, any pdf can be analyzed,

not just those for which analytical functions such as the log normal or exponential

distribution are assumed. Thus, there is no need to make an assumption about the

parametric form of the pdf.

E.2. TIIEORY

For flow of a conservative non-reactive solute through soil from an input to an

rr - r!- r -^^-{ r- 
- 

-c ^L- .-^-^r^- f---^ri^- ^^..^ri^- l^ ^^ 'filii''output surface, the "net applied water" form of the transfer function equation is, as i,'.

.ti#'
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ilffi"

where C,, and C",, are the output and the input concentrations tM L'1 respectively, /

is cumulative drainage [L], nd flI) is the probability density function (pd0 [L 
t] for

solute travel through the soil expressed as a function of .L This assumes there is no

solute in the soil when t = 0. For the leaching of solute already present uniformly in

the soil, the uansfer function equation is

already mentioned

I
co = [c*1r-t)p\art

0

I
cu -- co I r-[nr5a/

o

where C" is the average initial value of the soil solution concentration.

Superimposing equations (8.1) and (8.2), the resultant output concentration is

II
cu = [c,*tt-t5 

^r5 
dr * coI r[ru) dlt I .

00

The finite difference form of equation (8.3) is

(8.1)

(8.2)

(8.3)

(8.4)

J|lrri

l|rlll

rllr '. .

cu(m) -- i c*{^-z*1Xn)Ar
l-l

colL- >.fin)44
;-1

where n and m are integers, and m is defined by

m = lllatl (8.5)

/ is the cumulative drainage and, A/ is the finite difference interval chosen. Given

C"* CoandflI), equation (8.4) gives C", directly.

There are many situations wheie source-sink terrns at the surface are not linear with

drainage. For example, if rotational grazing occurs, input from urine and faeces will

't#

,rtll
rrl
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be spasmodic. If there is a dry period during winter, the plant uptake would not be

linear with drainage. In the case of nitrogen, mineralization of organic N takes

place. In these situations, Equation (8.4) coutd be used, with sources and sinks in

the surface soil being taken into account by including them in C^,(I)' Notional

negative concentrations can be used for sinks.

A uniform initial soil solution concentration must be assumed, because the transfer

function model cannot take account of a non-uniform distribution of initial soil

solution concentration explicitly. However, if the topsoil initially has a different soil

solution concentration from the rest of the soil profile, this may be approximated by

partitioning the initial solute between an assumed uniform initial soil solution

concentration and an i6sumed value of Crn over the first 50 mm drainage (as

discussed later). The whole soil solution is taken as the "transport volume" in

calculating C,, as if enough drainage occurred eventually all the solute would be

flushed out of the soil to drain depth. 'Immobile" solute is just assumed to be in

very "long" flow tubes which do not get "flushed out" during an average winter.

Figure 8.1 shows one way of visualizing equation (8.a). The output concentrauon rs

the sum of the products of the output concentration from each flow tube and the flow

tube's conuibution to the area under the pdf. After each drainage interval, the

concentrations cascade down one row in the array.

Equation (8.4) repres€nts the numerical solution. For the sake of convenience,

equation (7.5) is repeated here as equation (8.6). It represents the analytical solution.

An exponential pdf @quation 7.8) was assumed, for the reason mentioned earlier.

tfil

.ffi-

{rt{rl[.

ll[]

(8.6) ,{tpC-(I) = MoflI) * Co + (Cr-C) Pf}

where Co is a source-sink term.

8.3. MODEL PARAMETER ESTIMATION

soil nitrate measurements made just before fertilizer application were used to

calculate the initial values of the soil solution concentration (C"). Because the nitrate *{ftr
ttl\,,
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concentration in the soil profile was not uniform, as mentioned above, the soil nitrate ' 
,

present in the soil was divided into a uniform initial soil solution concentration, and i1[

the remainder was assumed to be present in the surface layer. This is a reasonable 
.,,!

assumption because it is often found that the nitrate concentration in the surface layer.

is higher than in lower layers. The amount of nitrate present in the soil on 28 May '' l;"" "

1990, a day before fertilizer application, was 87 kg N/ha to 450 mm depth. The

average volumetric water content of the profile was 0.4 m3 m'3, and thus the amount

of water present in the top 450 mm of the soil profile was 180 mm (0.4 x 450 mm).

The amount of nitrate was partitioned into two components. The first component

was 4 uniform initial resident soil solution concentration of nitrate throughout the
.

profile to mole drain depth (c. 35 g N m-'in 1990). This particular concentration

value was assumed because it was almost equal to the initial drainage nitrate
'rtll'

concentration. So, 63 kg N/ha of the available niuate was distributed uniformly in ,udi:

the soil profrle. The remaining nitrate (87 - 63 = 24 kE Nfta) was taken as the 
" 

r',,

second component which contributed Mo. For the analytical solution (equation 8.6),

Mo was given at just one instant at the start of the season. For the numerical

solution (equation 8.4), M" was assumed to be a uniform rectangular pulse which was rr '

incorporatedinC"forthefrst50mmofdrainage.DividingMoby50mmdrainage

gives the value per unit drainage.

On 29 May 1990 urea equivalent to 120 kg N ha-t was applied to paddock B. A
mass balance calculation (fable 6.2) indicated that in spite of the urea application in , ,,;

paddock B, there was only a small difference in the changes in soil mineral N

between the two paddocks. This suggests that most of the unaccounted for N in

paddock B was rapidly immobilized. It was assumed that 85 kg N/ha of applied N

was rapidly immobilized and the contribution from the fertilizer towards Mo was

taken as 35 kg N/ha (discussion is given in next section). So the total Mo for

paddock A was 24 kg N/ha, and for paddock B was 59 kg N/ha (24 kg N/ha from

the soil, plus 35 kg N/ha from the fertilizer).

8.3.1. Analytical solution to the TFM

For the analytical solution, tle procedure followed was similar to the one described

in Chapter 7. The prediction was made using Equation 8.6 with an exponential pdf. *liil;;

-Y{r
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The best estimated model pararneter, a = l5l mm, obtained from the chloride data

was used. In the analytical solution the source-sink component, Cr, was only took

account of the herbage uptake and mineralization. The contribution from

atmospheric input was negligible and the effect of the grazing event in 1990 was

ignored because it occurred almost at the end of the drainage season. Also as

mentioned in Chapter 6, the influence of grazing on nitrate concentrations in the

drainage water was not apparent. Cumulative mineralization was assumed

proportional to drainage over the winter period.

The total plant uptake during the 1990 drainage season was 5l kg N/ha for paddock

A and 77 kg N/ha for paddock B (Figure 8.2). The average herbage uptake

contributions of nitrogen to the source-sink term, Cr, was calculated by dividing these

values by the amount of drainage. Assuming uptake was linear with drainage, the

contributions were -19.5 g N m'3 for paddock A and -29.5 g N m-3 for paddock B.

Net mineralization, Mn,was calculated for the drainage season as the discrepancy in

the inorganic N mass balance. It was assumed equal to the change in soil inorganic

N between the first and last day of the drainage season, plus total plant uptake, plus

total leaching, minus the fertilizer contribution to soil inorganic N. Thus for paddock

A, I\4 = -72 + 52 + 35 - 0 = 15 kg N/ha, which is equal to 0.17 kg N/ha/day. In the

case of paddock B, however, it was not possible to calculate exactly the amount of N

contributed from the fertilizer. But it could be estimated by assuming the same the

mineralization rate (0.17 kg N/ha/day) of indigenous N as in paddock A. It can be

estimated from the amounts of N leached (43 kg N/ha), plant uptake (79 kg N/ha),

soil N changes (-72k9 N/ha) and assuming the same mineralization as in paddock A

(15 kg N/ha), that the amount of inorganic N contributed from the fertilizer source

was 35 kg N/ha (43 + 79 - 72 - 15). This indicates that in paddock B, 85 kg N/ha of

the applied 120 kg NAra was immobilized. When the amount of mineralization (15

kg N/ha or 1.5 g m'2) is divided by total drainage the average contribution is equal to

6.5 g N m-3 for both paddocks.

So the net source-sink term, Cr, comprising the plant uptake and net mineralization

components, was equal to -13 g N m'' for paddock A and -23 g N m'3 for paddock B.
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8.3.2. Numerical Solution to the TFM

In the numerical solution, the effect of grazing was included' For the numerical

solution Equation 8.4 was used, with the same pdf as for the analytical solution

(equation 8.6).

For the numerical solution the source/sink term was calculated for every 10 mm of

drainage predicted from the water balance for the 1990 drainage season' The method

used was similar to that described by Scotter et al. (1991). For the 1991 drainage

season measured drainage data was used. Plant uptake was assumed to be

proportional to evapqration. Plant uptake between two herbage sampling dates'

divided by the total evaporation during that interval, gave the plant uptake per unit

evaporation. This estimated value was converted to plant uptake per day' by

multiplying it by the average daily evaporation for each month' Then this value'

multiptied by the number of days for every 10 mm drainage to occur, gave the plant

uptake during ttrat 10 mm drainage interval. The mineralization rate per day was

calculated as described earlier, and calculations of mineralization for each l0 mm

drainage interval were made. 36 7o of the N taken up by the pasture between

grazing was assumed to be readily available for leaching after it was deposited back

on the soil in excreta during grazing (Walker et a1.,1954; Quin, 1977)' Also' instead

of the graznginput being a Dirac delta input, it was spread over the 50 mm of

drainage occuring after grazing. The grazing input was incorporated into C'", as was

done for M,. This was because it was shown in chapter 7 that solutes applied at the

surface do not behave as a pulse flux input to the transport volume'

8.4.

E.4.1.

RESULTS AND DISCUSSION

The measured and predicted drainage nitrate concentrations from paddocks A and B

for the 1990 drainage season are given in Figures 8.3 and 8'4' Two Co values were

used. The first value is the one as calculated above, with the results shown in

Figures 8.3 (a) and 8.4 (a). The dashed line shows the prediction with the analytical

solution. At the start of the drainage season the model over-predicted the nitrate

concentration in the drainage. The results are similar to those obtained by Scotter er
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at. (lggL)with their "well-mixed" model for chloride, which is described in Chapter

1. The mole-tile drained soil system can be assumed to behave as a "well-mixed"

system (Sconer et a1.,1991) when the solute concentration in the drain flow' which

applies for vertically uniform horizontal flow towards the drain (Raats' 1978)'

Scotter et at. (1991) predicted chloride concentrations reasonably well early in the

drainage season using the first model, but could not predict concentrations well using

the second model. one reason for this difference was that in the first model, rain

had to move chloride from an upper to lower layer in the soil before it was predicted

to affect the drainage concentration significantly. whereas in the second model' the

surface-applied chloride was -predicted to have an immediate effect on solute

concentration in the drainage, due to the "apparently well-mixed soil solution"

assumption, even though in the surface soil above the water table this assumption is

not valid (scotter et a1.,1991). In this study, for the analytical solution @quation

8.6), Mo was assumed to be applied at the surface soil at one instant' which is similar

to their chloride aPPlication

In a sense, the simple model of Scotter et al- (1991) discussed in chapter one' and

the analytical solution given in this chapter, are similar' The model used for the

prediction of nitrate leaching under field conditions (white, 1987) is also similar in

some ways to the above two simple models'

Probable reasons for the discrepancy between measured and modelled values early in

the drainage season are:

(a) the use of the wrong boundary conditions. In Chapter 7, we have shown that

treating a surface-applied solid fertilizer as a Dirac delta input may not be a

valid assumption. Instead, it is more realistically considered as a uniform

resident solutc in the surface soil. More discussion of this is given in a later

section on the numerical solution;

(b) Due to preferential flow which occurred during heavy rainfall in Autumn.

Scotter et at. (1979) observed the soil water profile during autumn recharge

following a dry summer. They found that some of the rain had penetrated to

a metre depth while only partially rewetting the soil above, and a wetting

front was not discernible. They explained this in terms of rapid preferential

!lr. '

illlfl'
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flow. During such intense rain in autumn it is likely that different flow

pathways are involved from those active later in the drainage season, and this

cannot be taken account of by the constant a value (Heng, 1991).

The predicted concentration values for the analytical solution became negative as the

drainage progressed because of the negative C, term. ln fact the source-sink term is

a balance between plant uptake and mineralization-immobilization. As the rate of

mineralization during the drainage period was less than that of plant uptake, plant

uptake conuibuted more to the Co term. Because the first value of C, predicted

negative concentrations at the end of the drainage season, a second C, value was

used. In this study, the plant uptake was assumed to be from both ammonium-N and

nitrate-N (total N). Following the example of Selim and Iskander (1981), ammonium

and niuate were assumed to be equally available for plant uptake. A similar

approach was followed by Scotter et al. (1984) when modelling the fate of urea

applied to barley. The resultinE Ct values are approximately half of the C, values

given earlier. The predicted and measured concentrations are given in Figures 8.3(b)

and 8.4(b). It is interesting to note that while the first C, values predicted negative

concentrations as the drainage progressed, the second pair of values did not.

It should be noted that a constant a value was used. The value was 4 = 151 mm.

The estimated total soil water in Tokomaru silt loam soil down to 450 mm depth

during winter was 210 mm. But there can be only one a which can give the "right"

area under the curve. The amount of water in the top 300 mm depth was 146 mm

which is near to the value used. Similar assumptions were also made by Heng

(1991). They mentioned that although the drain depth was 450 mm, the amount of

flow through the subsoil (>300 mm) to the mole drain was assumed to be small

because of the much lower sahrrated hydraulic conductivity in the subsoil (estimated

to be 37 mm d'r) (Scotter et a1.,1991) between 300 and 450 mm, compared to the

topsoil (370 mm d-t). Preferential flow from 300 mm depth to the moles would

interact little with the subsoil. Therefore, they assumed an operational soil depth of

300 mm for parameterization of the models.

There was no grazing in the l99l drainage season. Again using the a value obtained

'qplr
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from the 1990 chloride data, nitrate leaching data of 1991 season was predicted

(Figure 8.5). Drainage occurred not only during winter but also during autumn and

spring. As mentioned in Chapter 6, drainage occurred in March and then there was a

dry period which lasted over a month. During this period not only mineralization

occurred because of soil rewetting in Autumn (White et al., 1983), but also vigorous

pasture growth. When the drainage restarted in April, the nitrate concentrations in

the drainage were only about half the concentration of the previous event which

occurred before the dry period. In the analytical solution, such temporal variation

cannot be simulated. However, the general seasonal trend in the data is reasonably

well modelled.

Some demerits of the analytical solution are

(1) it could not predict well the solute concentrations early in the drainage period'

(2) the predicted concentrations became negative as the drainage season

progressed,

(3) it could not predict the change in solute concentration either during the heavy

rainfall events or following the dry period' and

(4) the effect of mineralization during the dry period could not be predicted well.

8.4.2. Numerical solution

The solid lines in Figures 8.3 (a) and O) show the predicted values, for paddock A

in 1990, of niuate concentration using the numerical approach. While Fig 8.3(a)

gives the prediction using the first Co value, Fig 8.3(b) gives the prediction using the

second Co value. It can be ob'served that early in the drainage period the nitrate

concentrations were predicted reasonably well in paddock A when compared to the

analytical approach. After 50 mm drainage the numerical solution predicted slightly

higher concentrations than that predicted by analytical solution, when the first Co

value was used. Moreover, the analytical solution predicted negative concentrations

during later period of the drainage season. However, when the second Co value was

used, both numerical and analytical solutions predicted similar concentration values

between 50 mm and 150 mm drainage. After 150 mm drainage the numerical

solution predicted slightly-higher concentrations than the analytical solution due to

grazing effect. Similarly, Figures 8.4 (a) and (b) give the predictions for paddock B.
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The prediction of nitrate concentration by the numerical solution in paddock B,

where urea was applied, was not good early in the drainage period, although it was

better than that predicted by the analytical solution. In the numerical approach,

instead of the Dirac delta input, Mo was spread over the first 50 mm of drainage

input. This is because we have shown in Chapter 7 that even if soluble fertilizer is

applied to the soil surface as a solid, it cannot be assumed to contribute all its solute

for leaching from the start.

The results for the 1991 drainage season are given in Figure 8.5. The plant uptake

and mineralization, in particular, during the dry period soon after the first drainage

event were modelled reasonably well using the numerical solution. However, the

numerical solution could not take account of the high rainfall event which produced

the first drainage event in Figure 8.5. Neither model predicted well the nitrate

concentrations later in the drainage season. In general, the demerits of the analytical

solution mentioned earlier were overcome by the numerical solution, except that the

leaching of nitrate in paddock B to which urea was applied in 1990 was not well

modelled. The pnedicted and measured leaching losses of nitrate for the 1990 and

l99l drainage seasons are given in the Table 8.1.

Table 8.1. Measured and predicted leaching losses of nitrate (kg N/ha) for the
1990 and l99l drainage seisons

Year Paddock A Paddock B

Measured Predicted
analytical

Predicted
Nunprical

Measured Predicted
Analytical

Predicted
Numerical

1990 39 45 50 54 6l 69

1990 * 39 54 55 54 76 79

1991 23 26 28 L7 25 25

For the 1990 data with second Co value.
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In general, both the analytical and numerical solutions of the TFM predicted higher

amounts of nitrate leached than the measured amounts. Although Figures 8.3, 8.4

and 8.5 showed that the numerical solution simulated the change in nitrate

concentration with drainage better than the analytical solution, the amounts predicted

by the numerical solution were higher than by the analytical solution.

8.5. CONCLUSTONS

Important conclusions derived from this chapter are:

(a) The chloride model parirmeters predicted nitrate leaching reasonably well, but

not in 1990 for paddock B (to which urea was applied), nor very well in 1991

when there were some marked fluctuations in drainage early in the season.

The numerical solution of the uansfer function equation had advantages over

the analytical solution in modelling the leaching data, It could take account

of temporal variations in drainage, plant uptake and mineralization rates.
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CIIAPTER 9

GENERAL DTSCUSSTON, CONCLUSIONS

FOR FUTURE RESEARCH

INTRODUCTION

AND SUGGESTIONS

WORK

9.1.

In this study leaching experiments were carried out both under laboratory and field

conditions. The extent of the leaching of both non-reactive (bromide, chloride) and

biologically reactive (nitrate) solutes was measured. Subsequently, modelling of the

leaching data was carried out to gain a better knowledge and understanding of the

movement of solutes in mole-tile drained soils under pasture. This final chapter

provides a general discussion in which the conclusions from the work described in

Chapters 2 to 8 are summariznd, and some of the implications of the findings are

discussed.

9.2. GENERAL DISCUSSION AND CONCLUSIONS OF LABORATORY

EXPERIMENTS

9.2.1. Spatial distribution of soil nitate and chloride

Leaching experiments were carried out using large intact soil cores which were raken

in close proximity to each other from the field site where field measurements of
leaching were made. Soil samples taken from within a few cm of the large cores

were used to estimate the initial average solute concentration before leaching. But it
was found that the average concentration in those samples was different from the

initial concenffation in the leachate. Large differences in leachate concentrations

between the large cores were also noted. This was apparently due to spatial

variability of the solute concentration in the soil, and sheep grazing is probably the

major cause of this variability. So estimates of the initial solure concentration using

small soil cores taken from around large cores under grazed conditions have

considerable uncertainty, which may result in large errors in leaching calculations. In
such cases the concentration of solute in the first effluent might enable a reasonably

accurate, prediction of the leaching losses of a resident solute to be made. When a
uniform solute distribution with depth was achieved by repeatedly preleaching the
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soil with the solute of interest, accurate predictions of leaching could be rnade using

an average initial concentration obtained from small, independent samples-

9.2.2. Effect of long time storage

Soil samples were stored at 4 rc prior to the extraction of solutes. Long term

storage of a pair of soil large cores for nearly 22 months at 4 oC before leaching had

an effect on soil water content and on nitrate leaching. The volumetric water content

decreased by 5 Vo (from 0.35 to 0.30 m3 m-'; during storage, and the average soil

solution nitrate concentration in the soil increased markedly to about 18 times the

initial value (from l0 g N m-3 to 180 g N m-t). Most of this nitrate was in the top

layer, with an exponential decrease with depth. This shows the imponance of

biological activity in the surface soil, even at very low temperatures. That

nitrification could occur in this pasture soil at 4 oC is consistent with Macduff and

White's (1935) field observations on an Evesham clay loam soil under pasture in the

U.K. during winter.

9.2.3. Preferential flow

Early breakthrough of applied solute anions can occur eittrer due to macropore flow

or anion exclusion. The emergence of peak concentrations of a pulse input before

one liquid-filled pore volume of drainage indicated the preferential flow of water and

solutes through soil macropores. The soil solution concentrations of nitrate at

different depths of cores after leaching were found to be much higher than those in

the final effluent, providing further evidence of preferential flow. This involves the

concept of a transport and non-transport volume, and dynamic differences in

concentration of a labile solute such as nitrate between them. Comparing the

breakthrough curves of step-change inputs, the relative concentration of chloride

approached 1.0 earlier than for tritium, and this could be due to anion exclusion

and/or different mean input rates. Tokomaru silt loam soil has high negative charge

and low positive charge (Bolan et a1.,1986) which is likely to cause the negative

adsorption of anions. The application of Nile blue dye to the soil surface after the

solute movement experiments indicated that worm holes and root channels were the

main preferential pathways for water and solute movement through the soil.
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9.2.4. Edge flow

Cameron et at. (1990) mentioned that edge flow between soil monoliths and their

casings is common. In this study, in most cases, some conducting channels were cut

off by the core wall, causing blue staining on the side of the soil core, but there was 
.

no indication of solution leaking down between the soil and the corer. However, on

one occasion a small stone was pushed ahead of the cutting edge of the.cylinder and

cut a groove which allowed some edge-flow. It appears that in this soil, and with the

techniques used, edge flow is not a significant problem.

9.2.5 :_Denitrification
In the core experiments approximately 15 Vo of the applied N was not accounted for

either in the leachate or in the soil. This could have been lost by denitrification,

especially from the surface soil layer. The silica sand, which was applied to the soil

surface to help to distribute the applied solution uniformly, could have reduced the

oxygen supply thus making the topsoil anaerobic. This, plus a ready supply of

nitrate and organic carbon in the topsoil, could have allowed denitrification to occur.

Recently, it has been shown that under waterlogged conditions denitrification occurs

in the top layer of Tokomaru silt loam soil (J.Luo - Personal communication). This

also shows the importance of biological transformations of N in soil in changing the

source strength of nitrate available for leaching.

9.2.6. Modelling laboratory leactring data

The transfer function approach was used to model the leaching data. In general,

model parameters derived from tritiated water could be used successfully to simulate

the movement of resident chloride when chloride was almost uniform throughout the

soil. However, it was not possible to predict nitrate leaching successfully using these

par:rmeters. This was probably due to several complicating factors associated with

the non-uniform distribution and biological transformations of nitrate in soil.
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9.3. GENERAL DISCUSSION AND CONCLUSIONS ON FIELD

EXPERIMENTS

9.3.1. Deep percolation

In a mole-tile drained freld it is often assumed that almost all water and solutes that

move through the soil are intercepted by the moles. So in this study monthly soil

sampling was carried out to study the movement of bromide, chloride and nitrate

through the soil. Soil sampling down to lm at the end of drainage sqlson showed

that about 12 Vo of the applied bromide went below mole depth.

g.3.2. Effect of grazing

The influence of periodic sheep graang on solute concentrations in soil and drainage

was studied, because many earlier studies have shown an effect on drainage

concentrations. The soil samples taken from the field after granng showed an

increase in the concentrations of mineral N (NO3' and NHn*) and chloride in the

surface layer. The high concentrations of mineral N and chloride observed down to

450 mm (mole depth) at some locations were assumed to be due to grazing and

preferential flow of water and solutes below urine patches. The high variability in

solute concentrations found in the topsoil after grazing was probably due in part to

the uneven distribution of animal excreta. An effect on drainage concentrations due

to grazing by sheep was not observed in this study.

9.3.3. Drainage and leaching

Drainage was collected and analyzedfor solute concentrations during the 1990 and

1991 drainage seasons. The amounts of rain received in 1990 and 1991 were almost

equal but the drainage collected during these two years wils quite different. This was

due to the difference in the seasonal distribution of the rain between the two years.

The concentration of nitrate and chloride in the drainage were high at the start of

each drainage se:ron and decreased subsequently. From the viewpoint of water

quality control, separating the early drainage from later drainage could reduce surface

water nitrate loading. The concentrations of nitrate in the drainage in 1991 were

lower than in 1990. Although cumulative drainflow was greater in 1991 than 1990,
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the amount of nitrate leached in 1991 was almost 50 ?o less than that in 1990. This

was apparently due to a smaller amount of nitrate being present in the soil at the start

of drainage season, and illustrates that the source suength of nitrate in the soil is the

major determinant of total N loadings in the drainage water. The difference

illustrates the dangers inherent in assuming one year's data is typical of all years-

The nitrate concentration was greater than the concentration levels recommended for

potable water (10 g NO3-N m'3; for most of the 1990 drainage season, irrespective of

whether urea was applied or not.

Comparing the amounts of nitrate leached from the paddocks, it appeared that only 8 ;:1"

7o of the fertilizer applied was leached during the drainage period. However, about

52 Vo of bromide applied was leached during the same period although urea and ,,:rr

bromide were applied on the same day. This shows the importance of the nature of

the solute applied. It can be speculated that if nitrate was applied in a very soluble

form, such as potassium nitrate, more nitrate could leached. But the fact that N from .,

urea could undergo immobilization, plant uptake and denitrification is possibly a

more important cause of this difference in solute leaching loss. Application of urea

in Spring 1989 did not cause any substantial increase in the nitrate concentration in 
;i

the drainage. This could be due to more plant uptake occurring during spring.

When both chloride and nitrate were indigenous, as in the 1991 drainage sea.son. thc

leaching patterns were similar. This indicates that during this drainage season only '!,

. leaching and plant uptake were major factors, because if biological transformation-s

such as immobilization and mineralization were very important, they would havc

affected nitrate but not chloride. As a result the leaching patterns of nitratc and

chloride would have been different.

9.3.4. Suction cup sampling

Both soil and suction cup samples were collected regularly throughout the drainage

season. The concentration of applied solutes (e.g. bromide) in suction cups placed at

two depths increased from a very low value to a peak and then decreased. The

deeper suction cups responded more slowly than the shallower ones. There was a

differential time delay in the rise in concentration between the upper and lower

lll$'
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depths. The concentration of indigenous chloride decreased with time at the upper

depth, whereas it remained fairly constant at the lower depth for most of the season'

This indicates more effective leaching of indigenous solutes from the surface layers

than the deeper layers. The concentration of indigenous nitrate in both upper and

lower layers decreased during the drainage season.

9.3.5. Comparison of soil solute concentratiors

The soil solution concentration measured by soil extraction was compared with the

suction cup sample concentration. For an externally applied solute, such as bromide,

the suction cup concentration was greater than the volume-averaged solution

concentration. In contrast for an indigenous solute such as chloride, the volume-

averaged soil solution concentration was grcater than the suction cup concentration

during the drainage season.

In general, it was difficult to relate the solute concentration in the drainage to that in

the soil solution. For both applied and indigenous non-reactive solutes, the drainage

concentration was closely related to the suction cup concentration throughout the

drainage season. In the case of nitrate, however, there was no consistent relationship

between drainage concentration and either suction cup or soil extraction

concentration. This obviously poses problems for the quantitative estimation of

nitrate leaching based on indirect soil measurements.

9.3.6. Drainage flow rates and solute concentratiors

The solute concentrations in the drainage water varied with the flow rate. Early in

the drainage season the concentration of applied solute tended to increase with flow

rate. This is an effect of the pulse inputs of bromide and urea combined with

preferential flow. The concentration of indigenous solutes in the drainage tended to

be inversely related to flow rate. At high flow rates the input water moves through

the soil more rapidly, resulting in less mixing with the accessible (mobile) soil

solution and consequently lower concentrations in the drainage water. This

behaviour was observed both early and late in the drainage season. Over time,

applied and indigenous solutes behaved similarly, with a dilution of the mobile soil

solution by rain water occurring.
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9.3.7. Modelling field leadring data

Bromide, chloride and nitrate leaching data obtained in the field were modelled using

transfer functions. Analytical and numerical solutions of the transfer function 
,,,r.

equation were used. Source-sink terms were treated as linear with drainage in the

analytical solution, but as non-linear in the numerical solution. There are many

situations where source-sink tenns at the soil surface are not linear with drainage.

The chloride and bromide data were used to infer the probability density function

(pdfl of solute travel times, which was tested for stationarity from one drainage 
i,,,

season to the next. The pdf is only useful for predictive modelling if it is relatively

constant from year to year. Two experimental situations were used to evaluate the

pdf. Surface application of solid sodium bromide was assumed to be a Dirac delta 
- 

',,'r,-

pulse input, and the leaching of indigenous chloride was taken as a step change in ',, 
,,

input concentration. In all cases, analytical forms of the pdf for solute travel, either

log-normal or exponential, were assumed. For bromide, the log-normal pdf fitted the .)

drainage data much better than the exponential pdf. For chloride, the exponential pdf

fitted ttre data slightly better than or equal to the lognormal pdf, despite having only

one rather than two fitted pammeters. Although both bromide and chloride are 
,,;

conservative and non-reactive solutes, it was interesting to note that they apparently

had very different pdfs. The most likely reason for the difference was the assumed

different boundary conditions not being met experimentally. The surface application

of solid potassium bromide was assumed to be a Dirac delta pulse in the input flux ,,.ii

concentration, which was apparently not valid. Thus the exponential pdf obtained

from the chloride data is the better of the two estimates.

The pdf for solute travel appeared to be stationary from one drainage season to the

next. The transfer function approach could model the variation in concentration lllit

occurring during individual flow events, and this variation tends to be associated with

marked changes in flow rate.

Numerical solution of the transfer function equation has two advantages over an

analytical solution in modelling the leaching data. Firstly, any source-sink term or

surface solute flux can serve as an input for the numerical solution. Fertilizer and ltlll
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urine additions and mineralization ale treated as sources, while plant uptake and

immobilization are ueated as sinks for nitrate. Thus there is no need to make an

assumption about the shape of the pdf. Thus temporal variations in drainage, plant

uptake and mineralization rates can be taken into accounl Secondly, any pdf can be

analyzed, not just analytical ones such as the log normal and exponential distribution.

9.4. SUGGESTIONS FOR FTJTURE RESEARCH WORK

In both the laboratory and field experiments when non-reactive solutes were used for

leaching their behaviour could be predicted reasonably well. But this was not the

case with nitrate. In the short term laboratory experiments, nitrate was treated as a

non-reactive solute. But the results of the field experimenB confirm that biological

transformations of N (mineralization and denitrification) play an important role which

affeca nitrate leaching. So in future studies, experimental and theoretical, these

transformations should be taken into consideration in more detail.

It is a usual practice to store the soil samples at 4 oC. Certainly it is not good to

store the samples for too long, as one of the experiments has shown, because nitrate

concentrations can change tremendously. Experiments could be designed to study the

effect of storage on soil nitrate, and on processes such as mineralization.

The two paddocks used for the field experiments were almost identical in terms of

drained area as well as hydrological behaviour. They could be used as a "test" sitc

for further experiments; e.g. experiments on the influence of land application of

agricultural wastes (e.g. dairy effluents) on solute concentrations in the soil and

drainage. Because dairy effluents and other wastes have high organic N, it would hc

interesting to study the biological transformations of N, such as immobilization and

denitrification, in these experiments.

In the field experiments carried out the effect of sheep grazing on the drainage

concentrations was not obvious. However, other studies (e.g. Sharpley and Syers,

1979) have shown a great influence of cattle grazing on the drainage concentrations.

It would be interesting to see if these two paddocks (one for sheep and the other for

cattle) can be used for experiments on the effects of different grazing on nitrate

leaching.
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APPENDX I

' This program calculates the model parameters (p and o) for solutes applied as
step-change in input concentration by least sum of squares optimization using
Equation 4.5

cl-s
INPLIT " Enter solute data filenarne : ", Inpufile$
INPIJT " Enter solute oulput filename: ", Outpudile$

OPEN krpudile$ FOR INPUT AS #1
OPEN Oupudile$ FOR OUTPIJI AS #2

' INMAL SECTION
' m is the number of points for which computation is caried out
' Initial mu and sigma values are givcn below for the iteration
m=79
Mu = 4.103: Sigma = 1.111
' D = drainage (mm); NC = measured solute concentration (g m'3); Cex =

Predicted solute concentration (g m'3)
DIM D(m), NC(m), C-ex(m, 3,3), SumSq(3, 3)
LSumSq = 1E+10

pi = 3.14159

P = .47M7
al = .34802
a2 = -.09588
a3 = .74786
Co -- 420
delra = .001
' whelp p, al, A and a3 are constants used to find the values of error function

approximately.
, Co is the concentration of solute applied

FORn=1TOm
INPUT #1, D(n), NC(n)

NEXT

' DYNAMIC SECTION

DO IINTIL ABS(Mu - Mu(l)) = 0 AND ABS(Sigma - Sigma(l)) = 0

Mu(l) = Mu
Mu(2)=Mu+delta
Mu(3)=Mu-delta
Sigma(l) = Sigma
Sigma(2)=Sigpa+delta
Sigma(3)=Sigma-delta
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FORu=1TO3
FORv=1TO3
SumSq(u, v) = 0

IF SumSq(u, v) < LSumSq TI{EN
LSumSq = SumSq(u, v)
Mu = Mu(u)
Sigma = Sigrna(v)

END IF
NEXT

NEXT

PRINT USING "ffi.###"; ISumSq, Mu, Sigma
LOOP
' PRINT " D "; " MeasuredN "; " PredictedN "
FORn=1T0m

PRINT USING "##.##"' D(n), NC(n), Cex(n, 1, 1)

PRINT #2, USING "###.##ir' D(n), NC(n), Cex(n, 1, 1)

NEXT
PRINT USING nfiilfillll##.l,lllt#ll"; LSumSq, Mu, Sigma

,tilll.

fi,

FORn=lTOm
i=1
x = (LOG@(n)) - Mu(u)) / (SQR(2) * Sigma(v))
IFx<0TIIENx=-x:i=-1
t=ll(1+p*x)
erfx = I - (al * t + a2* t * t+ a3 * t * t * 0 * E)(P(-x * x)
erfx=erfx*i
Cex(n,u,v) =Col2* (l +erfx)
SumSq(u, v) = SumSq(u, v) + (NC(n) - Crx(n, u, v))

(NC(n) - Cex(n, u, v))
NEXT

!ttf

'(rr
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APPENDX 2

' This program calculates the model parameters (p and o) for solutes applied as
pulse input by least sum of squares method using Equation 4.6

CLS
INPUT " Enter solute data frlenamo I ', Inputfile$
INPUT " Enter solute output filename: ", Outpudile$

OPEN Inputfile$ FOR INPUT AS #l
OPEN Outpudile$ FOR OUTPUT AS #2

' INTTAL SECTION
' m is the number of points for which computation is carried out
' D = drainage in mm; NC = pulse solute concentration; Cex = Predicted

concentration
m=79
Mu = 4.103: Sigma = 1.111
DIM D(m), NC(m), Cex(m, 3, 3), SumSq(3, 3)
LSumSq = 1E+10

pi = 3.14159

P = .47047
al = .34802
a2 = -.09588
a3 = .74786
Co = 420
delta =.001

FORn=lTOm
INPUT #1, D(n), NC(n)

NEXT

' DYNAMIC SECTION
DO UNTIL ABS(Mu - Mu(l)) = 0 AND ABS(Sigma - Sigma(l)) = 0
Mu(l) = Mu
Mu(2)=Mu+delta
Mu(3)=Mu-delta
Sigma(l) = Sigma
Sigma(2)=Sigma+delta
Sigma(3)=Sigma-delta

FORu=lTO3
FORv=1TO3
SumSq(u, v) = 0

FORn=lTOm
i=1
x = (LOG(D(n)) - Mu(u)) / (SQR(2) * Sigma(v))
IFx<0TIIENx=-x:i=-l
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t=ll(1+p*x)
erfx = I - (al * t+ a2* t * t+ a3 * t * t * t) * E)(P(-x * x)

erfx=erfx*i
Cexl=Cnlz*(l +erfx) -il

Ccx2 = 0
IF D(n) > 20 THEN

i=1
x = (I-OG(D(n) - 20) - Mu(u)) / (SQR(2) * Sigma(v))

IFx<0TIIENx=-x:i=-1
t=Ll(1+p*x)
erfx=1 -(al *t+a2*t*t+a3*t*t*t)*E)GCx,,u,
*x)
erfx=erfx*i
Cex2=Col2*(1 +erfx)

END IF

Cex(n, u, v) = Cexl - &x2
SumSq(u, v) = SumSq(u, v) + (NC(n) - Cex(n' u' v)) * 

',',

(NC(n) - Cex(n, u, v))

NEXT

IF SumSq(u, v) < LSumSq TI{EN 
,

LSumSq = SumSq(u, v)
Mu = Mu(u)
Sigma = Sigpa(v)

END IF
NEXT

NEXT

PRINT USING x#########.###"; ISumSq, Mu, Sigma

LOOP
' PRINT" D "; " MeasuredN "; " PredictedN "

FORn=lTOm
PRINT USING "gpg.f#"' D(n), NC(n), Cex(n, 1, 1)

PRINT #2, USING "###.##"; D(n), NC(n), Cex(n, l, 1)

NEXT
PRINT USING n#######.#tftflf#"; LSumSq, Mu, Sigma
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APPENDD( 3

' This program predicts the resident solute concentration in drainage using

Equation 4.7.
' Inputfile name is 'eclrc.dat' and Outpudile name is 'eclrc.out'

CLS
INPLI " Enter solute data frlenamo i ", Inputfile$
INPUT " Enter solute output filename: ", Outputfile$

OPEN Inputfile$ FOR INPUT AS #l
OPEN Outpuffile$ FOR OUTPUT AS #2

' IMTIAL SECTION
' m is the number of points for which computation is carried out
' Ci = resident solute concentration in the soil solution (g m't)
' D = drainage in mm; MeasC = measured concentration in drainage; and PredC=

predicted drainage concentration
m=79
Ci= 120
Mu = 4.103: Sigma = 1.111
DIM D(m), MeasC(m), PredC(m)

FORn=lTOm
INPUT #1, D(n), MeasC(n)

NEXT

FORn=lTOm
P = '47047
al = .34802
a2 = -.09588
a3 = .74786

i= 1

I = (LOG(D(n)) - Mu) / (SQR(2) * Sigma)
IFx<0THENx=-x:i=-1
t=ll(1+p*x)
erfx = I - (al * t + a2* t * t+ a] * t + t + t) * f,)(p(-x * x)
erfx=erfx*i
PredC(n) = Ci I 2 * (l - erfx)

NEXT

' LPRINT " D "; " MeasC "; " PredC "
FORn=1TOm

PRINT USING "ffiff.frff"; D(n), MeasC(n), PredC(n)
PRINT #2, USING tr#####.###"; D(n), MeasC(n), PredC(n)

NEXT
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APPENDD( 4

' This program calculates the Mu and Sigma by least sum of squarcs method using

Equation 7.5.
' Inpuffile is 'FAClexp.dat' and Outpufrle is 'FAcllogn'out'

cl-s
INPUT " Enter solute data filename : ", Inpu6le$
INPUT " Enter solute output frlename: ", Outpufile$

OPEN Inpudile$ FOR INPUT AS #1

OPEN Outpufrle$ FOR OUTPIJI AS #2

' INITHL SECTION
' m is the number of points for which computation is carried out
, D = drainage in mm; CIC = measured solute concentration (g m'3) and Cex =

predicted solute concentration (g m'3)

m=241
mu = 4.6542 sigma = 1.319

DIM D(m), CIC(m), Cex(m, 3,3), SumSq(3' 3)

LSumSq = lE+10
TSS=0

pi = 3.14159

P = .47M7
al = .34802
a2 = -.095E8
a3 = .74786
Mo=0
Ca=72
Cb = -1.5
delta = .001
Total = 0

FORn=lTOm
INPUT #1, D(n), CIC(n)
Total=Total+ClC(n)
Average=Total/m

NEXT

FORn=lTOm
TSS = TSS + (ClC(n) - Average) * (ClC(n) - Average))

NEXT

' DYNAMIC SECTION
Do LJNTIL ABS(mu - mu(l)) = 0 AND ABS(sigma - sigma(l)) = 0
mu(l) = mu
mu(2)=mu+dclta
mu(3)=rDU-delta

I
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sigma(l) = sigma
signa(2)=sigma+delta
sigma(3)=sigma-delta

FORu=lTO3
FORv=1TO3
SumSq(u, v) = 0

FORn=lTOm

Cexl = Mo * (DPG&OG@(n)) - mu(u)) ^ 2 | (2 * sigma(v) *
signa(v))) / (SQR(2 * pi) * sigrna(v) * D(n)))

i=1
1 = (LOG@(n)) - mu(u) / (SQR(2) * sigma(v))
IFx<0THENx=-x:i=-1
t=Ll(1+p*x)
erfx = I - (al * t+ A* t,* t + a3 * t * t * 0 * EXP(-x * x)

.erfx=erfx*i
Cex2 = (Cb - Ca) * | | 2 * (l + erfx)

Cex(n, u, v) = Cexl + Ca + Cex2

SumSq(u, v) = SumSq(u, v) + (ClC(n) - Crx(n, u, v)) * (ClC(n)
- Cex(n, u, v))

NEXT

IF SumSq(u, v) < LSumSq TIIEN
LSumSq = SumSq(u, v)
mu = mu(u)
sigma = sigrna(v)

EI{D IF
NEXT

NEXT
RSq=1-(LSumSq/TSS)
PRINT USING 'r*H#####.###rr. LSumSq, mu, sigma
LOOP
' PRII{T " D ";. " Measured Cl "; " hedicted Cl "
FORn=lTOm

PRINT USING "###.##"' D(n), CIC(n), Cex(n, l, 1)
PRINT #2, USING "ltitlilflf .li-lf#"; D(n), CIC(n), Crx(n, 1, 1)

NEXT
PRINT USING tr###### ###tftf"; LSumSq, mu, signa, RSq
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APPENDD( 5

' Tlds program calculates the pararncter "a" by least sum of squares method.

' InputEle is 'FAClexp.dat' and Outpudile is 'FAClexp-out'

cl-s
INPIJI " Enter chloride data filenarrre : ", Inpuffile$
INPUT " Enter chloride output filename: ", Outpufile$

OPEN Inpudile$ FOR INPUI AS #1

OPEN Outpudile$ FOR OUTPUT AS #2

' INMAL SECTION
' m is thc number of points for which computation is carried out

m=241
a=lM
DIM D(m), CIC(m), Cex(m, 3), SumSq(3)

LSumSq = 1E+10
TSS=0
Mo=0
Ca=72
Cb = -1.5
delta = .001
Total = 0

FORn=1T0m
INPUT #1, D(n), CIC(n)
Total=Total+ClC(n)
Average=Total/m

NEXT

FOR n

NEXT

=1T0m
TSS = TSS + ((ClC(n) - Average) t' (ClC(n) - Average))

' DYNAMIC SECTION
DO LJNTIL ABS(a - a(1)) = g

a(l) = 4
a(2)=a+delta
a(3)=a-dclta

FORu=lTO3
SumSq(u) = Q

FORn=lTOm
Cexl = Mo * ((l / a(u)) * E)(P(-D(n) / a(u)))
Cex2= (Cb - Ca) * (l - HG(-D(n) / a(u)))
Ccx(n, u) = Cexl + Ca + Cexz
sumsq(u) = SumSq(u) + (Clc(n) - cex(n, u)) * (clc(n) - cex(n, u))

NEXT

I

I

i

I
I

I

I

I

I
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IF SumSq(u) < LSumSq THEN
LSumSq = SumSq(u)
a = a(u)

EI{D IF

NEXT
Rsq = 1 - (ISumSq/TSS)
PRINT USING rffi.###"; LSumSq, a
LOOP
' PRINT " D "; " Measu€d Cl "; " Predicted Cl "
FORn=lTOm

PRINT USING "###.##"; D(n), CIC(n), Cex(n, 1)
PRINT #2, USING r'##*H#.###"; D(n), CIC(n), Cex(n, 1)

NEXT
PRINT USING n###lln#ti.lllfltlllt"; LSumSq, a, Rsg
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. APPENDIX 6

' This program predicts soluto concentration in thc drainage using lognormal
distribution

' Inpuffile name is 'acl9l.dat' and Outpufrle name is 'acl9llog.ou!'

CIJ
INPUT " Enter chloride data frlename : ", Inpudile$
INPUT " Enter chloride oulput filename: ", Outpuffile$

OPEN Inpufile$ FOR INPLIT AS #1

OPEN Outpuffile$ FOR OUTPUT AS #2

'TNITIAL SECTION
: m is the number of points for which computation is carried out
m=237
mu = 4.606: Sigma = 1.222
Ca=46
Cb = -1.5
LSumSq = Q

TSS=0
Total = 0
DIM D(m), MeasC(m), PnedC(m)

FORn=lTOm
INPUT #1, D(n), MeasC(n)
Total=Total+MeasC(n)
Average=Total/m

NEXT

FORn=lTOm
TSS = TSS + ((MeasC(n) - Average) * (MeasC(n) - Average))

NEXT

FORn=lTOm
p = -47M7
al = .34802
a2 = -.09588
a3 = .74786

i=1
; = (I-OG@(n)) - mu) / (SQR(2) * Signa)
IFx<0THENx=-x:i=-1
t=ll(1+p*x)
erfx = I - (al * t + a2* t * t+ a3 * t * t * t) * E)(P(-x * x)
crfx=erfx*i
hedC(n) = Ca + (Cb - Ca) * (l I 2* (1 + erfx)
LSumSq = LSumSq + ((MeasC(n) - PrcdC(n)) * (McasC(n) - PredC(n)))

NEXT
Rsq=1-(IJumSq/TSS)

!
I
I

i
I
I
I
I
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I
I
I
I
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PRINT " D "; u il{easC n' r Ptede il

FORn=1T(}m
PRINT USING "###.##"; D(n), lvlcasC(n)' hedC(n)
PRINT #2, USING t'####HF.###"; D(n), lvfuasc(n), PrredC(n)

NEXT
PRINT USING nil##ltll.ll#lt"; ISumSq, TSS, Rsq
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APPENDIX 7

' This program calculates outputC for given inputC and pdf. This is used for

numerical solution of transfer function model.

, units ng, m6; NOTE 100 nglmm*2 = | kgha and 1 ng/mm*3 = 1 ugnrl
' nn = number of flow paths exiting during drainage

' finite differcnce interval of pred. cum drainage assumed is deltal (mm)

nn = 26: deltal = 10

DIM cuml(nn + l), pro$(nn + 1), cumprob(nn + 1), inputC(nn), oulputC(nn)

PRINT " n ", " cuml ", " inputC ", " outputC', " plobd "

initialC = 42
'mu = 4.552
'sigma = 1.138
'pi = 3.14159
a = .00694
cuml(0) =-deltall2

FORn=lTOnn
READ inputC(n) 

I

'DATA
196,-15,-12,-8,-30,-20,0,0,-35,0,0,-25,-n,-8,'5,59.2,'60,-15,'92,0,'14,-14,-15,-l
0,0,-15,

NEXT

FORn=lTOnn
cuml(n) = cuml(n - l) + deltal
proM(n)= DG(-(I-OG(cumI(n))- mu) ^2t(2 * sigma * sigma))/(SQR(2

* pi) * sigma * cuml(n))
probd(n) = a * EXP(-cumI(n) * a)

cumprob(n) = cumprob(n - l) + deltal * probd(n)

PRINT USING "l#.ltlfltitltllt4'lt"; cuml(n), probd(n), cumprob(n)

NEXT

FORn=1TOnn
outputC(n) = initialC * (1 - cumprob(n))
FORm=lTOn

outputC(n) = outputc(n) + proM(m) * inputC(n + I - m)

NEXT
PRINT " "; tl, cuml(n), inputC(n), outpuC(n), probd(n)

NEXT

PRINT " cumprob=", cumprob(nn)
STOP

I
!

I

I
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