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Abstract 1 

Abstract 

Acidification caused by nitrate leaching is becoming an increasing concern in 

agricultural systems, particularly on deep sandy soils. To predict acidification in deep 

sands, the key question is whether changes to the cation-anion balance can be 

adequately modelled and monitored through time. In this study, a mechanistic 

modelling approach was used to investigate the transport of cations and nitrate under 

transient water flow conditions. Unsaturated flow was modelled using the Richards 

Equation and combined with the convection-dispersion equation (CDE) including 

cation selectivity terms to describe cation transport. The possibility of preferential flow 

was investigated by comparing output from the C D E with a modified form of the C D E 

referred to as the immobile-mobile model (MIM). 

A particular focus of this study was physical and chemical parameter measurement and 

estimation for water flow, solute transport and cation transport models. Laboratory 

measurements were performed on intact and repacked columns. Field measurements 

were performed in situ on deep ripped and unripped tillage treatments. A number of 

existing analytical hydraulic equations, as well as equations based on indirect relations 

for Australian soil, were compared. The subsequent effect of the different hydraulic 

equations, measurement techniques and farming treatment on the predicted water 

balance were compared with field measured data obtained by automated time domain 

reflectometry (TDR). 

For the deep sand investigated in this study, the laboratory and field h(0) data was best 

described by the van Genuchten model under the m=\-2ln restriction. However, all 

evaluated water retention models performed well, including a pedotransfer surrogate 

model which requires only % clay to determine the normalised h(0) relationship. The 

K(h) data measured in the near saturated range was less well described than the h(0) 

data. Improved description of the K(h) equations requires data in the drier range of the 

water retention curve which was not obtained here. 

As expected, saturated water content (0S) was affected by tillage and ripping treatments 

and increased as bulk density decreased. The air entry parameter (he) was found to be 

highly variable between replicates and showed no significant difference between the 

laboratory measurements, the ripped treatment and the unripped treatment. The slope of 
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the water retention curve was not affected by treatment or by repacking, thus laboratory 

data are adequate for determining the water retention properties of this sand after 

correcting for bulk density changes in a particular treatment. 

The total field root-zone water store under all treatments was equally well described by 

all the analytical hydraulic parameters investigated for use within the Richards equation. 

However, predicted changes to the water content of a particular layer depended on the 

specified hydraulic properties. The predicted deep drainage below the soil profile also 

varied significantly between hydraulic model forms and between model runs using 

parameters from different measurement techniques. 

Sensitivity analysis of the various hydraulic parameters on the predicted water balance 

revealed that, for these sandy soils, the model output is insensitive to the air entry 

parameter and therefore an average value could be used. Water balance output is only 

moderately sensitive to saturated hydraulic conductivity (Ks) and saturated water 

content (0S). In this environment, the sands rarely reach saturation under field drainage 

conditions so although 0S is sensitive in model descriptions of 0(h), it is less important 

for predicting the field water balance. Prediction of drainage or water content at a 

specific depth is particularly sensitive to the slope of the water retention curve and the 

residual water content. 

Solute transport parameters of dispersion, immobile water content and the exchange 

coefficient were determined for the C D E and M I M using breakthrough curves (BTC) 

fitted to the C D E and M I M , the single tracer technique and the sequential tracer 

technique. The dispersion coefficient was highly correlated to velocity (r2=0.67) and 

this relationship may be an adequate approximation for the cation transport models. It 

was estimated that 1 0 % of the water was immobile in the sands at the study site but the 

exchange between the two regions was rapid, resulting in a low degree of non-

equilibrium. The exchange coefficient determined from the sequential tracer method 

could not be validated by the M I M B T C fitted parameter due to the wide parameter 

9 5 % confidence interval. Although the M I M behaviour is minor and inconsistent in the 

Moora sand, the choice of model depends on the problem under consideration. For short 

column experiments, the C D E and M I M produce similar solute transport behaviour. 

However, for leaching below the root zone the M I M is recommended. 
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Selectivity coefficients and cation exchange isotherms for Ca-K, Ca-Na and Ca-Mg 

exchange were determined from a laboratory batch experiment, fitted to the Rothmund-

Kornfeld equations with the Gaines-Thomas convention. From the cation exchange 

isotherms, the calcium and magnesium will leach with the nitrate in this soil. The 

laboratory selectivity coefficients successfully described the field cation partitioning, 

particularly for magnesium. The selectivity coefficients enabled prediction of the 

magnesium transport in column experiments. However, for describing cation transport, 

the cation exchange capacity is the most sensitive parameter and over the three year 

time-frame of the field trial there was no observed acidification or cation depletion in 

the soil profile. In order for mechanistic models to be critically evaluated as tools to 

predict soil acidification it is essential that data be collected over longer time field trials. 
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1.1 Purpose of study 

During rainfall onto unsaturated soil, chemical species in solution typically underwent 

leaching under conditions of transient water and solute flows (Mansell et al. 1988). 

Interest in the leaching process was heightened by public concern about the quality of 

groundwater and increasingly, by an understanding among agricultural producers of the 

need to manage cropping systems to achieve long term resource sustainability (Smettem 

et al., 1994a). 

In Western Australia, rising water tables, secondary salinity and the spread of soil 

acidification are all of increasing concern (George et al., 1997; Dolling and Porter, 

1994). The problem of increased deep drainage and subsequent ground water rise in 

sandplain soils often resulted from low water holding capacity and a winter rainfall 

distribution where 60-80% of the rain fell over the M a y to October period (Anderson et 

al., 1998b). Deep drainage between 100 and 200 m m has been found in a sandplain soil 

over the winter period (Anderson et al., 1998b). 

With approximately 2 million hectares of deep sands currently being cropped, mainly 

with a 2 year lupin-cereal rotation, the leaching of fertiliser derived nitrate was of 

particular importance because it constitutes a direct economic loss to growers and m a y 

also lead to long term soil acidification (Ritchie, 1996). 

The sandplain soils of the W.A. wheatbelt had a generally low cation exchange 

capacity, particularly at depths greater than 0.1 m and therefore had a low p H buffer 

capacity (Dolling and Porter, 1994). Production on these soils focused on a 

wheat/legume rotation, where the legume phase provided an enhanced supply of 

inorganic N to the soil. Because leaching of nitrate also involved transport of an 

associated cation there was concern that acidification occurred due to sorption of 

hydrogen ions on sites previously occupied by other cations. 

As anions increase their concentration in the leachate, there would be an equivalent 

increase in cation concentration to maintain charge balance. The strong acid anions 

were S 0 2
4 , CI" and N03". Across the sandplain soils of the mediterranean agricultural 

region of Western Australia, N a + and CI" were in nearly equivalent concentrations in 

rainfall and leachate from the root-zone and so could initially be ignored Because 
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sulphate levels were generally low and mobility was strongly restricted in soils enriched 

with Al and Fe sesquioxides, it was the leaching of fertiliser N that was of particular 

importance for modifying the soil solution chemistry. 

From a practical perspective, it was estimated that 3.6 kg of lime was required to 

neutralise acidity when 1 kg of nitrogen entered or left the soil volume in the form of 

nitrate (Ritchie, 1996). This implied that without lime, H + displaced cations on the 

exchange sites that should produce an observable change to the sum of exchangeable 

bases (Bobbaetal., 1995). 

It was therefore of importance to be able to estimate both nitrate leaching and changes 

to soil solution chemistry that may arise from this leaching process. To achieve these 

aims required a combination of experimental measurement and modelling of the 

governing processes. As the use of models to predict the environmental and production 

consequences of chemical transport increase, so does the need for reliable data and 

efficient, accurate methods for measuring or estimating model parameters (Snow, 

1996). 

1.2 Modelling water and solute transport 

Over the last 50 years many researchers were interested in the problem of predicting 

water and solute transport under laboratory and field conditions. Different approaches 

had been developed depending on the perceived complexity of the system and available 

information. To look further into the types of models used, the review paper by 

Addiscott and Wagenet (1985) and subsequent updates by Jury and Scotter (1994) and 

Addiscott and Mirza (1998) were invaluable. Firstly, Addiscott and Wagenet (1985) 

separated the types of solute transport models into deterministic models, which had a 

unique outcome, and stochastic models, which had uncertain outputs. These were then 

separated into Analytical-Mechanistic-Deterministic, Numerical-Mechanistic-

Deterministic, Simple-Functional-Deterministic, Partially-Functional-Deterministic, 

Layer-Functional-Deterministic, Mechanistic-Stochastic and Non-mechanistic-

Stochastic. These were summarised in Fig. (1.1) in terms of the primary inputs, names 

of some of the developed models, their problems and uses. 
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The distinction between the deterministic and stochastic models was becoming 

increasingly blurred (Addiscott and Mirza, 1998). This indicated that the choice 

between models may be dependent on the scale of the solute transport problem 

(Addiscott and Mirza, 1998). Researchers realised that the field was neither in a steady-

state of water flux or so simple as to be a homogenous system. Soils could vary across 

landscapes in terms of both texture and depth and may also exhibit structures, which 

resulted in the preferential flow of water and chemicals. The uncertainty associated with 

the distribution of soil water content, both spatially and temporally raised particular 

problems in field modelling. 

Using simplistic models such as the deterministic-functional bucket model, does not 

allow an adequate description of transient transport processes for research purposes. 

Stochastic functional models such as the transfer function model (TFM) and streamtube 

model required more detailed information about the spatial distribution of hydraulic 

parameters, but were essentially steady-state models that were not coupled to an 

understanding of transient water flow dynamics. Therefore, we focused on the 

mechanistic-deterministic models of the convection-dispersion equation (CDE) and the 

Richards equation. 

The use of the CDE, an analytical-mechanistic-deterministic model, to describe solute 

transport was reviewed by many texts (Kirkham and Powers, 1972; Rose, 1977; Wild, 

1981; Smettem, 1986; Marshall et al., 1996). The C D E accounted for the effects of 

convective flow velocity, hydrodynamic dispersion, and molecular diffusion (Selim and 

Mansell, 1976). The C D E was successfully used to describe steady-state laboratory 

column experiments (Nielsen and Biggar, 1961; van Genuchten and Parker, 1984) and 

field experiments (Cameron and Wild, 1982). 

However, in some soils, surface applied solutes were observed to leach further than 

predicted using the C D E (Gaudet et al., 1977; Clothier et al., 1992). One approach to 

describe preferential flow was to modify the C D E and divide the soil into "immobile" 

and mobile regions termed the mobile-immobile model (MIM) (Coats and Smith, 1964; 

Parker and van Genuchten, 1984; van Genuchten and Wierenga, 1976). The mobile-

immobile model (MIM) had been applied to describe solute transport through many 

soils in which early breakthrough of tracers was also reported (van Genuchten and 
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Wierenga, 1976; Rao et al., 1979; Nkedi Kizza et al., 1983; Khan and Jury, 1990, D e 

Smedt and Wierenga, 1984; Bond and Wierenga, 1990). 

The CDE/MIM was also coupled with the Richards equation in order to describe 

transient water and solute transport processes. In this form it was classified as a 

Numerical-Mechanistic-Deterministic model (e.g. Verburg et al., 1997). The C D E and 

CDE-Riehards equation models were widely used for research purposes but care should 

be taken when using these models, which were rate driven but were validated on water 

content at a particular time (Addiscott and Wagenet, 1985). 

Cation transport could not easily be described by simple adsorption isotherms as 

multiple cations would compete for exchange sites. Therefore the cations' affinity for 

the soils was described by the cation exchange capacity (CEC) and the binary selectivity 

coefficients, which described the preference of one cation for the exchange sites over 

another cation. Coupled with the C D E / M I M , the binary selectivity coefficients were 

successful to describe cation transport (Valocchi et al., 1981; Selim et al., 1987; Schulin 

et al., 1989). 

To understand the dynamics of water flow and solute movement in situ at Moora, 

information about the water flow, and therefore the subsequent chemical movement, 

was required. The S W I M v l model based on the Richards equations was chosen to 

numerical solve the saturated-unsaturated flow codes in order to describe the transient 

water transport under cropping systems. The convective-dispersion equation (CDE) or 

M I M was chosen to describe the solute transport. Acidification processes may be 

monitored by changes in the soil and soil solution cation composition. 

Despite the enormous development in the mathematical description of water movement 

and solute leaching, using the Richards equation couple with the C D E , it was still 

extremely difficult to predict the leaching losses of root zone soil. The difficulty 

stemmed from: 1) Lack of information about the basic soil hydraulic properties 

(Clothier and Smettem, 1990); 2) Lack of information on the spatial and temporal 

variation of soil water content and solute concentration (Vogeler et al., 1996); and 3) 

Lack of information about the parameters that describe solute transport in situ (van 

Wesenbeeck and Kachanoski, 1995). 4) Lack of understanding of the sensitivity of 

predicted water balance to hydraulic parameters obtained from different hydraulic 

equations and measurement techniques (Wu et al., 1996) 
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1.3 Principle objectives of work 

The principal objectives were to investigate the field and laboratory scale processes of 

water and chemical transport in a deep sand. This required the parameterisation of ; 1) 

the Richards equation for water balance studies 2) solute transport model 3) cation 

transport by determining cation exchange and selectivity. Specific aims of which were 

as follows: 

1) To investigate the sensitivity of outputs from a water balance model based on 

Richard's equation to the choice of fitted soil hydraulic properties, choice of 

measurement techniques and the spatial and temporal variations. 

The h(0) and K(h) points could be measured in the laboratory and field under tillage 

treatment to determine the effect of measurement technique and spatial variation on the 

fitted hydraulic parameters. The effect of using different hydraulic equations to fit the 

laboratory data, including a surrogate estimation technique, could also be determined. 

The effect of the measurement variability, field variability and different hydraulic 

equations on the predicted water balance in the field on sands was not widely studied. 

B y studying the predicted water balance compared to field measured water balance w e 

m a y be able to indicate the best choice of measurement technique and hydraulic 

equation. The sensitivity of the predicted water balance to changes in the hydraulic 

parameters may also assist in determining the effect of field variability. It m a y also 

assist in the understanding the accuracy required for measurement or estimation of 

hydraulic parameters in sands. 

2) T o ascertain if it is necessary to consider immobile water when modelling solute 

transport in a deep sand. 

The non-equilibrium behaviour would be measured in this sand using a number of 

techniques. The C D E and M I M parameters measured and estimated by the different 

techniques will be compared to determine the choice of solute transport model for this 

sand. The ability to predict solute transport parameters for this sand using literature 
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relationship base on soil physical properties will be assessed. The sensitivity of the 

solute transport, or breakthrough curve, to the measured or predicted parameters m a y be 

assessed so that the factors that influence the choice of solute transport model for this 

soil could be determined. 

3) To model binary and ternary exchange processes in this soil as a precursor to 

describing soil acidification processes. 

The cation most likely to leach with the nitrate could be determined from laboratory 

experiments. The cation selectivity and cation exchange capacity, required for cation 

transport modelling, may be measured in the laboratory. These cation transport 

parameters could be tested to determine if they can predict laboratory cation transport in 

laboratory experiments. The sensitivity of cation transport to the variability of the cation 

and solute transport parameters may also be determined. 

The laboratory selectivity coefficients could be evaluated to determine whether they can 

be used to predict field multi-component cation soil-solution concentrations. The 

changes in cation concentrations in the field over the growing season, m a y determine 

the possible cation depletion, acidification and nitrate leaching from the soil profile. 
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Chapter 2 

Literature Review 

Parameterisation of the Richards equation 
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2.1 Introduction 

One dimensional water flow was described by the Richards equation (Eq. 2.1.1), which 

combined Darcy's law (Eq. 2.1.2) and a conservation of mass or energy law 

(Eq. 2.1.3) (Celia et al. 1990; Ross, 1990a). 

d0 d(dh ] ^ 
K — + cos^ ±<E> (2.1.1) dt dz 

where 6>is the volumetric water content (L3L~3), h is the soil water pressure head (L), K 

is the unsaturated hydraulic conductivity (L T"1), / is the time (T) and z is the spatial co

ordinate (L) , % is the angle between the flow direction and the vertical axis, O is the 

sink/source term (L3 L"3 T"1) which includes water uptake by plant roots. 

Darcy's Law described the movement of water due to a hydraulic gradient. 

a - K d H 

q - ~K ^ (2.1.2) 

Where q is the area flux (L T1), which is the volume flux, Q (L3 T1), divided by the 

area (L ). If we assume that gas pressure in the soil is always atmospheric (i.e. air can 

move freely) and that we are dealing with a rigid soil structure, H is given by the sum of 

the soil water pressure head, h (L) and the gravitational potential, z (L), which is equal 

to the elevation from some arbitrary reference level. 

The equation of continuity for a fluid of constant density expresses conservation of 

volume. For example, it balances the water going into the system and the water moving 

down the system. 

dd da 
— = —1 + <3> 
dt dz (2.1.3) 

From the Richards equation there were two basic hydrological characteristics of soil 

that should be defined before water movement can be modelled. These characteristics 

were the soil water pressure head - water content relationship [h(0}l described as the 

water retention curve, and the hydraulic conductivity - water content relationship [ m ] 

(Watson, 1966). n 
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2.2 In situ measurement of water content 

Soil water content measurement in the field called for a fast, reliable, routine and 

sufficiently accurate method to allow repetitive measurements at the same location 

(Roth et al., 1990; Zegelin et al., 1989). Damage to the field site by traditional coring-

based water content measurements prompted the need for non-destructive techniques 

such as Neutron Moderation, G a m m a Attenuation techniques and Time Domain 

Reflectometry (TDR). Both Neutron Moderation and G a m m a Attenuation methods used 

radiation, which involved shielding and calibration problems. However, the T D R was a 

useful non-destructive method for both field and laboratory measurements of water 

content. 

TDR related the water content of the soil to the travel time of a microwave electrical 

pulse that passed down a parallel transmission line. The time for the microwave pulse to 

travel a known length of transmission line, or down parallel waveguides, was 

determined by the apparent dielectric constant of the soil, Ka. The velocity of the pulse 

was affected by the material that surrounded the transmission line. Soil consists of air, 

mineral particles and water that have a large difference in dielectric constant, Ka of 1, 3, 

and 80 respectively (Topp et al., 1980). Therefore the velocity of the microwave pulse 

was very dependent on the water content of the soil. 

The velocity of the pulse was determined by the speed of light, c, and the apparent 

dielectric constant, Ka, Eq. (2.2.1) (Dalton and van Genuchten, 1986). The physical 

velocity of the pulse, VTDR, was measured by the time taken for the pulse to travel a 

known distance as per Eq. (2.2.2). 

vTDR = c/Ka
1/2 (2.2.1) 

VTDR = 2LTDR/tt (2.2.2) 

Therefore the two equations combined permitted the determination of the apparent 

dielectric constant, Ka, as 

2 

Ka = (ttc/2LTDR) 
(2.2.3) 
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Where Ka is the apparent dielectric constant, c is the speed of light (cm/n sec), LTDR is 

the length of waveguide (cm), tt is the transit time (n sec) = the time required for the 

pulse to travel in one direction along the waveguide. 

The Topp et al. (1980) equation related the water content, 0, to the Ka by a calibration 

curve which was fitted to a third degree polynomial passing through the point for pure 

water (81.5,1) (Topp et al., 1980). 

Ka = 3.03 + 9.30 0 + 146.0 0 2 - 76.7 03 (2-2.4) 

Eq. (2.2.4) was rearranged to give the water content,0, as 

0 = -5.3 x 10"2 + 2.92 xlO"2 Ka - 5.5 x 10"4 Ka2 + 4.3 x 10"6 Ka3 (2.2.5) 

Eq. (2.2.5) could determine water content from Ka measurements with good 

reproducibility, (the error is typically < 0.008) and relative independence of soil density, 

texture, salt concentration and temperature (Topp et al., 1980; Gregory et al., 1995; 

Roth et al., 1992; Zegelin et al., 1992). A hysteresis of the Ka - #relationship occurred 

at low water content, 0< 0.05, which was possibly caused by a non-uniform distribution 

of water (Topp et al., 1980). At low water content (<0.05) the Topp equation was not 

able to describe the data for the Western Australian soil, which was dominated by 

denser sand structure, suggesting that Ka may differ between soils requiring a separate 

water content calibration (Gregory et al., 1995). However, the error caused by this 

hysteresis at low water contents when using the Topp equation was only small (< 3.7% 

as Ka) (Zegelin et al., 1992). 

TDR probes were available as single wire, two wire or multi-wire transmission lines. 

The volume of soil the T D R was reading depends on the geometry of the probes and the 

position (Fig 2.1). The resolution of the T D R could be reduced with short probe lengths, 

long coaxial cables, or larger diameter cables (Zegelin et al., 1989). 

Signal and information loss could occur from the two-wire TDR probe as they are 

unbalanced compared to the coaxial cable that connect the probe to the T D R device. To 

balance the signal, the coaxial cable could be connected to an impedance matching 

transformer (balun) that balanced the output (Zegelin et al., 1989). However the balun 

itself could also be a source of unwanted noise that would cause difficulty in analysis 

the T D R signal (Zegelin et al., 1989). 
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A three-wire or multi-wire probe could emulate the coaxial cable transmission lines. 

This eliminated the necessity of a balanced transformer and reduced the spurious noise 

(Zegelin et al., 1989). Generally the three or multi-wire improved signal clarity 

compared to the two-wire without a balun. 

a) b) 

Fig. 2.1 Electric field of TDR probes with a) two wire b) three wires 

The T D R probes could be placed vertically or horizontally at various depths in an 

excavated pit. As the water content was averaged over the length of the probe the 

vertical probe water content was averaged over the depth of insertion, while the 

horizontal probe averaged the water content at a specific depth. 

Errors in the water content measurements found by Gregory et al. (1995) when using 

the T D R in a sandy soil included; instrument errors, inaccurate depth location of T D R 

probes, development of hole at tip of T D R probe, heterogeneity and possible air gaps 

around T D R probe. 

2.3 Theh-0 relationship 

2.3.1 Soil Moisture Curves 

Soil water retention curves (WRC) describe the relationship between the soil water 

content, 0, and the soil water pressure head, h. W R C data were relatively easy to 

measure in the laboratory and could be fitted to water retention models, such as Brooks 

and Corey (1964), Campbell (1974) and van Genuchten (1980), to give the hydraulic 

parameters required in numerical water balance models. The W R C parameters could 



Chapter 2. Literature Review - Parameterisation of the Richards equation 14 

also be used to calculate the hydraulic conductivity-soil water pressure head 

relationship. 

The soil water pressure head at a point may be negative or positive, but was always 

negative under unsaturated conditions. The term 'negative soil water pressure head' 

may be denoted by positive notation and this convention was adopted throughout to 

avoid any confusion in terminology. 

The soil water pressure head, h, (L) required to empty a capillary of radius, R, (L) was 

given by the Laplace capillarity Eq. (2.3.1) 

ft =2qcosft, ^ j ) 

PwgR 

At 20° C this simplifies to 

h = 5 ^ (2.3.2) 
R 

Where a is the surface tension, 0a the contact angle, pw the density of water, g is the 

gravitational acceleration constant and R is the equivalent pore radius (L). 

From the Laplace Eq. (2.3.2), it was evident that the number of pores in a particular size 

class determined the shape of the water retention curve. For example, sands had a 

majority of pores that were large enough to drain at low soil water pressure heads, 

whereas clays had a predominance of finer pores, which required high soil water 

pressure heads to be applied in order to remove the water. 

Hysteresis between the wetting and draining water retention curves may be observed 

due: (i) to a difference in the contact angle between the water and pore on drying and 

wetting, (ii) ink bottle effect, (iii) pore geometry variation in swelling soils. Hysteresis 

could occur at any stage of wetting or drying between saturation and air-dryness which 

could cause the curve to follow a different course between the two primary boundary 

curves. Even though there were recent developments in mathematical description of 

hysteresis, it was only sparingly included in field scale transport models (Nielsen et al., 

1986). Therefore, for field water flow modelling applications the hysteresis was ignored 

and a drying water retention curve was usually measured. 
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2.3.2 Water retention curve equations 

Empirical equations that describe the relation between the soil water pressure head and 

the water content of isothermic rigid soils, included the power function of Campbell 

(1974) and Brooks and Corey (1964) and the asymmetric sigmoidal curve of van 

Genuchten (1980). 

The Campbell equation (1974) described soil water retention curve by 

0 = 0, 

0 = 0, 

where h>h. 

where h <he 

(2.3.3a) 

(2.3.3b) 

where 0S is the saturated water content (L L" ) which is often taken as the soil porosity 

corrected for 5 to 1 0 % air entrapment or dissolved air (van Genuchten et al., 1991), he is 

the air entry point and X is the pore size distribution index, with 1//1 = b. 

When the water content does not become zero at large soil water pressure heads, a 

residual water term was often incorporated into the water retention equation. Residual 

water was specified as the water, which does not contribute to liquid flow because of 

blockage in the flow paths or strong adsorption onto the solid phase (Luckner et al., 

1989). Therefore a term for this residual water, 0T, was included in the Brooks and 

Corey equation (called B C in future) (1964). For the Campbell and B C equations the b 

parameter was used to describe the slope of the water retention curve. 

0 = 0r + {0S - 0r) 

Kh-J 

where h > hf (2.3.4a) 

0 = 0C where h < h( (2.3.4b) 

The Campbell and Brooks and Corey equations could overestimate the water content 

near saturation as they assumed that when h < ht the water content was always at 

saturation. This caused a discontinuity in the equation, as soil was not always at 

saturation below he, therefore 0 * 0S below he. van Genuchten (1980) overcame the 
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problem of this discontinuity by fitting the water retention curve to an empirical S-

shape, which was continuous from saturation to residual water content. 

0 = 0,+ (*. 

1 + 

- 9, ) 

n m 
where h > 0 (2.3.5a) 

0 = 0, where h = 0 (2.3.5b) 

where n is a slope parameter and m is a symmetry parameter and l/he is a scaling 

parameter, defined as the inflection point of the curve. The estimates of m=l-l/n 

(denoted as V G 1 hereafter), and m=l-2/n (denoted V G 2 hereafter), are often employed 

to constrain the number of fitted parameters without any great loss of accuracy (van 

Genuchten, 1980). 

The updated version of the computer program WIN-RETC (van Genuchten et al., 1991, 

1998) determined the parameters for the soil water retention curve equation based on 

the van Genuchten or Brooks and Corey soil water retention equations. R E T C 

(RETention Curve) fitted the data to the sigmoid, or logistic curve by the non-linear 

least squares algorithm of Marquardt (1963) (van Genuchten et al., 1991). 

2.3.3 Comparison of WRC models 

Both models generally described the water retention curves similarly at low water 

content, but large deviations occurred in the Brooks and Corey model as the water 

content approached saturation (van Genuchten, 1980; Jarvis and Messing, 1995; Mehta 

et al., 1994). Even with this inherent error, the simple Brooks and Corey model could 

describe a large number of soils over the available water content range that was of 

interest to researchers studying the water balance of dryland agricultural enterprises. 

An advantage of this simplicity was that the slope of the Brooks and Corey pore size 

distribution index could be estimated from soil survey data (Smettem et al., 1994a). The 

addition of more parameters, such as the van Genuchten equation (2.3.5a,b), may 

improve the fit of the water retention curve. (Smettem and Gregory, 1996) but may not 

always be required. 
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In macroporous soil, additional water retention parameters may be required to 

characterise the macroporosity. The soil was considered as comprising of two regions 

with different hydraulic properties. Zhang and van Genuchten (1994) altered the 

existing water retention curve and hydraulic conductivity models to adapt for two 

regions. Ross and Smettem (1993) looked at the pore size distribution and summed two 

overlapping distributions for these two region soils. "If macroporosity is variable in 

space and time then the additional function should be capable of reflecting these 

changes" (Ross and Smettem, 1993). 

2.3.4 Estimating water retention curve parameters from soil texture 

Measuring water retention curves may be costly and time consuming. Cost could be 

reduced by estimation of the water retention and hydraulic conductivity from readily 

measured properties that were often routinely available in soil surveys. These included 

particle size analysis, determination of clay content, bulk density and possibly a field 

soil water pressure head-water content point. The indirect methods that determined the 

hydraulic properties for field data include regression- based approaches (Gupta and 

Larson, 1979; Rawls et al., 1982; Saxton et al., 1986 and Vereecken et al., 1989) and 

physico-empirical models (Ayra and Paris, 1981; Haverkamp and Parlange, 1986; 

Smettem et al. 1994a; Smettem and Gregory, 1996; Smettem et al., 1999). Physico-

empirical models were computationally more efficient than regression-based 

approaches (Haverkamp et al.,1989). Therefore this study will be focused on the 

physico-empirical models or pedo-transfer function models (PTF) of Smettem et al. 

(1994a); Smettem et al. (1999) and Smettem and Bristow, (1999) which were applicable 

to a wide range of Australian soils. 

The basis of the physico-empirical model was that the power function particle size 

model (either on a particle number or particle mass base) had a similar shape to the 

Brooks and Corey (1964) and Campbell (1974) water retention curves (Arya and Paris, 

1981; Haverkamp and Parlange, 1986; W u et al., 1990, Smettem et al., 1994a). 

Arya and Paris (1981) suggested equations to determine the full water retention curve 

from the particle number size distribution. The size fraction radius was used to 

determine pore radius, and from the equation of capillarity (Eq. 2.3.2) h was 

determined. The water content was estimated from the mass fraction, density and void 

space. This method determined the water retention curve but required time and effort. 
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The approach of Smettem et al. (1994a, 1999) was based on similarity of shape in the 

water retention curve and particle size distribution suggested by Haverkamp and 

Parlange (1986). The slope of the cumulative mass particle size distribution on a log-

log scale was equated to the water retention curve slope denoted by the Brooks and 

Corey X parameter. A single point on the water retention curve could be used to scale 

the two curves, or the scaling parameter could be estimated from simple equations 

(Smettem et al., 1999). 

The Campbell model (Eqs. 2.3.3ab) water retention curves (WRC) and particle size 

distribution (PSD) model were compared based on the assumption that there was a 

shape similarity of the P S D and W R C . 

Q ( h \~AwRC ( D \
XpsD 

0. Kh°; V 1 J (2.3.6) 

where /Iwrc is the Brooks and Corey pore size distribution index and /lpsd, is the slope of 

the particle size distribution curve. 

Smettem et al. (1994a) showed that the slope, ApSd, and the clay fraction were related by 

an expression in terms of log % clay. 

XPSD = -0.334 log %clay + 0.667 (2.3.7) 

Therefore, only the clay mass fraction was required to generate the particle size 

distribution index, but a similar relation could also have been determined from % silt 

and clay (Smettem et al., 1994a). 

Smettem et al. (1999) showed that for a number of Australian and New Zealand data 

sets containing water retention and particle size information, X^K does not scale exactly 

to /lpsd obtained from Eq. (2.3.7). Reasonable estimates were obtained when the 

parameters in Eq. (2.3.7) were adjusted to 

Kmc = -0-25 log %clay + 0.5 (2.3.8) 
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Air entry, he, could be estimated from the Brooks and Corey equation knowing a point 

on the water retention curve, h(0) and 0S if X^rc was known, (or adequately estimated 

from /lpSd,) by the following equations (Smettem et al., 1999) 

he = exp[(ln 0 - In 0S + XWRC In h) I XWRC] (2.3.9) 

If a WRC point was not available then he was approximated from particle size 

(Campbell, 1985) so that (Smettem et al., 1994a) 

he = 4.35 X^RC (2.3.10) 

The PTF (Smettem et al., 1999) predicted hydraulic parameters could be compared to 

the measured hydraulic parameters. 

2.4 T h e K (h) Relationship 

2.4.1 Introduction 

The hydraulic conductivity-water content, K (0) or pressure, K (h) relationship was 

probably the most important parameter affecting water and solute movement in the 

vadose zone (van Genuchten and Leij, 1989). Lab and field measurements of K (h) or K 

(0) points from saturation to 150 m was difficult and time consuming. Field variability, 

both spatial and temporal, would increase cost due to the number of samples required to 

obtain a reasonable estimate. Predictive techniques which obtain the hydraulic 

conductivity from more easily measured soil water retention data (Burdine, 1953; 

Mualem, 1976) may overcome some of these difficulties. 

However, these predictive models used a relative hydraulic conductivity functional 

relation with a measured hydraulic conductivity as a scaling point. Lab and field K(h) 

points at and near saturation were becoming easier to measure with techniques like the 

disc permeameter. These points could be used to improve the fit of the K (h) curve and 

to compare predicted K (h) values. 
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In general, water balance models based on the Richards equation, e.g. S W I M (Ross, 

1990b) specified the K (h) relationship using a statistical pore radius distribution 

function model derived from water retention parameters using measured water retention 

points (Zhang and van Genuchten, 1994). The water retention and hydraulic 

conductivity functions of Brooks and Corey (1964), smoothed Campbell (1974) and van 

Genuchten - Burdine or van Genuchten - Mualem (1980) may be used to calculate 

relative K (h) relationships (KT = K/Ksal) from W R C parameters. All assumed slightly 

different arrangements of the porous structure and tortuosity. 

2.4.2 Determining the hydraulic conductivity from water retention curves 

Water retention curves could be used to indirectly determine the hydraulic conductivity 

from simple exponential or power function models, (Gardner, 1958; Brooks and Corey, 

1964), or those based on pore size distributions with a statistical interaction term 

(Burdine 1953; Mualem, 1976; van Genuchten, 1980). A detailed description of the 

Mualem and Burdine derivations was found in van Genuchten (1980). 

To allow ease of comparison between the models, the following dimensionless variables 

were introduced 

& ~ *') (2.4.1) 

Ks (2.4.2) 

K, 

where 0 is the dimensionless water content, K is the unsaturated hydraulic conductivity 

at a specified soil water pressure, Kr is the relative hydraulic conductivity, Ks is the 

saturated hydraulic conductivity. 

Brooks and Corey (1964) and Campbell (1974) provided simple forms of the hydraulic 

conductivity function that differed only by the addition of a residual water content 

parameter in the Brooks and Corey model. Therefore the hydraulic functions were 

identical for K (h) but differed slightly for K (0). The K (h) form was 

K, = A 
h< he (2.4.3) 
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Kr{h) = 
f h r* 

^ 

/ \-2-V 
f h ^ •" 

vftv 
h> he (2.4.4) 

The K(0) forms were 

Campbell (1974) 

KM = 
Brooks and Corey (1964) 

^ _ 0 V / 

V s J 
h>h» 

Kr(0)= (S)n h>he 

where 77 is the hydraulic conductivity power function parameter, rj = 2b+3 

(2.4.5) 

(2.4.6) 

For water balance modelling in the S W I M model (Ross, 1990b) the discontinuity of the 

Campbell equation near saturation was overcome by a quadratic smoothing function. 

*,4-atf hi>h> 0 , (2.4.7) 

where h = hea
h, C=(l-a)/hi a = 2b/(l+b) 

Mualem described a model where the pore size distribution and pore connectivity were 

important factors affecting the hydraulic parameters. The pore connectivity, /, was 

found to be 0.5 for many soils (Mualem, 1976). 

Kr{0) = ®" e, 

\ 

rdd 

h 

(2.4.8) 

Eq. (2.4.8) became the closed form equation of the van Genuchten model (1980) in 

terms of water content, (Eq. 2.4.9), and hydraulic pressure (Eq. 2.4.10), when simple 

restrictions were applied. 

Kr(0) = ©' 
c V 
1 - e/m 

(2.4.9) 

file:///-2-V
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Kr(h) = 
[1 + (ah)n}% 

(2.4.10) 

where m = l-(l/n) 

When the Mualem model was applied to the Brooks and Corey equation 

Kr(&) = (ey 
(2.4.11) 

2-5^ 
Kf(/i) = (ah)" /2 (2.4.12) 

where 77 = (2/mnj + 2.5, and the Brooks and Corey pore size distribution index, X, is 

approximately equal to mn . 

Burdine (1953) derived the hydraulic conductivity function from the measured pressure 

head-water content curve. 

Kr{0)=®" 

rd0 

0 n 

°cd0_ 
(2.4.13) 

which became the closed form van Genuchten equation (1980) in terms of water content 

(Eq. 2.4.14) and in terms of hydraulic head (Eq. 2.4.15) under the Burdine restriction 

Kr(e) = e 2 1 - 0' 
1/ N* 

(71 

Kr(h) = 
-M-2[(i+M")]j 

UwT 

(2.3.14) 

(2.4.15) 

where m = 1- (2/nJ 

The Brooks and Corey model using the Burdine theory gave 



Chapter 2. Literature Review - Parameterisation of the Richards equation 23 

K,(e) = (0)3 + ^ (2.4.16) 

Kr(h) = (ah)-
2'3" (2.4.17) 

From all the K (h) equations the gradient for the log K vs Log h was related to b or mn. 

The above mentioned hydraulic conductivity models yielded relative hydraulic 

conductivity curves where one of the key requirements was to obtain an appropriate 

matching point for scaling the K (h) or K (0) relation (Clothier and Smettem, 1990). The 

saturated hydraulic conductivity was usually used as a scaling point (Brooks and Corey, 

1964; van Genuchten, 1980) but this was questioned for structured soils as they often 

exhibit a distinct 'knee' in the log K-h relation near saturation (Reynolds and Elrick, 

1991; Smettem et al., 1991; Mohanty et al, 1997). Clothier and Smettem (1990) 

observed a similarly dramatic change in the slope of the log K-h relation near saturation 

in a sandy soil. In their case, the soil was in an orchard and not subjected to tillage, so 

faunal macrostructure could have developed. The literature nevertheless pointed to the 

need to measure K at and near saturation in order to obtain an appropriate matching 

point and provide additional data to discriminate the most appropriate model form. 

Fortunately, rapid in situ methods for measuring the hydraulic conductivity at and near 

saturation were developed in recent years. These included the disc permeameter 

(Perroux and White, 1988), sprinkler infiltrometer (Ross and Bridge, 1985), borehole 

permeameter (Talsma, 1987) and ponded ring infiltrometer, with analysis for three-

dimensional flow (Reynolds and Elrick, 1990). Other methods that are more time 

consuming and cumbersome, but provide more points on the K (h) curve included the 

instantaneous profile (Hillel et al., 1972) and crust (Bouma et al., 1983) methods. 

2.4.3 Hydraulic conductivity from infiltration measurements 

Although the Richards equation was solved numerically in water balance models, it was 

necessary to briefly examine the process of infiltration analytically for defined initial 

and boundary conditions. From this analysis, various measurement techniques for 

estimating soil hydraulic properties were derived. It was convenient to commence by 

considering one-dimensional ponded infiltration into an isothermal, non-swelling, 

homogenous soil with a uniform initial water content distribution. 
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The depth the water has infiltrated, / (L), could easily be determined from the change in 

water content with depth (Eq. 2.4.18). 

» = J (0 - 0,)fe (2.4.18) 

Philip (1957) used a time series to calculate the sorptivity, S0, and hydraulic 

conductivity from measurement of the cumulative infiltration with time. 

i = sn/
2 + At + A,/2 + A3t

2.... (2.4.19) 

All terms beyond the first and second were considered to make a negligible contribution 

and are therefore usually ignored. 

The infiltration rate , / (L T1) was 

/ = SlL (2.4.20) 
dt 

Therefore Eq (2.4.19) became 

I=is 0t~%+A (2.4.21) 
2 ° 

where i is the cumulative infiltration (L), / is the infiltration rate (L T"1), S0 is the 
11") 

sorptivity (L T" ), t is time (T) and A\ and Ai are coefficients which are a function of 

water content A\= i-Kt., as t -» °° the equation must fail as i = K0 (Parlange et al., 

1982). 

The sorptivity could be determined from the "early time" infiltration behaviour. The 

sorptivity was usually calculated as the gradient of the initial linear section of the 

cumulative infiltration versus square root of time graph. For three-dimensional flow 

away from a circular disc source, an improvement to the "early time" equations was 

made by the addition of a second term to account for the lateral capillary effect 

(Smettem et al., 1994b). 

/' = SJA + ys20 
r(00 ~ 0n) 

t + At (2.4.22) 
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where r is the disc radius (L), 0„ refers to the initial water content, 0O is the final water 

content at the supply surface and yis a constant which equals 0.75. 

In one-dimension at saturation, the capillary forces were negligible and gravity became 

the major flow component, therefore the sorptivity reduced to 0 and the infiltration rate, 

/, equalled A, where from Darcy's L a w (Eq. 2.1.2) 

A = - 5 - = -K — (2.4.23) 
nr* dz 

where Q is the steady volume flow rate (L T~ ) from a disc of radius r. 

The constant rate sprinkler method (Zeglin and White, 1982; Ross and Bridge, 1985; 

Broadbridge and White, 1988) was the limiting case of Darcy's L a w (Eq. 2.1.2), which 

could be used to determine the unsaturated hydraulic conductivity. The sprinkler water 

supply rate was akin to a flux rate and the hydraulic gradient, determined from 

tensiometers at two depths, could be used to calculate the unsaturated hydraulic 

conductivity. Water content could be easily measured using T D R and the soil water 

pressure head by tensiometers so that the hydraulic conductivity water-content and 

hydraulic conductivity-soil water pressure head relationships could be measured. 

2.4.3.1 Hydraulic conductivity relationships for three-dimensional flow away from 

a surface disc source 

For three-dimensional applications, the hydraulic conductivity function was often 

described by the empirical Gardner (1958) equation 

K(h)=Ksexv{ash) (2.4.24) 

Gardner (1958) also introduced the matric flux potential 

</>m=JK(h)dh (2.4.25) 
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where ^ is the rnatric flux potential, and a is slope of the \r\K vs h curve, a, also 

describes the texture/structure component of capillarity (Reynolds and Elrick, 1990). 

Perroux and White (1988) expressed the exponential model for soil hydraulic 

conductivity as 

f h \ 
K{h) = Ksexp — 

(2.4.26) 

The macroscopic capillary length scale, Xc was equivalent to the wetting front pressure 

or the effective capillary drive in the Green-Ampt model of infiltration (Morel-Seytoux 

and Khanji, 1974; Nachabe, 1996). Philip (1986) claimed that any analytical solution 

for hydraulic conductivity should conserve the macroscopic capillary length for 

accurate prediction of steady infiltration rate. For ponded infiltration the macroscopic 

capillary length could be represented as (White and Sully, 1987) 

A„ = a 1 _ <Pn 

Ks K> (2.4.27) 

For field soils at or below field capacity, K\ can be neglected. 

White and Sully (1987) also showed that the macroscopic capillary length could be 

determined from sorptivity and hydraulic conductivity where 

I - JSQ2 

C~W^M0
 (2A28) 

where j is a constant, usually 0.55, which is a function of the shape of the soil-water 

diffusivity function (White and Sully, 1987), 0O = 0 (h0) the surface water content 

imposed by h0 , and 0n = 0 (hn) is the initial soil water content. 

Therefore the rnatric flux potential was determined from sorptivity where 

, = bS°2 
(0o-6n) (2.4.29) 

Philip (1987) related Xc to a characteristic pore radius, /L„, 



Chapter 2. Literature Review - Parameterisation of the Richards equation 27 

K-^- (2-4.30) 

where cris the surface tension, pw is the density of water and g is the acceleration due to 

gravity. Am is weighted towards the wet end pressure head range and has been described 

as a flow-weighted "mean" pore size which is indicative of soil structure (White and 

Sully, 1987). 

2.4.3.2 Saturated flow out of an inserted ring 

Wooding's (1968) equation for saturated steady flow from a shallow pond was 

expanded to include a shape factor (Eq 2.4.31) (Reynolds and Elrick, 1990). The shape 

factor accounts for the fact that the water does not just flow directly down due to gravity 

but spreads from a circular source depending on the radius of the ring, r, and the depth 

the ring was inserted into the soil, dp (Eq. 2.4.32) (Reynolds and Elrick, 1990). 

Os = -^ (KSH + * J + nr2Ks 
Ge (2.4.31) 

Where Ge is the dimensionless shape factor, H is the height of the ponded head, r is the 

radius of ring. This equation simplifies to Wooding's solution when H -df=Q and Ge 

=0.25 for a ring on the surface (i.e. not pushed into the ground), fa could be calculated 

from sorptivity at early times before the wetting front penetrates beyond the depth of ring 

emplacement using Eq. (2.4.29). 

When #»0.05 m, 0.05 m< r <0.1 m and 0.03 m< dp <0.05 m then Ge was estimated 

using Eq (2.3.32) 

GP = 0.3169-^ 

V r J 

+ 0.184 (2.4.32) 

For these equations to work there must be no ponding of water outside the ring 

(Reynolds and Elrick, 1990). Ge was found to be nearly independent of soil hydraulic 

properties and was developed to apply over a wide range of soil types (Reynolds and 

Elrick, 1990). 
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A solution that used simultaneous equations could also be applied if two ponding depths 

were used (Reynolds and Elrick, 1990). 

2.4.3.3 Unsaturated flow out of an unconfined ring 

Unconfined unsaturated steady state infiltration from a circular source of radius r, was 

most commonly described by Wooding's (1968) Eq. 2.4.33 (Philip, 1986; Smettem and 

Clothier, 1989; Elrick et al., 1990; Ankeny et al., 1991). 

Q 
= AK + 7lf 

4/lc 
1 + —-m (2.4.33) 

where r is the disc radius (L), AK is the difference in hydraulic conductivity, at initial 

and supply potential and Ac is the macroscopic capillary length scale (L). 

Eq. (2.4.33) contains two unknowns but White and Sully (1987) defined the capillary 

length scale (and therefore the rnatric flux potential) from the sorptivity term which was 

easily measured from disc permeameter data. Assuming that in most field cases AK = K, 

and by substituting Eq. (2.4.28) into Eq. (2.4.33) and r/Ac «2 then 

(2.2S 2^ Q =K + 
7TT2 m2A0 (2.4.34) 

The hydraulic conductivity and sorptivity were then determined from observing steady 

flow from a disc permeameter (Cook and Broeren, 1994). Simultaneous equations of 

Eq. (2.4.33) with discs of different radii or different supply potentials could also be used 

to define K and S0 (Scotter et al., 1982, Cook and Broeren, 1994). Smettem and Clothier 

(1989) determined Sa and K from three or more disc radius with a linear regression of 

Q/nr2 against 1/r2. Different supply potentials could also be used for this regression 

approach (Ankeny et al, 1991). 

2.4.4 Comparison of models 

Measured K (h) and predicted K (h) were compared with the Brooks and Corey WRC 

equation by Brust et al. (1968), Talsma, (1987) and Yates et al.(1992). In coarse 

textured soils, these studies found that the Brooks and Corey (1964) was a fairly 

accurate predictor of * (/*). However, few studies, except Nandagiri and Prasad, (1996) 
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and Stephens and Rehfeldt (1985), compared estimates of K (h) for the van Genuchten 

W R C model against field measurements of K (h). Stephens and Rehfeldt (1985) noted 

that a good visual fit of the Burdine or Mualem model to measured h (0) data does not 

guarantee an accurate prediction of the K (h) relation over the entire range of field 

conditions. Nandagir and Prasad (1996) found that in a sandy loam soil the van 

Genuchten estimates, under the Mualem restriction, were close to field measured points 

whereas the B C estimates of K were one order of magnitude higher than measured in 

the wetter range. The reliability of using W R C parameters to predict K (h) depended on 

reasonable estimates of 0S and 0r (for V G model) and adequate h (0) data (Stephens and 

Rehfeldt, 1985). 

The prediction of the K (h) relationship by statistical packages such as RETC (van 

Genuchten et al., 1991, 1998) could be improved by adding measured K (h) points to 

the W R C data to calculate hydraulic parameters using non-linear least squares methods, 

but this could decrease the fit of the h (0) curves to the W R C data (Yates et al., 1992). 

The relative ease of obtaining W R C data, made these theoretical models the most 

popular choice to determine K (h). The W R C could also be estimated indirectly from 

soil textural properties, and hence, these estimated W R C parameters could also be used 

to estimate the K (h) curves with an accuracy that may be sufficient for field use 

(Nielsen et al., 1986). 

2.5 Farming treatments and field variability 

Primary tillage practices such as deep ripping and board plowing were known to disturb 

the soil surface and cause large changes in soil properties. Tillage practices generally 

decreased bulk density, increased soil porosity and subsequently change the soil 

hydraulic properties (Ahuja et al., 1998). Unfortunately, these changes were not 

permanent as the natural reconsolidation process that occurred during wetting and 

drying cycles may revert the soil hydraulic properties to the original over time (Mapa et 

al., 1986). 

The effect of tillage mostly occurred at the soil water pressures less than 3 m (Mapa et 

al., 1986). A decrease in the air entry due to tillage induced bulk density decrease was 
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commonly found (Gupta and Larson, 1979). However, Powers et al. (1992) and Ahuja 

et al., (1998) found no significant change in air entry due to tillage. The measurement 

error in air entry may be responsible for the different responses to tillage. W h e n soil 

cores were packed to different bulk density in the laboratory, the slope of the water 

retention curve "b" (which is 1/A-) decreased with decreased bulk density. Field results 

also showed a decrease in b (or increase in X) with tillage (Mapa et al., 1986; Powers et 

al., 1992; Ahuja et al., 1998). 

Unfortunately the K(h) function was known to be spatially variable and hysteretic, but it 

also may not be constant in time (Angulo-Jaramillo et al., 1997). Water balance models 

usually assumed the K(h) relationship was temporally constant, but tillage could alter 

the soil structure and therefore the hydraulic properties over time (Messing and Jarvis, 

1993; Somaratne and Smettem, 1993; Mohanty et al., 1994; Angulo-Jaramillo et al., 

1997). The disc permeameter and ponded ring infiltrometer was used to determine the 

temporal effects on saturated and unsaturated K (Somaratne and Smettem, 1993; 

Angulo-Jaramillo et al., 1997). 

Saturated hydraulic conductivity had the greatest coefficient of variation (Mohanty et 

al., 1994). This may be due to tillage, plant roots, preferred pathways and raindrop 

impact influenced the larger macropores to a greater extent than the meso and 

micropores. The hydraulic conductivity was found to be more variable in time than 

space (Messing and Jarvis, 1993). 

The variability of hydraulic conductivity could be described by both a log normal 

distribution function (Mohanty et al., 1994; Vauclin et al., 1994) and a normal 

distribution function (Mallants et al., 1997). Unfortunately, to determine the best 

distribution function, several hundred measurements may be required (Vauclin et al. 

1994). 

To model field scale water and solute transport, the variability in hydraulic properties 

may be accounted for by using a scaling parameter to relate the Kr to the mean 

hydraulic conductivity (Km) (Mallants et al., 1997). For example 

Kr = Km Sf2 (2.5.1) 

where SF is a set of scale factors applicable to a specific field site. 
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2.6 Application of field and laboratory measured hydraulic 

measurements to water balance modelling. 

The success of physically-based modelling of water flow in the unsaturated zone based 

on the Richards equations may rely on the availability of accurate data to describe the 

soil water retention relation, 0(h), and the unsaturated hydraulic conductivity relation, 

K(h) or £(0XMallants et al. 1997). Data acquisition could be laborious because of the 

non-linear nature of the hydraulic properties and the extreme spatial and temporal 

heterogeneity encountered in the field (Simunek, 1998). The lack of field-scale data 

remained a major limitation to the successful application of physically based models 

(Mallants et al., 1997). 

Field in situ measurement of hydraulic parameters, by instantaneous profile methods, 

was generally preferred (Marion et al., 1994). However in situ measurements were often 

limited by their narrow measurement range and low spatial and temporal resolution 

(Tseng and Jury, 1993). Therefore many researchers obtained the hydraulic parameters 

from laboratory data or from indirect methods such as pedo-transfer functions, which 

are often based on laboratory h(0) and K(h) data. This raises the question as to the 

ability of parameters derived from laboratory based experiments to describe the field 

water balance. 

There are a number of reported reasons for differences between laboratory and field 

0(h) and K(h) data including: 1) sample disturbance, cores extracted from sandy soils 

may be prone to disturbance during handing and transport (Field et al., 1985; Pachepsky 

et al., 2001); 2) field variability (Field et al., 1985); 3) methodological limitations for 

example points, poor depth resolution had been reported for the neutron probe (Parkes 

and Waters, 1980); 4) scale effects related to sample size (Bork and Diekriigger, 1990). 

For one particular fine sandy soil, Wu et al. (1996) measured both the 0(h) and K(h) 

function using a variety of techniques. They found that the water retention curve ( W R C ) 

was consistently reproduced by a range of laboratory and field measurements which 

included: laboratory measurement of 0(h); estimation from particle size using the Rawls 

et al. (1982) method and the instantaneous profile method. However, differences were 

found in the K(h) curve obtained from the laboratory and field techniques. This problem 

was also reported by Paige and Hiller (1993). 
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Mallants et al. (1997) reported variations in mean soil hydraulic properties obtained 

from three different laboratory measurement techniques. These authors also used 

undisturbed field cores to measure hydraulic parameters by unsteady drainage flux 

experiments, a combined crust test and hot air method and desorption experiments. The 

application of scaling theory to the data obtained by each method revealed scaling 

parameters that differed between each measurement technique and also differed 

between 0(h) and K(h). 

Marion et al. (1994) compared the hydraulic properties measured by three field methods 

and three laboratory methods. The methods included: 1) the instantaneous profile 

method, 2) The Libardi method, 3) Non-linear optimisation, 4) an inverse method fitted 

to multi-step column experiments, 5) a least squares fit of multi-step outflow 

experiments and 6) the Arya and Paris particle size distribution model. Marion et al. 

(1994) considered the results from the instantaneous profile method held the most 

validity. However, the laboratory multi-step outflow method also produced feasible h(0) 

curves. 

The effect of using different methods to obtain soil hydraulic parameters for model 

water balance predictions was been the subject of several studies ( W u et al., 1996; 

Mallants et al., 1997; Mallants et al., 1998; Hart et al., 1994; Marion et al.,1994). W u et 

al. (1996) found the parameters obtained from the instantaneous profile method using 

both 0(h) and K(h) provided the closest approximation to T D R measured total water in 

the soil profile to 1.5 m. However, none of the investigated parameter sets gave a good 

simulation of water content changes at 0.20 m depth. 

Wosten et al. (1990) investigated the effect of measurement scale on the soil water 

balance by comparison with the neutron probe readings at 0.50 m depth. Not 

surprisingly, it was found that parameters measured directly gave better prediction of 

the measured water content than field averaged data on a regional scale, field averaged 

data on a national scale and data estimations obtained indirectly from basic soil 

properties. 

The sensitivity of the water balance model to changes in the hydraulic parameters was 

not widely studied. W u et al. (1996) tested the sensitivity of the water balance model 

R Z W Q M to the specified hydraulic parameters. In Zimmerman fine sand, the model 
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was more sensitive to changes in the van Genuchten Slope (n) than the air entry 

parameter (he). 

Modelling may be useful for hypothesis testing and for helping to understand the 

physics of a system but was important to remember that model prediction included 

uncertainty of both the physical model design and model parameters (Abbaspour et al., 

1997). In order to progress to modelling chemical transport it was therefore important to 

minimise both sources of uncertainty in the underlying water balance model. Variability 

in hydraulic parameters can result from temporal, spatial and measurement and/or 

estimation technique. It was therefore important to understand the sensitivity of the 

modelled water balance to the variability in hydraulic parameters in order to determine 

the effect on the predicted water balance. 

2.7 Conclusions 

The characterisation of the h(0) in terms of empirical models had received much 

attention (Brooks and Corey, 1964; Campbell, 1974; van Genuchten, 1980) because 

such models give great efficiency to the numerical methods used to solve the Richards 

equation. The common model forms for the h(0) relationship which could be used to fit 

the measured W R C data include the Campbell (1974), Brooks and Corey (BC) (1964) 

and the van Genuchten (1980) under restrictions of m=l-(l/n) (VG1) or m=l-(2/n) 

(VG2). Instead of measuring the full W R C , the parameters may be predicted from % 

clay using the PTF of Smettem et al. (1999), which was based on the Campbell 

equation. The difference between the models include a residual water content term in 

the B C , V G 1 and V G 2 , and the description of the slope of the water retention curve (b 

or m, n). Generally it was found that the Campbell model had the largest deviations 

from the measured W R C particularly near saturation. However, the Campbell model 

was the simplest form that was often used for PTF's. 

The hydraulic conductivity-soil water pressure, K (h), was generally acknowledged to 

be the most difficult parameter to obtain. The problem of measurement was confounded 

by the expense of measurement and by the number of observations required to obtain a 

reasonable estimate for a site, due to field variability. These difficulties have led to the 
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development of predictive techniques for obtaining the hydraulic conductivity from 

more easily measured water retention data (Burdine, 1953; Mualem, 1976; van 

Genuchten, 1980). Although a good fit of the h(0) curve does not guarantee an accurate 

prediction of the K(h) curve (Stephens and Rehfeldt, 1985), the addition of K data when 

fitting the h(0) data using R E T C may improve the K(h) fit (Yates et al.,1992). Again, 

few researchers except Nandagiri and Prasad (1996) have compared the effect of the 

different models on the predicted K(h) curve. 

As the K(h) models produced a relative hydraulic conductivity, a matching point to 

scale the K(h) curve was required. Unfortunately the Ks, which has traditionally been 

used, may not be a good matching point due to the variability of Ks and inclusion of 

macropore flow. The use of unsaturated hydraulic conductivity measured by the disc 

permeameter may over come this problem. 

Both the h(0) and K(h) relationship are temporally and spatially variable particularly 

with tillage treatment. The saturated water content and saturated hydraulic conductivity 

have the greatest variability. Scaling factors may be used to describe this variability, so 

that an average h(0) and K(h) relationship could be used. Tillage may possibly affect the 

hydraulic properties as it changes the pore size distribution. The effect of tillage was 

variable (Gupta and Larson, 1979; Mapa et al., 1986; Powers et al., 1992; Ahuja et al, 

1998) but this may be caused by measurement errors and field variability. The effects of 

tillage were not permanent, as natural reconsolidation during wetting and drying cycles 

may revert the soil hydraulic properties to the original over time (Mapa et al., 1986). 

Due to the cost involved with measuring hydraulic properties in situ, alternative 

methods to obtain them using soil survey information were becoming increasingly 

popular, particularly for broad scale and remote sensing projects. Progress has been 

made to describe the soil hydraulic properties h (0) and K (0) in situ from soil texture 

information. The indirect methods to determine the hydraulic properties for field data 

included regression-based approaches (Gupta and Larson, 1979; Rawls et al., 1982; 

Saxton et al., 1986; Vereecken, 1989) and physico-empirical models (Ayra and Paris, 

1981; Haverkamp and Parlange, 1986; Smettem et al., 1994a; Smettem and Gregory, 

1996; Smettem et al., 1999; Smettem and Bristow, 1999). 

The sensitivity of the water balance model to changes in the hydraulic parameters was 

not widely studied (Wu et al., 1996). For field studies, the choice of measurement 
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technique and the accuracy required when determining the hydraulic parameter was of 

particular importance, especially when designing an experiment to determine the impact 

of local variability or tillage treatment effects on the soil water balance. 

Because of the a priori uncertainty in the choice of the most appropriate h (0) and K (h) 

model for characterising sandy field soils for water balance modelling, a thorough 

investigation to determine the most appropriate function should be undertaken for the 

Moora sands. 



Chapter 2. Literature Review - Parameterisation of the Richards equation 36 



Chapter 3. Literature Review - Solute and Cation Transport 37 

Chapter 3 

Literature Review 

Solute and Cation Transport 



Chapter 3. Literature Review - Solute and Cation Transport 38 

3.1 Introduction 

Solute transport modelling may be used to predict the movement of nitrate, under the 

assumption of a conservative tracer, and cation transport using cation exchange 

reactions. Both the C D E and M I M equations could be used as the basic solute transport 

model by researchers. 

Even in structureless sands and glass beads, researchers found between 0 and 40% 

immobile water, with reported amounts of up to 9 8 % immobile water in field soils 

(Table 3.1). Results conflicted as to the presence of immobile water in non-aggregated 

porous media (sands) (Bond and Wierenga, 1990). Steady unsaturated and saturated 

flow regimes produced immobile water in sands, but not when the flow was unsteady 

(Bond and Wierenga, 1990). Table (3.1) also revealed the reported range of the M T M 

exchange coefficient, a, varied greatly. In general, a solute pulse exhibits asymmetry if 

the exchange coefficient was small relative to flow rate. 

Therefore, it was important to determine if the CDE or MIM should be used as the basic 

physical model for solute transport at any particular field site. Both the C D E and M I M 

required an estimate of the dispersion coefficient or dispersivity (dispersion coefficient/ 

flow velocity) in order to predict the spread of the solute front. To date, it was not 

possible to predict the dispersion coefficient from more basic soil properties but 

analysis of the literature revealed some trends with velocity, which were discussed in 

the chapter. 

It was possible to mathematically calculate binary (Murali and Aylmore, 1983a,b; Bond 

and Phillips, 1990a) and ternary ion transport (Mansell et al., 1993a,b) under ideal 

conditions. However, the variations to chemical composition that occurred from point to 

point in the field rendered these approaches extremely difficult to apply in situ. Clearly, 

the complexity of multi-species chemical transport in field soils required a simplified 

assumption in order to commence any description of the chemical processes of interest. 

From the perspective of describing acidification the key question was whether changes 

to the cation-anion balance could be adequately monitored and predicted through time 

in the system under study. 
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Table 3.1 Immobile water content fraction and exchange coefficients from 
literature focussing on glass beads, sand, and sandy loam experiments. 

Reference 

Bond and 
Wierenga, 1990 

Gaudet et al., 1977 

Rambow and 
Lennartz, 1993 

Maraqa et al., 1997 

Zurmiihl and 
Durner, 1998 

Jacobsen et al., 
1992 

De Smedt et al., 
1986 

Krupp and Elrick, 
1968 

Smettem, 1984 

Smettem, 1984 

Van Genuchten 
and Wierenga, 
1977 

Nkedi-Kizza et al., 

1983 

Clothier et al., 
1992 

Clothier et al., 
1995 

Casey et al., 1997 

Jaynes et al., 1995 

Okometal.,2000 

Soil 

sand 

sands 

sands 

sandy loam 

sand 

sand 

glass beads 

glass beads 

calcareous 
brown earth 

fitted data of 
McMahan and 
Thomas (1974) 

clay loam 

sandy loam 
aggregates 

fine sandy loam 

fine sandy loam 

loam 

loam & clay 
loam 

sand and loamy 
sand 

Method 

unsaturated 
columns B T C 

unsaturated 
columns B T C 

unsaturated 
columns B T C 

unsaturated 
columns B T C 

undisturbed 
columns 

undisturbed 
lysimeters 

unsaturated 
columns B T C 

columns 

unsaturated 
columns B T C 

disturbed B T C 
undisturbed 
BTC 

columns BTC 

columns BTC 

unsaturated 
field -single 
tracer 

unsaturated 
field - single 
tracer 

field STE -20 
m m tension 

field STE -30 
m m tension 

unsaturated 
field - single 
tracer 

Immobile 
water 
fraction 

0.014 - 0.04 

0.04 - 0.40 

0.24 

0.02-0.10 

0.12-0.17 

0.06 - 0.27 

0.12-0.20 

0.00-0.16 

0.32 - 0.50 

0.04-0.11 
0.15-0.22 

0.06 - 0.27 

0.04 - 0.56 

0.37 - 0.61 

0.35 

0.39 - 0.95 

0.25 - 0.98 

0.8 - 0.95 

Exchange 

coefficient a 
(hr'1) 

0.0004 - 0.004 

0.03-0.1 

0.0001 

0 - 0.0005 

0.0670 

0.0002 -
0.0006 

0.03 - 2 

0.0157 - 0.280 

0.0001-0.12 

0 - 0.00055 
0 - 0.00066 

0.0018 - 0.010 

0.01-2.15 

N/A 

0.02 

0.00024 -
0.0012 

0.003 - 0.021 

N/A 
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3.2 Non Reactive Solute Transport 

3.2.1 Transport Equations 

An inert tracer with constant soil moisture content and average flow velocity simplified 

the C D E to Eq (3.2.1) (Warrick et al, 1971). 

K = D?C_VK (3.2.!) 
dt dz dz 

where C is the solute concentration in solution (M L"3 of water), 0 is the volumetric 

water content (L3 L"3), V is the average pore water velocity (L T"1), D is the combined 

diffusion and dispersion coefficient (L2 T), t is time (T) and z is depth (L). 

The convection-dispersion equation combined the convection term, which was the 

movement of solute mass as a consequence of flow, and the dispersion term, D, which 

was the spreading of the solute due to molecular diffusion, Dp, and hydrodynamic 

dispersion Dh (Eq. 3.2.2). 

D = Dn + Dh (3.2.2) p 

Molecular diffusion resulted from the random motion of dissolved ions and molecules. 

The molecular diffusion coefficient was determined from the pure solute diffusion 

coefficient in water, D0, and tortuous path through which the solute must travel in soil 

therefore 

DP = D°r (3.2.3) 

where D0 is the solute diffusion coefficient in pure water and r is a dimensionless 

tortuosity factor. 

Differences in pore water velocities (within individual pores and between pores of 

difference sizes) could lead to further spreading of the solute front by hydrodynamic 

dispersion (Nielsen and Biggar, 1961; Rao et al., 1979; Smettem, 1986). 

Hydrodynamic dispersion was caused by the solute moving with the fluid in response to 

a hydraulic gradient and the consequent mixing process that was caused by this 
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movement, i.e. the mixing was caused by local velocity variations. The hydrodynamic 

dispersion coefficient was thus a function of the velocity (Smettem, 1984). 

The combined dispersion and diffusion coefficient, D, parameter required to describe 

the transport of an individual solute in the field was commonly considered to be 

dependent on the pore water velocity, V (De Smedt and Wierenga, 1984; Brusseau, 

1993;Vogeleretal., 1996). 

However, in some soils, surface applied solutes were observed to leach further than 

predicted using the C D E (Eq. 3.2.1) (Gaudet et al, 1977; Clothier et al., 1992). 

Preferential pathways for the flow of water were used to explain this phenomenon 

because such pathways affect the distribution of water and solutes in the soil (Thomas 

and Phillips, 1979; White, 1985; Bond and Wierenga, 1990). 

One approach to describe preferential flow was to modify the CDE and divide the soil 

into "immobile" and mobile regions (Fig. 3.1) (Coats and Smith, 1964; Parker and van 

Genuchten, 1984; van Genuchten and Wierenga, 1976). Advection and dispersion only 

occur in the mobile region, adsorption and degradation occur in both regions, although 

not necessarily at the same rate, and there was a diffusion of solute between the two 

regions. In practice, a distinct barrier between the mobile and immobile region may not 

occur in field soils but rather a spectrum of pore-water velocities associated with the 

invading solution may lead to the soil displaying a mobile-immobile character (Clothier 

et al., 1995). Exchange of solutes between regions of high pore water velocity and 

comparatively "immobile" regions may give rise to early breakthrough and asymmetric 

breakthrough curves (BTC's) of surface applied solutes (Krupp and Elrick, 1968; 

Gaudet et al., 1977; van Genuchten and Wierenga, 1977; DeSmedt and Wierenga, 1984; 

Smettem, 1984; Bond and Wierenga, 1990). 

Non-equilibrium adsorption and transport may be described by two conceptually 

different but mathematically similar models: the two site/two region model and the 

mobile/immobile model. Here, only the immobile-mobile model was considered. Non-

equilibrium transport was often characterised by early breakthrough of applied 

chemicals in column effluent and asymmetric breakthrough curves. 
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Mobile Region 

Dispersion 

Convection 

Immobile region 

Exchange between mobile 
and immobile phase. 
©im 5Cim/5t = a (Cm -Cim) 

exchange coefficient 

No Dispersion or convection 

Fig. 3.1 Simple diagram to description of the soil mobile-immobile system 

Solute transport during one-dimensional steady state flow of a conservative tracer 

containing mobile and immobile regions, was given by (van Genuchten and Wierenga, 

1976) 

e_*£*.+e^ = e_D_?^-v*c-
dt dt dz' dz 

(3.2.4) 

where 0m and 0im are mobile and immobile water content (L
3 L"3) and 0= 0m+ 0im , Cm 

and dm are the solute concentration in the mobile and immobile regions ( M L"3), Dm is 

the dispersion coefficient (L2 T 1 ) only active in the mobile region and V is pore water 

velocity as q= Vm0m where Vm is velocity in the mobile region. 

The exchange between the mobile and immobile regions was described by 

0. ^uL = a(c -C ) (3.2.5) 

where oris a rate factor for solute exchange (T"1) 

To obtain the equation for general application based on relative dimensions the 

following dimensionless variables were introduced: 
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</> = 0J0 (3.2.6) 

J3=(0m + fpk)/(0 + pk) (3.2.7) 

co= aUq = cdJ(0mVm) (3.2.8) 

Ci = (Cm - C{) / (C0 - C{) = mobile region concentration ratio (3.2.9) 

C2 = (Cim - C{) / (C0 - d) = immobile region concentration ratio (3.2.10) 

T = Vt/L = VmtfrL (3.2.11) 

Z = z/L, (3.2.12) 

P = VmL/Dm (3.2.13) 

where C,- is the initial concentration, C0 is the input concentration, L is the column 

length, for an inert tracer (j) = /?= mobile water content fraction , co is the dimensionless 

exchange coefficient, T is the pore volume and P is the column Peclet number. 

D = 0mDm/0 and V = 0V„/0. 

Eq. (3.2.4) and Eq. (3.2.5) may be re-written in terms of dimensionless variables as 

/,^ + H-^a^.^ (3.2.14) 
P dT V P) dT P dZ2 dZ 

and 

(1 - 0) ̂  = co(C, - C2) (3.2.15) 
oT 

The parameters that describe the breakthrough curve (J3, co, P) were obtained by curve 

fitting using the non-linear least squares routine CXTFIT (Parker and van Genuchten, 

1984). When the solute was measured in the outflowing solution of laboratory column 

experiments, it was called the flux average concentration, Cf. The solute measured in 

the soil solution, from sectioning a laboratory or field soil core, was considered to be 

the resident concentration Cr. The flux average concentration was calculated from the 

resident concentration by 

Cr = Cf - % (3.2.16) 
dZ 
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When a pulse of solute was added to a soil column, the initial and boundary conditions 

were defined by a semi-infinite pulse type boundary condition or a third-type boundary 

condition (van Genuchten and Wierenga, 1976) 

The initial conditions were 

C,(Z,0) = C2(Z,0) = C,(Z) (3.2.V) 

the inlet conditions were 

0,(0, T) - 1 ^|LD = Co(T) (3.2.18) 
r oZ 

While the outlet condition was 

^(oo,r) = 0 (3.2.19) 
dZ V ' 

The mobile-immobile model (MIM) was applied to describe solute transport through 

aggregated soils (van Genuchten and Wierenga, 1976; Rao et al., 1979; Nkedi- Kizza et 

al., 1983), undisturbed field soil cores (Smettem, 1984, 1986; Khan and Jury, 1990) and 

unimodal systems such as glass beads and sands in which early breakthrough of tracers 

in column effluent was also reported (De Smedt and Wierenga, 1984; Bond and 

Wierenga, 1990). 

3.2.2 Determination of non-equilibrium 

A local equilibrium assumption (LEA) was valid when the interchange of a solute mass 

in a heterogeneous system was instantaneous. However, non-equilibrium occurred in 

the soil when: 1) the diffusion of solute into the film of water that surrounds the soil 

was slow relative to the bulk solute flux or 2) the soil aggregate or pore class 

heterogeneity was sufficiently large to impose a concentration and hydraulic gradient in 

the system (Valocchi, 1985) 

Non-equilibrium was often assumed only to exist in clayey structured soils, but even in 

homogeneous systems physical non-equilibrium may still control the rate of solute 

interaction with the solid phase (Jardine et al., 1993). Significant non-equilibrium in a 
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homogeneous system decreases with increasing flux, which was exactly the opposite of 

what was observed in a heterogeneous system (Jardine et al., 1993). 

Column techniques could use the breakthrough of a tracer at various pore water 

velocities, different supply potentials, tracers of different mass or flow interrupt 

methods to determine non-equilibrium (Jardine et al., 1998). In column experiments the 

existence of non-equilibrium was also determined by the early arrival of the solute and 

"tailing" (distinct asymmetry of a pulse type B T C ) . However, at distances away from 

the source the B T C may have a more regular shape and the mobile-immobile character 

of the system may only be revealed in the apparent hydrodynamic dispersion (De Smedt 

and Wierenga, 1984). 

Valocchi (1985) used Eqs. (3.2.20 - 3.2.22) to compare the dispersivity, Ad, from the 

C D E , Acde, with effective dispersivity for the M I M , A eg mim, to determine non-

equilibrium. If Aeff mim» Acde then the soil displayed some physical non-equilibrium. 

(3.2.20) 
Kde ~ 

mim 

D 
V 

_ ^ 

Vm (3.2.21) 

[(1-/?)2V0J 
A„ • =A . +LV ^' J (3.2.22) 
eff mim mim /y 

The second term in Eq. (3.2.20) accounted for the diffusion in and out of the aggregates, 

where the L E A applied if it was small compared to the first term (Vanderbourgh et al., 

1997). 

3.2.3 Measurement of immobile water content and exchange coefficient 

Immobile water was traditionally measured from column and field breakthrough curves 

fitted to Eqs.(3.2.4 and 3.2.5) using programs such as CXTFIT2.0 which employ non

linear least squares algorithms. Although curve fitting could produce good agreement 

between observed and fitted data, the parameters could not be predicted without an 

experimental breakthrough curve. 
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There were some attempts which related the immobile water content to soil hydraulic 

properties such as the water content at 3.3 m (Addiscott, 1977), the water content at 

20.2 m (Addiscott et al., 1986) or to the residual water content fitted from the water 

retention curve (Jaynes et al., 1988). These were soil specific, and not independently 

tested, so other methods that calculated the immobile water and a were developed 

(Clothier et al., 1992; Jaynes et al., 1995). 

Measurement of immobile water in situ was undertaken with a tension infiltrometer and 

bromide tracer (Clothier et al., 1992). The idea was that, if all the soil solution was 

mobile then the concentration of solute in the soil solution equalled the input 

concentration. If there were immobile regions in the liquid phase then the solute does 

not have sufficient time to completely invade the immobile regions and the total 

concentration of the soil solution would be less than the input concentration. The 

immobile concentration was then 

0im = 0 
C0J (3.2.23) 

where C is the concentration in the soil solution, C0 is the input concentration 

This method assumed that diffusion into the immobile regions was very slow, thus 

providing a measure of the immobile water content fraction. However, it does not give 

any information about the exchange coefficient. By assuming the exchange was slow 

the immobile water content of the soil may be underestimated. 

Jaynes et al. (1995) extended this method and provided estimates of both immobile 

water and the exchange coefficient, a, (Eq. 3.2.24) with a sequence of fluorobenzoate 

organic tracers. The Jaynes et al. (1995) method was termed the sequential tracer 

experiment or STE. The four fluorobenzoic acids were inert, easily measured by the 

same instrument and have similar transport properties to bromide (Benson and 

Bowman, 1994). The order of application of the tracers does not affect transport 

behaviour or determination of immobile water (Jaynes et al., 1995; Casey et al., 1997). 

The Jaynes et al. (1995) method started with one tracer and progressively increased the 

number of tracers in the invading solution to four, which gave a sequence of different 

solute residence times for tracer exchange between the mobile and immobile regions. 
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Using Eq. (3.2.24), the graph of In (1-C/C0) versus time resulted in the intercept equal 

to the natural log of the ratio of immobile to total soil water content and the gradient 

was equal to oc/-0,m. 

In 
'c> 

KC°J-

-at 
~0~ 

+ ln 
0. ̂  

0 
(3.2.24) 

t* is t adjusted to take into account the time for the tracer front to reach the sampling 

depth, Zd (Jaynes and Horton, 1998). 

,* — 
zOim (3.2.25) 

The solute front of the last applied tracer should be well past the sampling depth, 

otherwise erroneous results occur. 

The assumptions in the sequential tracer experiment (STE) were: (i) the concentration 

of the tracer in the soil was initially zero (ii) tracer concentration in the mobile domain 

was equal to the input concentration C0 (iii) the resident soil concentration was C; (iv) 

dispersion in the mobile domain was negligible at the time of sampling (Jaynes et al., 

1995). 

The Jaynes et al. (1995) method may overestimate the 0im region because of the 

assumption that C0 = Cm does not account for a changing tracer concentration in the 

mobile region with time due to dispersion (Casey et al., 1997). 

The sequential tracer experiment (STE) was tested along a field transect in a loamy sand 

by Casey et al., (1997) who observed a wide variation in the total water content, the 

immobile water content and the exchange coefficient but found no spatial correlation. 

The STE was also tested in the field to determine the effect of soil water pressure head 

on the immobile water content and exchange (Casey et al., 1998). Laboratory column 

experiments to compare the STE and BTC's fitted to M I M using CXTFIT had not been 

done at the time of my analysis on the Moora sands. Since then, some results from Lee 

et al. (2000) compared frontal BTC parameters with the STE parameters. 
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Limitations to the STE and Clothier techniques were recently reported by Jaynes et al. 

(1998), Clothier et al. (1998) and Snow (1999). Velocity, dispersivity, a and infiltration 

conditions were required to be within a specific range for the Clothier et al. (1992) and 

Jaynes et al. (1995) methods to be valid. 

The opportunity to sample and accuracy of determining 0im and a with the STE method 

became difficult for low immobile water content (Snow, 1999). Using simulated 

conditions where 0J0 = 0.6 and V = 10 m m hr"1, the S T E Eq. (3.2.24) was not valid 

when the dispersivity was greater than 5 m m and when fast exchange, i.e. high a, 

occurred (Jaynes and Horton, 1998; Snow, 1999). For high dispersivity, i.e. Ad = 20 

m m , sampling should only occur if q > 20 m m h"1 and the last applied tracer has 

infiltrated greater than 80 m m (Snow, 1999). 

The Clothier technique was also limited in its use by the dispersivity and a (Clothier et 

al. 1998, Snow, 1999). At high dispersivity, Ad , the 0im was over estimated and the 

range of coin which reasonable estimates of 0im occurred was reduced. Snow (1999) 

recommended that if 0^/0 equals 0.625 then acceptable results occurred if q > 10 m m h" 

1 7 1 

, i > Ad and sampling time was less than 1.25 hours. W h e n the or was fixed at 10" s" 

the dispersivity needed to be less than 10 m m for the Clothier method to work (Snow, 

1999). 

3.3 Reactive Solute Transport and Cation Transport 

3.3.1 Reactive Solute Transport 

Transport of a reactive solute in the one dimension was described by the reactive 

convection-dispersion equation (CDE), which assumed uniform displacement of the 

resident solution by the invading solute (van Genuchten and Wierenga, 1976). 

d0C dpS _ d (0D0C 

dt + dt ~dz { dz 

where C is the solute concentration in solution (M L"3 of water), S is the adsorbed 

concentration (M M"1 soil), 0is the volumetric water content (L3 L"3), p is the soil bulk 

dqC 
dz 

+ O (3.3.1) 
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density ( M L"3), q is the water flux density (L T"1) where q/0=V, Vis the average pore 
l 9 1 

water velocity (L T ), D is the combined diffusion and dispersion coefficient (L T" ), t 

is time (T), z is the depth (L) and O is a source/sink term for solutes ( M L"3 T"1). 

The source/sink term, O, contained four possible components: solute uptake by plants, 

first-order decay of dissolved solutes, first-order decay of adsorbed solutes, and solute 

production (Kool and van Genuchten, 1991): 

<S> = -<S>cr - A,0C - A2pS + Op (3.3.2) 

where <£cr is plant solute uptake (M L"
3 T"1), Ai is the first-order decay coefficient for the 

dissolved phase (T"1), X2 is the first order decay coefficient for the adsorbed phase 

1 "3 1 

( T ) and <3>p is the solute production in the profile ( M L" T" ). 

For the experiments reported here there was no production or decay and the adsorption 

was usually described using simple linear equilibrium models given by 

Linear S = kC (3.3.3) 

Non-linear S = kfC
n< (3.3.4) 

where k is the linear adsorption coefficient, kfis the non-linear or Fruendlich adsorption 

coefficient and nfis the Fruendlich exponent. 

For linear adsorption the CDE (Eq. 3.3.1) became 

R ^ = Dd^c_ydc {335) 
f dt dz2 dz 

where R is the linear adsorption retardation coefficient, Rf= 1+ pkl0. 

For interacting solutes, the individual retardation coefficients were no longer constant 

and the resulting coupled differential equations required numerical solution (Yeh and 

Tripathi, 1991). Therefore, the transport of cations in soil was determined by the cation 

selectivity coefficient, Kijt which was dependent on the cation exchange capacity and 

the cation affinity of the soil. 
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However, cation transport was a non-linear process due to the competitive adsorption of 

cations. Therefore, simple linear equations, which related cation concentrations in the 

soil and solution to an adsorption coefficient, cannot be used. Instead the C D E was 

coupled with equations that determined the preference of cations for the exchange sites 

(the cation selectivity coefficient) and the amount of cation exchange sites (the cation 

exchange capacity (CEC)). 

3.3.2 Cation Exchange 

The transport of cations in soil required measurement of the cation exchange capacity 

and the cation affinity of the soil, expressed as a selectivity coefficient, Ktj,. The binary 

cation exchange of cation /, on the soil (exchanger phase) being displaced by cation Ij 

from the solution phase could be described by 

z J** (exch) + Zflj'^iaq) = z,l t
z' +(exch) + Zjlf + iaq) (3.3.6) 

For the addition of magnesium, sodium or potasium to soil with calcium on the 

exchange sites the equations became (Eq. 3.3.7- 3.3.9.) 

2Ca2+ (exch) + 2Mg 2+ (aq) = 2Mg 2+ (exch) + 2Ca 2+ (aq) (3.3.7) 

Ca2+ (exch) + 2Na+ (aq) = 2Na+ (exch) + Ca2+ (aq) (3.3.8) 

Ca2+ (exch) + 2K+ (aq) = 2K+ (exch) + Ca2+ (aq) (3.3.9) 

The ability of cation Ij to remove /,- from the soil phase depended on the thermodynamic 

properties of the cation and soil exchange phase, often the clays and organic matter 

components of the soil. By adding an increasing concentration of cation Ij to a soil with 

exchange sites saturated with cation /,• we could derive cation exchange isotherms. 

"Since cation exchange reactions are rapid, it is possible to consider the partitioning of 

the cation between the soil and solution phases to be in equilibrium and therefore 

adequately described by the exchange isotherm" (Bond and Phillips, 1990a). The shape 

of the exchange isotherm depended on the type of cation and the exchange site 

involved. The exchange isotherm could be used to determine the preference of cations 

on the soil phase by calculation of a cation exchange coefficient Kt. 

There are many equations for the exchange isotherm that used different formulations for 

solution and exchanger phase concentration (Gaines and Thomas, 1953; Vanselow, 
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1932; Gapon, 1933; Bond, 1995). However, the strict thermodynamic approach does 

not provide an equation to describe a binary cation-exchange isotherm with a small 

number of measurable constants (Bond, 1995). To overcome this, Bond (1995) used the 

Rothmund and Kornfeld approach with the Gaines-Thomas or Vanselow-Argersinger 

equations for cation-exchange approach which has only two empirical constants which 

could describe the binary exchange satisfactorily (Bond, 1995). This approach could be 

used to estimate true thermodynamic exchange parameters, the equilibrium exchange 

constant Ky and the exchange-phase activity coefficient, which were otherwise difficult 

to determine (Bond, 1995). 

The binary exchange equilibrium constant Ky was defined as (Vanselow, 1932, Sposito, 

1981 and Bond and Phillips, 1990a). 

K« = 
a,z'(YCi) 

'' az> (Y Q ) z ' 
d> J (3.3.10) 

where Yt and y} is the activity coefficient of cation /,• and Ij in the solution phase, C, and 

Cj are the concentration of cation /, and Ij in solution (mol L"1), Zi and Zj are the charge of 

cation Ii and Ij and at and aj are the soil activity coefficient which is dependant on the 

cation equation used. The notation Ktj refers to the displacement of cation It from the 

exchanger phase with cation Ij. 

Solution phase coefficients were determined by the ionic strength, I, (mol L"1), and 

cation ionic radius such that 

/, =1/22iCIZI
2 (3.3.11) 

From the Debye-Huckel equation 

< V7 ' 
log Y = ~AZ 

1 + Baa4f (3.3.12) 

where A and B are parameters which are related to the dielectric constant of water 

where A is 0.5 at 298K and B is =0.33 at 298K. The "aa" term depends on the size of 

the ion where aa = 60/10 for Ca and 30/10 for K, and 80/10 for M g (Sparks, 1995). 
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The Gaines-Thomas (G-T) (1953) convention required an equivalent fraction of cations 

on the exchanger phase and a G-T activity coefficient to calculate the cation selectivity 

coefficient, Ky where 

a = ggtN (3.3.13) 

where N = ZiCi/2(z,cn) - equivalent fraction of I in the exchanger phase, and Iizncn) is 

the total charge concentration of cations in the exchange phase (or the C E C ) and ggt is 

the G-T rational activity coefficient. 

The difference between the Vanselow-Argersinger (V-A) (Argersinger et al., 1950; 

Sposito, 1981) and G-T was in the definition of the total cations on the soil. The V-A 

used the total molar concentration of cations on the soil exchanger phase, while G-T 

used total charge concentration of cations on the soil exchanger phase, which was 

equivalent to the CEC. For homovalent exchange both V-A and G-T were equal, but 

they differ for heterovalent exchange. Bond (1995) found the G-T to describe ion 

exchange slightly better than V-A, and therefore only the G-T convention was used. 

3.3.3 Rothmund-Kornfeld and Gaines-Thomas equations 

According to Bond (1995), the Rothmund-Kornfeld (1918) approach was based on an 

observation that the measured exchange data was linear when plotted on a logarithmic 

axis. This allowed the exchange isotherm data to be plotted as log [(zjCjf / (zfiif ] 

versus log [ (zidf /(ZjCjf ], according to Eq. (3.3.14), so that the slope equaled ny and 

the intercept was the log (kg). 

k. - & £ W7 (3.3.14) 

where ki} is the Rothmund-Kornfeld empirical selectivity coefficient, Q and Q are the 

concentration of cation It and Ij in solution (mol L"
1), a and Cj are the concentration of 

cation It and /, in the exchanger phase (mol kg"1) Zi and Zj are the charge of cation /,- and 

Ij-

The Gaines-Thomas (1953) cation exchange equation 
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(3.3.15) 

As g could not be determined without the exchange isotherm, the condition selectivity 

coefficient for G-T convention was 

K'1 K: 
* 9? 

(3.3.16) 

where X ^ i s the Gaines-Thomas conditional selectivity coefficient. 

"The exchange-phase activity coefficient (as a function of exchanger phase 

composition) and the true equilibrium constants can be obtained from the values of the 

conditional constants calculated from exchange measurements" (Bond, 1995). 

Applying the Rothmund Kornfeld approach to the G-T gave 

k'''> EL 
N'1 W 

(3.3.17) 

where kijgtis the conditional Gaines-Thomas exchange coefficient written in terms of the 

Rothmund-Kornfeld convention or in terms of the Ca-K, Ca-Mg and Ca-Na exchange 

(Eqs. 3.3.18-3.3.19). 

j^Ca-Na _ 

•Na, 

'CEC 
•x 

'Ca, 
CEC 

\Cca Y Ca) 

\Cm y Na) _ 

nCa-N(i 

(3.3.18) 

K Ca-Mg _ G-T 

2c Mg, 
CEC 

(2c 
z**~>, 

X 
Ca/ 
CEC 

\Cca y Ca) 

X^Mg y Mg I 

nCa-Mg 

(3.3.19) 

where K^Mg >KG-TN° >KG-TK^are tne Rothmund-Kornfeld Gaines-Thomas conditional 

selectivity coefficients, nCa-Mg, nCa-Na, and nCa-K are the Rothmund-Kornfeld slope 

parameters, cCa, CMS and cK are the concentration of Ca, M g and K on the exchange sites 
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(mmol kg"]), CCa, CMg and CK are the concentrations of Ca, M g or K in soil solution 

(mmol L"1), Yea, YMg and YK are the soil solution activity coefficients and the C E C is the 

cation exchange capacity (mmolc kg") 

Plotting log [Nf/N? ] versus log [ (Y»Qzj / (yfjf ] should yield a straight line with 

slope mj and intercept log (*/). The selectivity coefficient was calculated from the 

conditional selectivity coefficient and nyby 

K,=(k:^ 
\zi-Zj)) 

exp 
n-

IJ 

(3.3.20) 

3.3.4 Measurement of Selectivity Coefficient 

Selectivity coefficients could be measured by both batch and column techniques (Selim 

et al., 1987; Bond and Phillips, 1990a; Jardine et al., 1993). Column techniques base on 

chromatography (Schweich et al., 1983; Selim et al., 1987; Mansell et al, 1988; 

Griffioen et al., 1992;) required the B T C to be fitted to an accurate solution of the solute 

transport equations, which may not be available for all the mathematical forms that the 

isotherm may take (Bond and Phillips, 1990b). Some column experiments used 

destructive sampling of the column after a defined time of infiltration, which allowed 

equilibration of the soil with a range of solution concentrations (Lai et al., 1978; Bond 

and Phillips, 1990b; Mansell et al., 1993b). However, some difficulty occurred when 

equilibrium was not reached in the column prior to sampling. Compared to column 

techniques, adsorption of the added cation could be over estimated in batch methods 

due to the vigorous shaking of the soil and the use of a higher soil to solution ratio than 

field soils. 

Although column experiments (Selim et al., 1987; Bond and Phillips, 1990b) and thin 

disc techniques (Thabet and Selim, 1996) were being using for cation selectivity 

experiments they were more difficult and had not greatly improved the description of 

cation adsorption behaviour (Bond and Phillips, 1990a). Therefore, in this study, cation 

exchange isotherms were determined using batch experiments following the method of 

Bond and Phillips (1990a). 

file:///zi-Zj
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3.3.5 Measurement of Field Cations in soil and soil solution 

Soil solution chemistry may be measured in-situ using lysimetry methods or from 

destructive sampling, which could also be used to determine the soil cations. Lysimetry 

was advantageous as soil solution could be collected from the same point throughout 

the year. A tension lysimeter applied about 5 m of suction, which could only collect 

solution when the suction was greater than the soil rnatric potential. Zero tension 

lysimetry could only collect the soil solution, which was moving under free drainage. 

The contact of the lysimeter with the soil was very important (Lawrence and David, 

1996). The lack of soil chemistry associated with the solution chemistry was a 

disadvantage of this method. 

Soil solution cations could be determined from a soil sample by extraction of the cations 

with water, immiscible liquids, or removing the soil water by centrifugation or pressure. 

Using a miscible liquid in column displacement experiment (Adams et al., 1980) or 

batch extraction were simple techniques but contamination by the added liquid could 

occur (Lawrence and David, 1996). Centrifugation with an immiscible liquid (Mubarek 

and Olsen, 1976) could remove solute held at high suctions but may possibly change the 

solution Al chemistry (Menzies and Bell, 1988). These methods allow direct 

comparison of soil and soil solution but required drying and re-wetting, which could 

alter the solution chemistry. Centrifugation without displacer (Gillman, 1976) and 

syringe pressure techniques (Ross and Bartlett, 1990) could expel the soil solution 

without the addition of water, but these techniques required the soil to be at or near 

saturation. The air pressure technique (Lawrence and David, 1996), which expelled the 

soil solution under a pressure between 13.8-17.2 m, appeared to be new promising 

methods, which may overcome some of the problems of the above techniques. 

Few studies had compared the different measurement techniques, however Lawrence 

and David (1996) found the concentration of cations to be higher in the pressure 

techniques than either the zero-tension lysimeter or tension lysimeter in an acid forest 

soil. Therefore, the method of collection of the soil solution should be taken into 

consideration whenever soil solution data had been interpreted (Lawrence and David, 

1996) 
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3.3.6 Predicting Field Cations 

The fraction of cations on the- exchange sites could be used to estimate the cation 

concentration in soil solution if the C E C and selectivity coefficients were known. 

However, few studies had compared the apparent cation exchange equilibrium in field 

conditions with that simulated by the selectivity models except for Hendershot and 

Courchesne (1991), Sogn (1993), Johnson (1995) and Nissinen et al. (1998). 

Generally the difference between the simulated soil solution cations and that collected 

with lysimeters was large (Nissinen et al., 1998). The method of collecting the soil 

solution cations may have biased these results (Lawrence and David (1996). Good 

comparison between predicted and measured soil solution was obtained when the soil 

solution was collected by the centrifuge method (Nissinen et al., 1998). The selectivity 

coefficients were determined using the field soil and soil solution data, which was fitted 

to the Gaines-Thomas equation with the fraction of exchange sites calculated from the 

C E C and not from the sum of the two cations. The selectivity was then used to 

determine the soil solutions on a different set of field soil and solution cations measured 

at the same site. Therefore, laboratory measured selectivity coefficients had yet to be 

tested as to their validity to predict field results. 

3.3.7 Cation Transport 

Modelling of cation transport by convective flow had been traditionally performed 

using the C D E or M I M coupled with binary exchange coefficients at constant normality 

in repacked columns (Valocchi et al., 1981; Selim et al., 1987; Schulin et al., 1989) or 

undisturbed columns (Jardine et al., 1993). These models assumed steady-state 

conditions, instantaneous cation exchange and constant selectivity coefficients. 

Unfortunately, these simplified conditions were rarely found in field soils, but they may 

still be useful for predicting field cation transport. 

Researchers have tried modelling using more realistic field conditions by applying 

variable selectivity coefficients to account for variable total cation concentration 

(Momii et al, 1997; Mansell et al., 1988; Mansell et al., 1993ab) and accounting for 

multi-component transport of cations (Mansell et al., 1988; Cernik et al., 1994; Grant et 

al., 1995; Bond, 1997). Variable selectivity coefficients in cation transport models had 

improved the fit for some undisturbed multi-component experiments (Momii et al., 
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1997; Grant et al., 1995) but both Grant et al (1995) and Mansell et al. (1993b) found 

the use of variable selectivity coefficients provided only a slight improvement in 

describing cation transport. 

Selectivity coefficients from binary experiments proved unreliable for some multi-

component transport of Na, K, Ca and M g in laboratory columns (Cemik et al., 1994). 

Cernik et al. (1994) proposed multi-component selectivity coefficients should be 

estimated from direct fitting of the multi-component breakthrough curves. However, 

Grant et al. (1995), Bond and Verburg (1997) and Bond (1997) found no large 

improvement in cation transport prediction using ternary based equations. 

Binary exchange coefficients and steady flow equations (CDE or MIM) were able to 

describe the cation transport during experiments with variable total cation concentration 

during unsaturated unsteady flow (Mansell et al., 1993a) and in undisturbed field soil 

(Vogeler et al., 1997). 

3.4 Relationships between solute transport parameters 

3.4.1 Data Source 

To determine if MIM parameters could be predicted from soil and flow properties, a 

review of the available published literature was divided where possible into granular 

media and structured media. The literature contains data for both intact and repacked 

column breakthrough curve experiments used both saturated and unsaturated, steady 

and unsteady input conditions. A summary of the compiled literature used and the 

reported experimental conditions of each study was supplied in Table (3.2 and 3.3). The 

structured media data from Mallants et al. (1996) has a major influence on the 

correlation between parameters, so the correlation was calculated with and without their 

data. 

To model solute transport in the field by coupling the CDE to physically based models 

of water flow based on the Richards equation required information on the water content 

or pressure, the hydraulic conductivity and the solute dispersion. The first two can be 

easily measured but the dispersion coefficient was a parameter which had been obtained 
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by fitting to breakthrough curves in the laboratory and the field. T o obtain an estimate 

of the dispersion, the literature was studied to determine relationships between 

dispersion and other parameters such as particle size, flow velocity and column length 

(i.e. distance from applied solute source). 

Table 3.2 Granular solute transport experiments 

Bond and 
Wierenga, 1990 

D e Smedt et al., 
1986 

D e Smedt and 
Wierenga, 1984 

Gaudet et al., 

1977 

Jacobsen et al., 
1992 

Krupp and Elrick, 
1968 
(fitted by D e 
Smedt and 
Wierenga) 

Maraqa et al., 
1997 

Zurmiihl and 
Durner, 1998 

This study 

Column 
Length 

(m) 

0.25 

1 

0.3 

0.94 

1 

0.1 

0.302 

0.145 

0.1 

Soil 
material 

loamy fine 
sand 

sand 

glass 
beads 

sand 

glass 
beads 

OakvilleB 
Pipestone 
Oakville A 

sand 

sand - surf 
sand - sub 

Intact or 
repack 

repack 

Intact 

repack 

repack 

repack 

repack 

Mean 
particle 
diameter 
(mm) 

0.3 

0.1 

0.3 

0.1 

Water 
Content 

0.34 

0.005 to 
0.127 

0.0075 tc 
0.279 

0.2 to 
0.256 

0.148 to 
0.156 

0.098 to 
0.37 

0.15 to 
0.41 

0.207 to 
0.234 

0.26 to 
0.35 

State 

steady 
and 
unsteady 

unsteady 

unsat 

> steady 

sat/unsat 

steady 

unsat 

unsat 

unsat 

steady 

unsat 

unsat 

steady 
unsat 

tracer 

tritium 

tritium 

36C1 

CaCl2 

CI 

CI 

tritium 

tritium 

FBA's 

Unsat = unsaturated 
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Table 3.3 Field structured media solute transport experiments 

Anamosa et al., 
1990 

Brusseau et al., 
1994 

H u and 
Brusseau, 1995 

Khan and Jury, 
1990 

M a and Selim, 
1995 

Mallants et al., 
1996 

Nkedi-Kizza et 
al., 1983 

Smettem, 1984 

van Genuchten 
and Wierenga., 
1977 

Column 
length 
m 

0.716 

0.1 

0.15 

0.87 
0.435 
0.218 

0.15 
0.15 
0.15 

0.2 

0.05 

0.23 

0.3 

Soil Type 

gravelly oxisol 

yolo loam + 
aggregate 
Polyacrylimide 

glass beads anc 
aggregated 
media 

Loam 

Mahan 
Cecil 
Dothan 

sandy loam 

aggregated 
oxisol 

calcareous 
brown earth 

Glendale clay 
loam 

Intact or 
repack 

Intact 

Repack 

Repack 

Intact 

Intact 

Intact 

Aggregate 
Size 

10.1 

1.1 

0.5-1 
1-2 
2-4.7 

Repacked 2 
6.3 

Water 
Content 

0.5 

0.42 

0.37 

0.54 to 
0.56 
0.47 
0.41 

0.36 to 
0.42 

0.579 
0.576 
0.576 

0.49 to 
0.52 

0.46 to 
0.47 
0.292 to 
0.445 

State Tracer 

Sat 

Sat 

Sat 

Sat 

Sat 

Sat 

Sat 

tritium 

tritium 
and 
PFBA 

cr 

tritium 

KC1 

tritium 

tritium 

tritium 

sat = saturated 
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3.4.2 M I M parameter related to velocity 

In the granular media, fi appeared to be unaffected by velocity (Fig. 3.2) except for the 

data of Gaudet et al. (1977) and Maraqa et al. (1997) where P increased linearly with 

increased flow velocity. The mobile water content fraction in granular media ranged 

from 0.3 to 1 with an average of 0.9 (Fig. 3.2). 

Granular Media 

1.2 

1.0 

0.8-• 

0.6-• 

0.4 

0.2-• 

+• 

+ 
4-

0.003 

fl D • 

•x a 
a 

• Bond and Wierenga, 
1990 

x Gaudet etal., 1977 

A Maraqa etal., 1997 

.DeSmedt etal., 1986 

AZurmuhl and 
Durner, 1998 

+ Jacobsen et al., 1992 

-Krupp and Elrick, 1968 

o DeSmedt and 
Wierenga, 1984 

• Current study 

o.o 
1.0E-07 1.0E-06 1.0E-05 1.0E-04 1.0E-03 1.0E-02 1.0E-01 

Fig. 3.2 The relationship between (3 and Vm for granular media (line) 

The structured media displayed a decrease in mobile water content fraction (or increase 

in immobile water) with increased velocity (Fig. 3.3). A high positive correlation 

between ft and Vm, (r
2 of 0.73), occurred for the literature data set on structured media 

(Fig. 3.3 line, Eq. 3.4.1). However, the relationship between /? and Vm became less 

significant, (r2 =0.41), when the Mallants et al. (1996) data was removed from the data 

set (Fig. 3.3 dotted line, Eq. 3.4.2). 

P = -0.26 log V m - 0.73 

P =-0.15 logVm-0.14 

rz = 0.73 n= 

r2=0.41 n= 

(3.4.1) 

(3.4.2) 
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AAnamosaet al., 1990 

-Mallants etal., 1996 

• Nkedi-Kizzza et al., 1983 

• Smettem, 1984 

+ Rambow and Lennartz, 
1993 

A H U and Brusseau, 1995 

1.E-01 

Fig. 3.3 The relationship between (3 and Vm for structured media with all the data (line) and 

with the Mallants et al, (1996) data removed (dotted line). 

The soil types and soil structure play and important role in the amount of immobile 

water. For example, round pore spaces such as in glass beads would allow better fluid 

flow than field soils with angular pore spaces. The angular pore spaces and rough 

surface may cause immobile water due to increase in shear resistance and creation of 

stagnant regions (Griffioen et al., 1998). 

An increase in immobile water content with decreased percent saturation found by 

Gaudet et al. (1977) could possibly be explained by the increase in film water and 

stagnant regions when de-saturation occurs (Nielsen et al., 1986). 

Therefore, the immobile water content could not easily be predicted in granular media, 

however, using 0im - 0.9 may be an acceptable first estimate. In structured media, the 

immobile water content increased as flow velocity increases. However, de-saturation 

can decrease flow velocity but may increase the immobile water content fraction due to 

the film water (Neurst film) and stagnant region effects (Jardine et al., 1998). 

Diffusion and mobile water content had been related to a based on Ficks law (Eqn. 

3.4.3) (van Genuchten and Wierenga, 1986). 
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= *U<Pm (3.4.3) 
T/2 

However, Griffioen et al (1998) considered that a was governed more by mobile phase 

velocity than by molecular diffusion. D e Smedt and Wierenga (1984) credited the 

increase in a with increased pore-water velocity to a higher mixing in the mobile phase 

at high pore-water velocities while van Genuchten and Wierenga (1977) related it to 

shorter diffusion path lengths as a result of a decrease in the amount of immobile water. 

For the combined literature data on granular media, log a appeared to increase with 

increasing log pore water velocity (Fig. 3.4). A good correlation (r2=0.77) was found 

between log a and log V m suggesting that an initial approximation was Eqn. (3.4.4). 

a = 8.8 xlO"5 Vm
148 (r2=0.77) (3.4.4) 

Maraqa (2001) calculated a relationship of a = 0.0034 Vm
085 with an r2 =0.57 using 

only the data on fine non-aggregated media from Krupp and Elrick (1968), D e Smedt 

and Wierenga (1984) and D e Smedt et al. (1986). Maraqa (2001) was able to improve 

the estimate of a (r2= 0.91) by correlation with residence time, (LR/Vm) which used 

column length, retardation, R (in the case of sorbing solutes) and pore water velocity. 

However, for the non-sorbing experiments (R=l) from the set of literature data reported 

here, the correlation of a to log residence time was less (r2=0.68) than for log V m 

(r2=0.77). 

In the structured media, a variety of individual relationships were found which 

included: aincreased with increased Vm (van Genuchten and Wierenga, 1977; Anamosa 

et al.,1990; Mallants et al., 1996 and Nkedi-Kizza et al., 1983) and a decreased with 

increased Vm (Smettem, 1984) or no correlation (Khan and Jury, 1990; Brusseau et al., 

1994; H u and Brusseau, 1995). Griffioen et al. (1998) expressed the dependency as a~ 

Vm
a, where the a parameter calculated for other data sets ranged from a = 0.5 (Rao et al. 

1979) to a = 2 (Li et al., 1994). 
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The literature and measured data showed that due to the soil specific nature of the 

relationship it was very difficult to predict the exchange coefficient from simple 

literature relationships which rely on velocity, diffusion or immobile water content. 
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Fig. 3.5 Relationship between a and Vm for structured media with all the data (line) and with 

the Mallants et al, (1996) data removed (dotted line). 
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3.4.3 Dispersion and solute transport parameters 

For steady state flow systems at constant water content, simple relationships had been 

used to describe the hydrodynamic dispersion in terms of velocity only. There was a 

clear trend of increased hydrodynamic dispersion with increased pore water velocity for 

both the granular and structured media (Figs. 3.6 and 3.7). Each data set, as well as the 

combined data set, was fitted to a power function in the form of Dm = aVm (Tables 3.4 

and 3.5). The data sets had varied coefficients a, b for both the granular and structured 

media. 

For the granular media data set, (Fig. 3.6), there was a small correlation between D and 

Vm (r
2=0.34) which produced Eq. (3.4.5). The structured media data set produced Eq. 

(3.4.6) or Eq. (3.4.7) without the Mallants et al. (1996) data. Both these fits to the 

structure media had a slightly higher correlation between D and Vm than the granular 

media fit, with an r2of 0.49. 

Dm=7.76xlO-
5Vm°n r2=0.34 (3.4.5) 

Dm = 0.00044 Vm
016 r2=0A9 (3.4.6) 

Dm = 0.0165 Vm
105 r2=0.49 (3.4.7) 

The "b" coefficient ranged from -0.76 to 2.09 in granular media (Table 3.4) and 0.27 to 

1.94 in structured media and the "a" coefficient varied from 2xl0"13 to 28450 (Table 

3.5). The relationship between D and Vm appeared not to be solely due to the differences 

in media structure. 
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Fig. 3.6 The relationship between Dm and Vm for granular media 
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with the Mallants et al, (1996) data removed (dotted line) 
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Table 3.4 Relationship between hydrodynamic dispersion (m s") 

(ms1) for C D E and M I M granular media. 

CDE 

MIM-
granular 

Relationship 

D= 1.2 + 0.021V 

Z)m=7.8xlO-
5Vm°-

71 

Dm= 8xlO'6 Vm
0-613 

Dm= 9xl0"6 Vm
om 

Dm=2.21Vm
139 

Dm= 0.0048 Vm0'941 

Dm= 0.0013 Vm
im 

Dm= 28451 Vm
2086 

Dm = 8289 ym
224 

Dm=2xW13 W0" 7 6 4 

Dm = 0.003 Vm 

r2 

0.94 

0.34 

0.86 

0.97 

0.98 

0.87 

1 

0.33 

0.83 

0.11 

0.675 

N 

3 

63 

5 

6 

4 

12 

2 

10 

3 

12 

8 

Reference 

De Smedt and Wierenga. 

1984 

Regression for all the 

literature granular data, 

including m y data for 

sands 

Krupp and Elrick, 1968 

De Smedt and Wierenga, 

1984 

Gaudet etal., 1977 

Maraqa et al., 1997 

Zurmiihl and Durner, 

1998 

Jacobsen et al., 1992 

De Smedt et al., 1986 

Bond and Wierenga, 1990 

This Study 

N = number of points used in the regression. 

Table 3.5 Relationship between hydrodynamic dispersion (mV 1) and velocity 

(ms1) for M I M structured media. 

MTM-
structured 

Relationship 

Dm = 0.016 Vm
105 

Dm = 0.00044 Vm15 

Dm = 0.0006 Vm
0M5 

Dm = 2xlO-1Vm°
273 

Dm = 9X1Q"
6 Vm °

306 

D m = 3.65Vw
162 

D m = 3.29Vm
L33 

Dm = 5573 Vm
1M2 

r2 

0.34 

0.49 

0.86 

0.082 

0.088 

0.74 

0.96 

0.87 

N 

83 

58 

17 

18 

25 

7 

4 

12 

Reference 

Structured media from 
literature with Mallants 
et al, 1996 

Structured media from 
literature, without 
Mallants et al., 1996. 

Nkedi-Kizza et al., 1983 

Khan and Jury, 1990 

Mallants et al., 1996 

M a and Selim, 1995 

Anamosa et al., 1990 

Smettem, 1984 

N = number of points used in the regression. 
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In granular media the dispersion was often reported to be dependent on velocity as well 

as fundamental material parameters such as the mean particle diameter. The more 

homogeneous the pore size distribution the less dispersion. For example, solute 

transport through uniform diameter glass bead systems typically exhibited low 

dispersion compared to less homogeneous systems (Starr and Parlange, 1975). 

The grain Peclet number took into account the velocity, diffusion effects of different 

tracers and different average particle diameters. Dispersion may be related to the grain 

size Peclet number by (Rose, 1977) 

— = T + aPea
b 

0. 9 (3.4.8) 

Where i is the tortuosity factor which equals D/D0 when V = 0. In saturated porous 

media it is often assumed to be 0.67, Peg is the grain size Peclet number = Vd/D0, d is 

the characteristic dimension of the medium i.e. the mean particle diameter, V is the 

velocity and a and b are fitting parameters. 

If D0 = 2.03 x 10"
9 ms"1 (the D0 for chloride) and T= 0.67 then Eq. (3.4.7) becomes 

D = 2.314 x 10~9 + 2.03 x 10"9aPeg
b (3.4.9) 

Plots of the log dispersion versus log grain Peclet number for the granular media gave a 

good correlation (r2=0.60) where Dm ( m V
1 ) = 2.8 x 10"8 Peg

0M (Fig. 3.8). This could be 

rearranged according to Eq. (3.4.9) so that a = 12 and b = 0.86, which were slightly 

different to the values reported by Bond and Smiles (1983) where a varied between 0.16 

and 7.9 and b varies from 1 to 1.56. For this analysis of the literature data the grain 

peclet number was either provided in the original paper or calculated as the geometric 

mean cumulative mass fraction. 

There was also a trend of increasing dispersion with increasing Peclet number in the 

structured media (Fig. 3.9), but in this analysis the average particle diameter included 

gravels and soil aggregates 



Chapter 3. Literature Review - Solute and Cation Transport 68 

1.E-03 

1.E-04 

1.E-05 

1.E-06 

£1 E-07 

1.E-08 

1.E-09 

1.E-10 

Granular Media 

r* = 0.60 
D m = 2.78 x10"

8 Peg
a86 

1.E-02 1.E-01 1.E+00 1.E+01 

Grain Peclet number, Peg = Vm d/D0 

• Bond and Wierenga, 
1990 

o De Smedt and 
Wierenga, 1984 

• De Smedt et al., 1986 

x Gaudet etal., 1977 

-Krupp and Elrick, 1968 

k. Maraqa etal., 1997 

Zurmuhl and Durner, 
1998 

D Current study 

1.E+02 

Fig. 3.8 Relationship between Dm and grain peclet number for granular media 

1.E-03 

1.E-04 

1.E-05 

1.E-06 

J" 
E, 
£ 

o 

1.E-07 

1.E-08 

1.E-09 

1.E-10 

0.001 

Structured Media 

~ * x * 
- • * 

• M a and Selim, 1995 

X van Genuchten and 
Wierenga, 1977 

A Anamosa et al., 1990 

-Mallants etal., 1997 

i Nkedi-Kizzza et al., 
1983 

•+- -+- -+-
0.010 0.100 1.000 10.000 

Grain Peclet No = uL/D0 

100.000 

Fig. 3.9 Relationship between Dm and grain peclet number for structured media 



Chapter 3. Literature Review - Solute and Cation Transport 69 

According to Bear (1972), when the grain Peclet number was less than 1 (i.e. Peg <1) 

DocV2 (3.4.10) 

When the grain Peclet number was greater than 1 (i.e. Peg >1) 

D ocV (3.4.11) 

This was more common for large average particle size soils such as sands and glass 

bead experiments. For Pe > 1 the ratio of Dir/Vm was nearly constant and equal to the 

dispersivity (Xd), which was thought the represent the average particle size (Griffioen et 

al., 1998) 

Therefore, the grain Peclet number may be used to give an initial estimate of dispersion 

for granular media but not for structured media, due to the soil specific nature of the 

relationship in structured media. 

Although dispersion was usually considered to be scale-independent, in practice, 

dispersion increases with distance from the source. This had been seen in groundwater 

tracer injection studies (Gelhar and Axeness, 1983; Dagan, 1984,). This scale effect had 

also been noted for undisturbed columns at high flow rates but not for repacked cores 

(Khan and Jury, 1990). 

De Smedt and Wierenga (1984) found the early breakthrough and tailing phenomenon 

was of a transitory nature that only occurred when the solute had not traveled very far 

from the source. For larger distances, they found the solute breakthrough curve may 

have a more regular shape. However, for larger distances from a source the apparent 

dispersion coefficient was observed to be greater than expected. In practice, travel 

distances had to be quite long for this effect to become apparent and it was usually 

ignored in field root-zone leaching studies. 

The saturation of the column could markedly affect the relationship between the 

dispersion coefficient and velocity. In saturated soil the dispersion was thought to 

increase linearly with velocity. However, in unsaturated soil the dispersion increased 

more rapidly than the saturated dispersion coefficient up to a limiting water content 

where the Dsat equals the Dunsat (Matsubayashi et al., 1997). Even though solute 

dispersion in unsaturated conditions could be up to 20 times higher than under saturated 
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conditions, when unsaturated experiments were fitted to the MIM, the D values were 

consistent with those obtained from saturated experiments (De Smedt and Wierenga, 

1984). 

Of course, in field solute transport experiments under rainfall conditions the water and 

solute would only leach substantially when then water content was above field capacity, 

in which case the D-V relationship may be used as an initial approximation. However, 

in between flow events, the solute movement will spread by molecular diffusion, which 

was the solute dispersivity in water, D0, and the tortuosity as defined in Eq. (3.2.3). 

3.5 Conclusions 

From the literature w e can see that even in sands it was important to determine if the 

C D E or M I M should be used as the basic physical model for solute transport. Direct 

measurement of the adsorption isotherm and identification of any "immobile" water in 

the field soils (van Genuchten and Wierenga, 1976) had been particularly problematic 

until Clothier et al. (1995, 1996) and Jaynes et al (1995) introduced techniques to 

estimate both the adsorption coefficient and immobile water using the disc permeameter 

by introducing a solute with the infiltrating water. However, both these techniques were 

limited in their ability to estimated M I M parameters depending on the amount of 

immobile water, the pore water velocity and the dispersivity. 

The choice of solute model could then be determined after analysis of column effluent 

breakthrough curves; sequential tracer experiments (Jaynes et al, 1995) and single tracer 

experiments (Clothier et al., 1992) on the same core and in situ. 

Prediction of solute transport parameters from soil properties appeared to be difficult. In 

the granular media, like the Moora sands, an estimate of ^ equal to 0.9 was reasonable 

for all the datasets. In the granular media, an initial approximation of alpha and 

dispersion could be predicted from the velocity. The initial estimates of D may be 

successfully used in field solute transport models and cation transport models in the 

absence of measured data. 
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The prediction of acidification based on cation concentration required the estimation of 

cation selectivity coefficients. However, laboratory selectivity coefficient had rarely 

been tested to determine if they could describe the partitioning of the cations in the field 

soil. Unfortunately to predict field solution cation concentration required the selectivity 

coefficient, the C E C and soil cation concentration. 

The cation movement may be modelled using the more simplistic binary exchange 

coefficients coupled with the C D E / M I M (Valocchi et al., 1981; Selim et al., 1987; 

Schulin et al., 1989). Generally, the selectivity coefficients had been used to predict the 

movement of cations in both the laboratory and field experiments. The cation 

adsorption isotherms and selectivity coefficient could be used to determine which 

cations were most likely to leach with the nitrate. 
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4.1 Site Description 

This study was undertaken at a field site 14 k m west of the town of Moora, 200 k m 

North East of Perth, which was set-up by the CSIRO, Agriculture Western Australia and 

The University of Western Australia for water balance, nitrate leaching, nitrogen 

mineralisation, liming and acidification studies. The site was previously described in 

detail in Anderson et al. (1998a,b) and the location was shown in Fig. (4.1). Because 

this study makes use of the existing site infrastructure, only a brief description of the 

salient features of the site instrumentation and data available for used in daily water 

balance modelling was provided in this section. 

0 100 200 300 400 600 km 

Based on 30 year cHmatotology (1961 to 1991} 
Copyright Commonwealth of Australia 
Bureau of Meterokigy 

Fig. 4.1 M a p of Western Australia showing position of Moora field site and the average rainfall 
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The site had been continuously cropped in a wheat - lupin rotation for 8 years prior to 

the start of the experiments in 1994. The site was divided into 36 plots but only plots 12, 

15, 35 and 36 were used for this study. These plots were 50 m by 5.4 m and were under 

a 2-year rotation of 1-year lupin followed by 1-year wheat (Table 4.2). 

The plots were deep ripped to 0.3 m on the 5th Jan 1996, 23rd April 1997 and 16th May 

1998 (Anderson et al., 1998a). A section of a wheat plot was left unripped in 1996 in 

order to compare soil hydraulic properties on ripped and unripped soil. 

The crops were sown in 1995 using zero tillage (narrow points) and a seeder with wide 

points in 1996. Wheat cultivar Dagger was planted in 1995 and the cultivar Cascade 

used in 1996 which were both sown at a rate of 80-100 kg/ha to establish 100 plants/m2. 

Lupin cultivar Merrit was planted in 1995 and 1996 at a sowing rate of 80-100 kg/ha to 

establish 45 plants/m2. Lupin seed were routinely treated with Roval (iprodione) and 

wheat seed treated with Baytan (tridimenol and cypermethrin) (Anderson et al., 1998a). 

The sowing dates of wheat and lupin and the harvest date for wheat between 1995 to 

1998 are presented in Table (4.1). 

Weed control was achieved using a combination of Roundup (glyphosate), Treflan 

(trifluralin) and Sprayseed (paraquat and diquat) before sowing. Brodal (diflufenican 

and bromoxylin) and Hoegrass (diclofop-methyl) were used on a rotation basis where 

needed to control grass species, clover and broadleaf weeds (wild radish and capeweed) 

in crop treatments post emergence (Anderson et al., 1998a). 

Table 4.1 Sowing and harvest dates for wheat and Lupin from 1996 to 1998 

Year 

1995 

1996 

1997 

1998 

wheat 

Plots 

12&35 

15&36 

12&35 

15&36 

sown 

11th M ay 

18th June 

23rd M ay 

16th M ay 

harvest 

27th November 

5th December 

25th November 

24th November 

Lupin 

Plots 

15&36 

12&35 

15&36 

12&35 

sown 

28th April * 

1st May ** 

9th M ay 

29th April 

*wet sown ** dry sown 
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The growing season was typically from May until the end of October with a long term 

potential yield of 2.5 t/ha for wheat and 2.0 t/ha for lupin (Anderson pers comm.,1999). 

4.2 Soil description 

Topsoil, 0 to 0.2 m and the subsoil 0.2 to 1.5 m were classified as yellow siliceous sand 

(McArthur, 1991); Typic Xeropsamment (Soil Survey Staff, 1987); Uc5.22 (Northcote, 

1979). The Moora sand had a coarse texture mostly comprised of loose, single grains 

and contained very little gravel. It had a very weak structure with a lack of macro-

structure and few visible macro-pores. 

The soil profile was generally uniform with a clay content that increased with depth 

from 4 % near the soil surface to nearly 1 0 % at 1.5 m. Soil acidity was at a maximum in 

the root zone between 0.10 m and 0.5 m depth (Table 4.1). This soil had a low cation 

exchange capacity with a dominance of calcium on the exchange sites and in the soil 

solution. 

Table 4.2 Soil physico-chemical properties (Anderson et al., 1998a) 

Soil 

0.0-

0.1-

0.2-

0.5-

Depth 

-0.1m 

-0.2 m 

-0.5 m 

-1.5 m 

Bulk 
density 

1.58 

1.68 

1.82 

1.80 

pH 

(CaCl2) 

5.0 

4.3 

4.3 

5.2- 5.7 

Sand 
% 

91.4 

89.6 

87.5 

87.5 

Silt 
% 

2-50 

pm 

5 

5 

5 

5.1 

Clay 
% 

<2um 

3.6 

5.4 

7.5 

7.4 

Exchangeable 
cation 
molcm"

3 

5.8 

2.0 

1.2 

1.2 
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4.3 Site instrumentation and measurements 

4.3.1 Weather station 

The climate in the Western Australian wheat-belt was Mediterranean with rainfall 

concentrated in autumn/winter from May-June to October and hot, dry conditions over 

summer. Annual rainfall was highly variable from 203 to 790 m m , with an annual 

average of 460 m m . 

Over the experimental monitoring period from 1995 to 1998, an automatic 

meteorological station located next to the experimental site was used to measure hourly 

rainfall, wind speed, air temperature, humidity and radiation. The daily potential 

evapotranspiration, (Ep), was determined from the Penman equation (Eqs. 4.1). 

Cumulative daily rainfall and Penman evaporation data over the study period are shown 

in Figs. (4.2 and 4.3). 

ET = 
A (Rn + G) 

A + Ys LH 
+ 

6.43 

ys + A LH 
(e° - eaX1 + 0.0062i/2) 

(4.1) 

where ET is the evapotranspiration ( m m day"1), A is the slope of saturated vapour 

pressure-temperature relation (kPa°C1), ys the psychrometer constant, Rn the net 

radiation (MJ m^day"1), G the soil heat flux (MJ m^day"1), LH is the latent heat of 

vapourisation (MJ kg"1), u2 is the wind speed at 2 m height above ground (km day"
1), e° 

the saturation vapour pressure (kPa), ea is the actual vapour pressure (kPa) 

The measurements of temperature, humidity, and height of weather station above sea 

level were used to calculate the Penman parameters (Eqs. 4.2- 4.5) 

_ 2501 - 2.36017;, 
LH ~ 1^00 

(4.2) 

f o \0-2 

u0 = u„ 
\Zm J 

(4.3) 

e° = 0.6108 exp 
17.277. 

av 

KTav + 237.3. 
(4.4) 
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ea = e 
0 * RH (4.5) 

where Tav is the average daily air temperature (°C), um is the wind speed (km day") 

measured at zm height about the ground (m). 

Fig. 4.2 Cumulative Rainfall and evaporation at the Moora site for 1995 and 1996. 

Fig. 4.3 Cumulative Rainfall and evaporation at the Moora site for 1997 and 1998. 
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4.3.2 Water content in the profile with TDR 

Soil water content was measured every half an hour using a Time Domain 

Reflectrometry (TDR) system from 1995 to 1998 as described by Anderson et al. 

(1998b). The T D R system and computer program used was described in Gregory et al. 

(1995) and consisted of a multiplexer unit connected to 16 T D R probes connected to a 

cable tester and then to the computer. T D R probes, 0.4 m length, were placed 

horizontally at soil depths 0.1, 0.2, 0.3, 0.5, 0.7, 0.9, 1.2, 1.5 m in pits in two wheat 

plots and two lupin plots in the lupin-wheat rotation (Plots 12, 15, 35 and 36). The 

surface probe, originally denoted as 0.1 m depth, was positioned at an angle in 1996 to 

measure the water content from the 0.02 - 0.1 m layer. Some instrument problems 

occurred during the study period, so data acquisition was not entirely continuous. The 

T D R was calibrated in the Moora soil by Anderson et al. (1998b). 

A TRASE TDR (Soil Moisture Inc.) was also used to obtain spot soil water content 

measurements during the hydraulic property measuring procedures. 

4.3.3 Root biomass and plant biomass 

Root length density data for both lupins and wheat were available from measurements 

performed as part of the larger study at the site and has been reported by Anderson et al. 

(1998a). In summary, the root material was recovered from soil, which was sampled 

using a 100 m m diameter sand auger, at 0.1 m depth increments to 0.5 m; 0.2 m depth 

increments from 0.5 to 0.9 m; and 0.3 m depth increments from 0.9 to 2.1 m. Roots 

were extracted from soil using wet sieving techniques (2 m m circular mesh diameter) 

with organic debris and old root material hand-picked from separated root material. The 

mass of the clean root samples per volume of soil was determined after drying at 65 °C 

for 2 days. The roots were also scanned using an edged discrimination procedure with a 

desktop scanner to determine the total root length (Anderson et al. 1998). For better 

contrast during the scanning procedure, roots were stained with methylene blue 

dissolved in ethanol. The root length density was calculated using the length to mass 

ratio of the scanned roots (Figs. 4.4). 
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Fig. 4.4 Root length density measurement in Wheat for 1995 and 1996 (data taken from 
Anderson et al., 1998a) 

Crop biomass (t DM/ha) of wheat was measured at tillering, anthesis, and harvest as 

described by Anderson et al. (1998a). Measurements were done on three 0.86 by 0.54 m 

quadrats per plot and then the plant material was bulked to obtain a single plot weight. 

Wheat material was separated into straw and grain at grain harvest and the grain yield 

was obtained from the machine harvest of the whole plot. 

Wheat grain yields (t/ha) are shown in Table (4.3) for plots 12, 15, 25 and 36. These 

plots did not have any nitrogen, lime or potassium application (pers comm. Dolling, 

1999). Dates without wheat plot yields were in the lupin rotational phase. 

Table 4.3 Wheat grain yields (t/ha) for Moora plot trials in 1995 to 1998. 

1995 

1996 

1997 

1998 

Wheat yields (t/ha) 

Plot 12 Plot 15 

1.74 

2.39 

2.66 

3.275 

Plot35 

1.70 

2.87 

Plot 36 

2.65 

4.192 



Chapter 4. Site description and field and laboratory measurements 81 

4.4 Field measurement of hydraulic properties 

4.4.1 Field soil preparation 

Measurements on the soil surface only required the cutting of any vegetation to ground 

level prior to any measurements. The subsoil measured were performed in a 2 m by 2 m 

pit which was dug to 0.3 m. The pit was large enough so that each replicate and the 

edges of the pit could not interfere with the three dimensional flow. The site was 

carefully prepared to be a flat, horizontal surface with no smearing of the surface. 

4.4.2 Field tensiometer experiment for measuring water retention 

A rapid field measurement method was developed to obtain points on the water 

retention curve from saturation to the drained upper limit (field capacity). The method 

employs a ponded ring, a T D R and a fast response pressure transducer-tensiometer 

system. Initially, the automatic pressure transducer-tensiometer system developed by 

Smettem (pers c o m m ) was used. This system had a small (30 m m length, 10 m m 

diameter), high flow pencil ceramic tensiometer with only 3 c m of water volume 

between the tensiometer and the transducer, which gave a practically instantaneous 

response time. It was subsequently found that the Loktronic tensiometer-transducer 

system was sufficiently responsive for field application, with response times that were 

indistinguishable from the Ross and Bartlett (1990) system. This system relied on 

measurement of pressure changes in an air lock below a rubber septum in the 

tensiometer tube. To make a reading, the septum was penetrated by a needle attached to 

a pressure transducer with a digital readout (Fig. 4.5). The advantage of this system was 

that the tensiometers were relatively cheap and because they were not attached to the 

transducer, several replicate tests could be set up and monitored in sequence. 

The ring of 100 mm radius was placed firmly in the soil surface to a depth of 50 mm 

and a small pit was excavated to the side of the ring to facilitate horizontal insertion of a 

three-wire T D R probe at 80 m m depth directly under the ring. Water was added to the 

ring and the T D R water content was monitored until a stable saturated water content 

reading was obtained. Once this occurred, the tensiometer was placed in the soil so that 

the centre of the ceramic cup was at the same depth as the T D R probe. Infiltration was 



Chapter 4. Site description and field and laboratory measurements 82 

continued until a stable positive pressure head (equal to the height of water above the 

mid-point of the ceramic tensiometer cup) was registered on the transducer. 

Water was then allowed to drain and the water content and tensiometer readings were 

recorded over time as the water drained from the profile (Fig. 4.5). This technique 

proved to be particularly suitable for the rapidly draining sandy soil at the Moora field 

site. The field W R C experiment was replicated 3 times on the ripped topsoil and ripped 

subsoil and 4 times on the unripped topsoil and subsoil on the 5th M a y 1996. 

Air lock 

Ponded ring 

T D R 
probe 

S 
ZL 

Rubber septum 

Water level 

tensiometer 

80 m m 

Fig.4.5 Field equipment for measuring water retention from saturation to field capacity. 

4.4.3 Field saturated hydraulic conductivity by the ponded ring method 

Field saturated hydraulic conductivity was measured at the Moora field site using a 

ponded ring permeameter. The initial water content and saturated water content were 

measured by TDR. A ring with a radius 152.5 m m was pushed 20-40 m m into the soil 

and a 10-30 m m ponded head was established. The volume of water infiltrating the soil 

was measured at time intervals and converted to m m of cumulative infiltration. The 

gradient of the cumulative infiltration versus time plot was taken as the flux gradient 

Q/JCT2 and the gradient of the cumulative infiltration vs tl/2 at very early time gives the 

sorptivity. The saturated hydraulic conductivity was calculated using Eq. (2.4.31) after 

calculating the shape factor (Eq. 2.4.32) and the rnatric flux potential from sorptivity 

(Eq. 2.4.29). 
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Fig. 4.6 Field Ponded ring experiment. 

Saturated hydraulic conductivity was measured at the Moora field site on the 5 May, 

25th June, 15th July sand 22nd August 1996 in ripped and unripped plots with the ponded 

ring permeameter. Between 3 and 5 replicate measurements were taken in the ripped 

and unripped topsoil and subsoil at each date. The first saturated hydraulic conductivity 

measurements occurred in M a y just prior to seeding of the wheat. 

4.4.4 Field near-saturated hydraulic conductivity measured by disc permeameter 

The disc permeameter or tension infiltrometer (Perroux and White, 1988) was a popular 

apparatus for in situ measurements of sorptivity and hydraulic conductivity at a 

prescribed soil water pressure head at the supply surface (Cook and Broeren, 1994). The 

disc permeameter had the advantage that it used a relatively small volume of water in 

the test and does not greatly disturb the soil surface being measured. The device had 

created the opportunity for routine and rapid field measurements of sorptivity (5) at 

selected soil water pressure heads at the supply surface. 

Many methods of analysis have been employed to obtain hydraulic properties from disc 

permeameter data (Cook and Broeren, 1994) which included: those based on a steady 

state flow using the early time infiltration to determine sorptivity (Somaratne and 

Smettem, 1993), using two or more discs of different radius (Smettem and Clothier, 

Ring radius 
r = 152.5 m m 

Ponding height 
H = 10-30 m m 

Ring depth 
d = 20-40 m m 
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1989) and using two or more different soil water pressure heads (Ankeny et al., 1991). 

These methods assumed soil and initial water content homogeneity under the disc and 

that the soil was not hydrophobic. Disc permeameter data could link unsaturated 

laboratory and saturated field measurements of hydraulic properties of soil rather than 

relying on simple estimates or predictions (Clothier and Smettem, 1990). 

The disc permeameter used at the Moora field site was similar to those designed by 

Perroux and White (1988) and consisted of a 100 m m diameter disc covered with a 

membrane, a water reservoir and a bubbling tower (Fig. 4.7). The membrane was a 

nylon screen with a 50pm uniform mesh size held onto the disc by rubber O-rings. The 

disc and the tubes were made of polycarbonate or clear acrylic. The water height in the 

bubbling tower, zi, was used to determine the applied negative soil water pressure head, 

h0 = zi - Z2 , often 20, 40 and 60 m m . The disc permeameter was zeroed by initially 

adjusting the water height in the bubbling tube until water just began to flow through 

the membrane when placed on an impermeable surface (due to lateral leakage under a 

very slight positive pressure). The zero mark was then set such that no leakage occurred. 

The ground was prepared by removing any vegetation and level surface prepared with a 

small capping of contact material. This ensured a good contact or hydraulic connection 

of the disc membrane with the soil surface. Initial and final water contents were 

measured with the T D R probe in the horizontal position. 

The drop of water in the supply tube was measured every 5 seconds for the first 90 

seconds then every 30 seconds thereafter. The drop in the supply tube was then 

converted to a cumulative volume of water (using the radius of the supply tube) and 

then converted to cumulative infiltration, i ( m m ) using the basal area of the disc 

permeameter. 

Sorptivity was calculated using Eq. (2.4.19) by plotting i versus tm . The gradient was 

taken as an estimate of the early time sorptivity, S0. Sorptivity was best measured before 

the effects of source geometry swamped the initial 1-d infiltration process. The time at 

which geometric effects become important was determined by the geometric time scale, 

tgeom (Eq. 4.6) (Elrick et al., 1990). 
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1-AtfY 
geom 

\So J 
(4.6) 

The steady state flow rate, Qlnr1, was determined from the gradient of the long time 

infiltration versus time graph. The gradient was taken from the time at which the 

infiltration reached quasi-steady state. The time scale for steady-state flow rate, t*, was 

found when the characteristic dimensions of the supply source equaled or exceeded Ac 

then r* = t gmv (Philip, 1986) where 

t = 
grav 

s } 
o (4.7) 

The hydraulic conductivity, K ( m m h"1) was then determined with Eq. (2.4.24) using the 

calculated sorptivity, S0, and steady flow rate (Q/nr
2). Three to Four replicated 

measurements of near-saturated hydraulic conductivity were taken in the unripped 

topsoil and subsoil at -20 mm and -60 mm on the 15th July 1996. 

interchangeable 
calibrated 
water reservoir 

Supply 
membrane 

r 

Bubbling 
tower 

Zi 

I 
Fig. 4.7 Disc Permeameter or tension infiltrometer (Cook and Broeren, 1994). 
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4.4.5 Field near saturated hydraulic conductivity by constant rate sprinkler 

method 

A rainfall simulator can provide a constant flux infiltration, which might have more 

practical and theoretical advantages than constant ponding especially in the unsaturated 

realm (Parkin et al., 1995). The supply rate of water was akin to a supply pressure head 

of a disc permeameter. The soil water pressure head, hydraulic gradient and water 

content could all be measured near the soil surface at the sprinkler water supply rates. 

At the Moora field site, the low energy sprinkler system described by Ross and Bridge, 

(1985) was used to determine the K(h) in the topsoil at two supply rates. A level site 

was prepared by cutting the vegetation to the surface level and removing all debris. The 

1 m square sprinkler consisted of 11 polycarbonate pipes arranged parallel with 100 m m 

spacing which had 1 m m fine tubing placed every 10 m m (Fig. 4.8). The water supply 

rate was controlled by adjusting the head of water in the tubing attached to the two large 

pipes in the sprinkler. The actual water supply rate was measured and adjusted for the 

area of the sprinkler to get the flux rate ( m m h"1). 

Fig. 4.8 Equipment used for constant rate sprinkler method. 
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The sprinkler was placed 50 mm above the ground with two tensiometers placed within 

the sprinkler region at 50 m m and 100 m m depth. A 0.15 m T D R probe inserted 

vertically was used at various locations around the tensiometers and other areas within 

the sprinkler region to test the uniformity of wetting. 

The hydraulic gradient was calculated from two the tensiometers. Steady-state was 

reached when the hydraulic gradient was unity. The hydraulic conductivity was then 

calculated from Eq. (2.1.2). 

4.5 Laboratory measurement of hydraulic properties 

4.5.1 Laboratory soil preparation 

It was not possible to sample and transport 'undisturbed' cores from the field site due to 

consolidation changes in the freshly tilled or ripped material. Repacked cores were used 

because the field site was deeply ripped annually. Consolidation occurred in the field 

after several wetting and drying cycles and the laboratory core preparation procedure 

was designed to mimic this process in order to produce reproducible uniform cores for 

experimentation. Comparisons were made with undisturbed field cores obtained later in 

the season after consolidation had occurred. 

Bulk soil samples were taken in the field at 0 to 10 cm for the topsoil and 30 to 50 cm 

for the subsoil. The soil was air dried and sieved though 2 m m , however there was less 

than 0.5% gravel at this site. 

The rings and columns were packed to field bulk density, approximately 1.6-1.8 gem"3, 

by the addition of small amounts of soil before tapping down, which was repeated until 

the column was filled. The soil cores/rings were brought to field-saturation by capillary 

rise and allowed to dry over night. Additional soil was added to the cores if slumping 

had occurred. The soil samples cores/rings were then, and re-wet and dried two more 

times before inserted into the Tempe cells, placed on the pressure plates, used for 

hydraulic conductivity or solute transport experiments. 
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For water retention curves the core were packed into rings of 30 mm diameter and 30 

m m height for the Tempe cells and 30 m m diameter and 1 c m height for the pressure 

plates. For the saturated and unsaturated hydraulic conductivity measurement, soil 

columns of 100 m m by 100 m m were used. Some repacked laboratory cores were also 

subjected to surface disturbance. Disturbance was created simply by pouring water onto 

the soil surface. The surface was then covered with a filter paper to prevent further 

disturbance and the flow rate was again monitored at fixed intervals. 

4.5.2 Water Retention by Tempe Pressure cells 

The water retention curve was measured from 0 to 0.10 m negative soil water pressure 

head using Tempe pressure cells attached to a U-tube (Fig. 4.9). The Tempe cells 

require 0.03 m diameter by 0.03 m height cores, which could be taken intact in the field 

or repacked in the laboratory. In these experiments, the repacked cores were wet and 

then allowed to dry at least once prior to use in order to emulate the natural 

consolidation that would occur in the field due to rainfall after tillage. The soil core was 

saturated by capillary rise using a de-aired 0.005M C a C ^ solution and then weighed to 

measure saturated water content. The mass of water expelled from the cores was 

weighed after each application of 0.1 m, 0.2 m, 0.3 m, 0.5 m, 0.6 m and 0.7 m 

equivalent negative soil water pressure head. Measurements near saturation allowed a 

more accurate determination of the air entry point. 

Laboratory Tempe WRC measurements were replicated 4 times in the topsoil and 7 

times in the subsoil on repacked cores with 1-2 initial wet dry cycles. 

4.5.3 Water retention by Pressure plates 

Pressure plates used small repacked cores and were best used in the high soil water 

pressure head range from 0.10 m to 150 m H 2 0 rather than the smaller pressure heads 

near saturation. The cores from the Tempe cells were sliced into 0.01 m long cores and 

transferred to the pressure plates (Fig 4.10). Generally the pressure plates were used at 

10 m, 100 m and 150 m, but any soil water pressure head can be measured. 

he water content at 10 m, 100 m and 150 m soil water pressure was determined for 5 

plicates of topsoil and subsoil packed to the ripped and unripped bulk density. 
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Fig. 4.9 Tempe Cell equipment (from Soil Moisture Inc). 

Fig. 4.10 Pressure plate equipment. 
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4.5.4 Laboratory measurement of saturated hydraulic conductivity 

Saturated hydraulic conductivity was measured in the laboratory using cores of 100 mm 

diameter and 100 m m height which had been re-packed with Moora topsoil and subsoil 

to field bulk density (Fig. 4.11). A constant 20 m m ponded head was then maintained 

and the volume of outflow from the core was measured at regular time intervals. The 

saturated water content was taken from the wet and dry weight of the core and adjusted 

for any change in bulk density resulting from consolidation during the measurement 

programme. 

h = 20 m m 
head 

z = 7 0 - 1 0 0 m m 

Core heiqht 

ponded head 

Repacked 
soil core 

Hydraulic gradient 

db/dz = (h+z)/z 

radius r = 50 m m 

Fig. 4.11 Laboratory #sat experimental set-up. 

Combining the steady flow rate, Q/n>, with Darcy's law (Eq. 2.4.23) yielded the 

hydraulie eondnetivity, provided the core height and ponded head height were known 

(Clothier et al., 1982). The laboratory measurement of saturated hydraulic were 

replicated 5 times was the topsoil and 6 time in the subsoil using cores which had at 

least one wet and dry cycle. The effect of the wet and dry cycle was tested on 3 cores for 

the topsoil and subsoil. The effect of surface disturbance was tested using 1 topsoil and 

1 subsoil core. 
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4.5.5 Laboratory measurement of near saturated hydraulic conductivity 

One-dimensional near-saturated hydraulic conductivity was measured on the Moora 

topsoil and subsoil using a disc permeameter laboratory set-up similar to Magesan et al. 

(1995). The laboratory set-up consists of a disc permeameter, placed on a core to apply a 

negative soil water pressure at the surface, and a mariotte tension control via a porous 

plate at the base to apply the same negative soil water pressure at the bottom of the core 

(Fig. 4.12). The two tension controllers, one at the top and the other at the bottom of the 

core, establish a uniform water content profile and unit hydraulic gradient. The base of 

the core was covered with nylon membrane to allow for easy removal of the core from 

the apparatus. 

Disc Permeameter 

Solute 

supply tube 

Tension at 

bottom set 

with v a c c u m 

and bubbling 

tube 

Bubbling tube 

sets tension at top 

tap 

T o v a c u u m tap 

mariotte tension 

control 

Fig. 4.12 The laboratory set-up for water and solute transport experiments. 

Unsaturated hydraulic conductivity at 20 m m , 40 m m and 60 m m soil water pressure 

head was measured in replicates for unsaturated hydraulic conductivity during the solute 

transport and cation transport experiments. These experiments accounted for 8 and 6 

replicates in the topsoil at 20 m m and 60 m m soil water pressure and 10, 4 and 6 

replicates in the subsoil at 20 m m , 40 m m and 60 m m applied soil water pressure 
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respectively. The hydraulic conductivity was again calculated for the one-dimensional 

laboratory core experiments by applying Darcy's L a w (Eq. 2.1.1). 

4.6 Laboratory and field measurements of solute transport 

4.6.1 Chemicals and chemical analysis 

Non reactive tracers used in the solute transport study included Fluorobenzoic acid 

(FBA's) and bromide, from Sigma Chemicals and deuterium supplied by CSIRO. 

Fluorobenzoic acids included 2,6 difluorobenzoic acid (DFBA) with a formula of 

C7H3O2F2 and molecular weight of 157.1, 2,3,6-trifluorobenzoic acid (TFBA) with a 

formula of C7H2O2F3 and molecular weight of 175.1 and pentafluorobenzoic acid 

(PFBA) with a formula of C 70 2F 5 and molecular weight of 211.06. 

The fluorobenzoic acids have a pKa less than 4.0, were anionic at neutral to basic soil 

pH, were resistant to chemical and microbial transformations and were detectable at 

ugL"1 levels (Benson and Bowman, 1994). The fluorobenzoic acids were found not to 

adsorb to the soils, glass or plastic using batch adsorption techniques (Fig. 4.13), 
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Fig. 4.13 Comparison of tracer (bromide, FBA and deuterium) added to the soil and that 
measured in solution 24 hrs later in Moora topsoil (a) and subsoil (b). 
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The FBA's and bromide were analysed using HPLC ion chromatography, using a 

spherisorb S A X (strong anion exchange) column 250 m m length and 4.5 m m diameter 

with 5 urn particle size, with a U V detector at 205 nm, and solute of 4 0 % Acetonitrile 

and 6 0 % 5gL_1 K H 2 P 0 4 adjusted to p H 2.7 with a flow of 1 ml min"
1. Deuterium was 

measured using mass spectrometry by the CSIRO (Land and Water) laboratories, 

Wembley, W.A. 

Cations used in the cation transport studies include calcium, magnesium, sodium and 

potassium all supplied as chloride salts. The concentration of cations in the soil solution 

and extracted from the soil exchange sites were analysed by A A S after they were diluted 

with a 1 % HC1 and 1 % LaCl3 ionisation suppressant. 

4.6.2 Non reactive tracer breakthrough curves 

The soil was equilibrated until a constant velocity was established using a solution of 

0.005M CaCl2- Tracer studies were performed at two flow rates by setting the surface 

supply and basal tension at -20 and -60 m m H 2 0 following the method of Jaynes et al. 

(1995). 

BTC's were obtained by applying a pulse of approximately 1 pore volume of tracer and 

collecting the outflow solution. The pore volume was determined by weighing the wet 

core at the cessation of the B T C experiment and deducting the dry weight of the soil 

core. The concentration of bromide, fluorobenzoic acid or deuterium was measured and 

compared to the input concentration, C0. The volume flux density was measured and 

assumed equal to the hydraulic conductivity at unit gradient. The pore water velocity, V, 

was determined as the volume flux density divided by the volumetric water content of 

the core. 

Parameters describing either the CDE, (Eq. 3.2.1) or the mobile-immobile model (MJJVI) 

(Eqs. 3.2.4, 3.2.5), as well as their 9 5 % confidence intervals, were obtained from 

CXTFTT2.0 (Toride and van Genuchten, 1995). When fitting the C D E the pore water 

velocity, v, was known so the only fitted parameter was the dispersion coefficient, D. 

The M I M required three fitted parameters: dispersion coefficient, D, mobile water 

fraction /?, and the dimensionless exchange coefficient, co, which was related to the 
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dimensional exchange coefficient, a, by Eq. (3.2.5). The frontal breakthrough curves 

(step input) measured during the STE, were also fitted to the M M , 

4.6.3 Cation breakthrough curves 

Two topsoil and two subsoil columns were used to perform Ca-Mg breakthrough curves 

in calcium saturated soil using the solute transport laboratory set-up previously 

described in Chapter 4.5.5. The soil cores were packed with Moora sand, leached with 

10 pore volumes of 100 mmol L"1 CaCl2 and allowed to dry. The columns were then 

washed with 5 mmolL"1 C a C ^ until a constant concentration of 5 m m o l L" CaCl2 was 

measured in outflow solution. 

For each breakthrough curve experiment, a pore volume of a cation was added before 

flushing with 5 mmolL"1 CaCl2. The outflow solution was collected in varying fractions 

by manual sampling and diluted, with 1 % H C L and 1 % LaC13, prior to A A S analysis of 

the cations. 

4.6.4 Laboratory Sequential Tracer Experiment (STE) and Single tracer methods 

Each column from the BTC experiments was flushed with 0.005M CaCl2 for about 20-

50 pore volumes until no residual fluorobenzoic acids were detected in the effluent. 

The sequential tracer experiments applied tracers for varying lengths of time to 

determine exchange into the immobile region. The soil was initially equilibrated with 

0.005M CaCl2 and then the tension infiltrometer was replaced with a tension 

infiltrometer filled with the first tracer solution of bromide, and after approximately 2 

pore volumes had infiltrated it was replaced with a tension infiltrometer containing 

bromide and DFBA. After a further 2 pore volumes it was then replaced with a tension 

infiltrometer containing bromide, D F B A and PFBA, then finally replaced with tension 

infiltrometer containing bromide, D F B A , P F B A and TFBA. At the cessation of the 

experiment, the first 0.5 cm of the core was discarded as it contained contact material, 

then the next 2 cm of the core was subsampled, in quadruplicate, to extract the tracers 

and to measure the soil water contents. 
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Extraction of fluorobenzoic acids from the soil required shaking 10 g of wet soil with 10 

g de-ionised water for 5 minutes before allowing the suspension to settle prior to 

filtration and analysis. Concentration of fluorobenzoic acids measured in the soil extract 

was corrected for the extraction dilution using the known wet soil water content gave C. 

The concentration of the F B A in the final applied tracer mixtures gave C0. Samples of 

the outflow solution, and the infiltration rate was monitored during the experiment. 

Tracers were supplied in solutions of 0.005M CaCl2 containing bromide (50 m g L"1), 

2,6-difluorobenzoic acid (DFBA) (50 m g L"1), 2,3,6-trifluorobenzoic acid (TFBA) (50 

m g L"1) and pentafluorobenzoic acid (PFBA) (50 m g L"1). 

4.6.5 Field Sequential Tracer Experiment (STE) and Single tracer methods 

A 100 mm diameter by 100 mm length core was pushed into the surface soil to create a 

1 D flow field experiment. The tension infiltrometer was placed at the surface over the 

core and the infiltration over time measured. The sequential tracer experiment was 

performed as per the lab experiment so that approximately 2 pore volumes of tracer 

(based on lab experiments) had infiltrated before the next tracer was applied. The core 

was then removed from the soil and cut into 2 c m sections, which were subsampled for 

water content and extracted for tracers. 

4.6.6 Cation selectivity coefficients 

The soil was initially calcium saturated by shaking with 1M CaCl2 solution for 24 hours 

then leaching the solution cation with de-ionised H2O until minimal Ca was present in 

soil solution. The soil, 5 g, was added to a centrifuge tube with 25 ml of mixed cation 

solution and shaken for 24 hours after which the mixture was centrifuged at 2000 rpm 

for 10 minute. Solutions were Ca-K, Ca-Mg and Ca-Na at 50 mmol c L"
1 and 200 mmol c 

L"1 using 10 ratios of the cations in triplicate (for Ca-K) or duplicate for Ca-Mg. 

The supernatant and standards were diluted with a 1% HC1 and 1% LaCl3 ionisation 

suppressant before A A S analysis of the cations in solution, C, and Cj 

(mmol L"). 
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The soil was then shaken for 30 minutes with 25 ml of 70% ethanol to remove any 

entrained cations, centrifuged and the supernatant removed. The soil was then shaken 

with 1 M N H 4 O A c to extract adsorbed cations for 1 hour and centrifuged at 2000 rpm 

for 10 minutes. The supernant was diluted with 1 % HC1 and 1 % LaCl3 ionisation 

suppressant before A A S analysis of the cations which was converted to the cation 

exchange concentration (mmol kg" ). 

4.6.7 Measurement of soil and solution cations at Moora 

The soil solution cations and soil exchangeable cations were measured in a wheat and a 

lupin plot in the Moora trial site. Soil was sampled in duplicate at 0.1-0.2 m, 0.2-0.3 m, 

0.6-0.7 m and 1.2-1.3 m depth in 1998 on the 14th July, 10th August, 3rd September and 

10th October. The cores were subsampled to measure water content, p H in 0.01M CaCl2 

and cation concentrations (Ca, Mg, Na and K) in both the soil solution and on the soil 

exchange sites. 

Soil solution cations were determined by adding 25 ml DI H2O to 5 g of soil (in 

duplicate) and shaking for 24 hours before centrifuging for 20 minutes at 2000 rpm. The 

supernant was decanted, diluted with 1% HC1 and 1 % LaCl3 before A A S analysis of Ca, 

Mg, K and Na. The soil was then shaken with 7 0 % ethanol which was then centrifuged 

off and discarded. The cations were then extracted from the soil by shaking with 1M 

NH4OAC for 1 hour before centrifuging for 20 minutes at 2000 rpm. The supernatant 

was decanted and diluted with 1% HC1 and 1% LaCl3 before A A S analysis of Ca, Na, 

M g and K. 
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5.1 Introduction 

Physically-based water balance models based on the Richards equation required 

specification of the relationship between the soil water pressure head, h, and the soil 

water content, 0, and between the hydraulic conductivity, K, and either the soil water 

pressure head or soil water content. The characterisation of these functions in terms of 

empirical models, which use two or three parameters, had received much attention 

(Brooks and Corey, 1964; Campbell, 1974; van Genuchten, 1980) because they gave 

great efficiency to the numerical methods used to solve the Richards equation. Methods 

for determination of water retention using pressure cells were well developed, but 

cumbersome and costly. Field variability was often cited as an additional difficulty that 

could only be overcome by taking large numbers of samples (Williams et al., 1989), or 

by using indirect methods that estimated the requisite hydraulic properties from 

available soil survey data (van Genuchten and Leij, 1989). 

Water retention was routinely measured in the laboratory using pressure cells and 

pressure plates (Klute, 1986). Field techniques such as the instantaneous profile method 

(Watson, 1966) were advantageous as the soil disturbance was minimised but the 

method could be quite time consuming if automated methods for measuring both the 

soil water pressure head and water content during drainage were not available. 

In this study a comparison was made between water retention curves obtained using a 

pressure apparatus with disturbed and undisturbed soil cores and water retention curve 

data obtained near the wet end using a new rapid field technique. The field technique 

measured h-0 points from saturation to near the so-called field capacity and also 

allowed direct comparison of water retention data from ripped and unripped plots 

because the effects of sampling and transport disturbance were avoided. The surrogate 

model of Smettem et al. (1999) was also used to predict the water retention curve 

parameters for the Campbell equation and was compared to both the measured data and 

to the parameters obtained by direct fitting to the data. The application of surrogate 

parameters in the water flow modelling was discussed in chapter 7. 
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5.2 Results 

5.2.1 Generation of average water retention curves for different treatments and 

different W R C models 

Water content-water potential pairs were measured on the Moora topsoil and subsoil 

using Tempe pressure cells, pressure plates and the field technique described in sections 

4.4 and 4.5. Laboratory Tempe cell and pressure plate data were combined to produce 

laboratory W R C s . The field technique was used on ripped and unripped soil and the 

data combined with the pressure plate data to produce field W R C s . Water content-soil 

water pressure head sets for the replicates of the laboratory data (Tempe), field ripped 

and field unripped for the Moora topsoil and subsoil are listed in Appendix A. 

WIN- RETC was used to determine the 0t, 1/air entry and n parameter from the data 

fitted to the van Genuchten equation (2.3.5a,b), under both the m=l-2/n and m=l-l/n 

restrictions, the Brooks and Corey equation (2.3.4a,b) and the Campbell equation 

(2.3.3a,b) which is the Brooks and Corey equation with the residual water content set to 

zero. The gradient and intercept of the log h- A log 0plot was also used to determine 

the b and he for the Campbell equation (2.2.3a,b). W R C parameters for each separate 

replicate are provided in the Appendix along with the individual observed and fitted 

water retention curves. 

The individual fitted WRC parameters for the topsoil and subsoil were averaged for 

each treatment (ripped, unripped and Tempe) for each of the four W R C equations 

(VG1, V G 2 , B C and Campbell) (Tables 5.2, 5.3). Three different methods of fitting the 

Campbell equation were also compared. One fitting was performed using R E T C with 

all the data included and two fittings were performed using linear regression on log-

transformed data over a restricted range of 0.2-1.0 m H 2 0 (denoted Campbell I) and 

over a full range to 150 m H 2 0 (denoted Campbell II). The average model parameters 

for each of the four equations and each of three treatments (eighteen average model 

parameter sets for the topsoil and subsoil respectively) were used to produce W R C s 

using R E T C in the forward problem mode. The PTF model (Eqs. 2.3.8 and 2.3.10) was 

also used to predict topsoil and subsoil W R C parameters (Table 5.1). The W R C s 

produced using the PTF model were compared with the lab W R C parameters obtained 
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from the Tempe and pressure plate data. These WRCs, produced using average 

parameters, were used for comparison of treatments and W R C models. 

5.2.2 Description of measured WRCs with different WRC model forms 

This section focused on how well different WRC equations fitted the measured WRCs; 

the effect of measurement techniques and treatment on the W R C parameters and the 

field variability of W R C parameters. The effect of the W R C slope on the hydraulic 

conductivity - pressure relationship and thus on the water balance was investigated in 

the following chapter. 

Table 5.1 PTF (Smettem et al., 1999) W R C parameters. 

Topsoil 

Subsoil 

% 

Clay 

4 

6 

b 

(Eq. 2.3.8) 

2.9 

3.3 

Air entry 
(m) 

(Eq. 2.3.10) 

0.125 

0.142 

Air entry 
using 0.70 m pt 

(Eq. 2.3.9) 

0.046 

0.054 
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Table 5.2 Average topsoil W R C parameters for the different models and 
treatments. 

m3m3 

VG1 

VG2 

Campbell -RETC 

Campbell I 

Campbell fl 

BC 

0.35 (0) 

3 -3 

m m 

n b he 
m 

Tempe 

0.048 (0.001) 

0.000 (0) 

-

-

-

0.027 (0.003) 

1.86 (0.05) 

2.45 (0.02) 

2.8(0.1) 

1.9(0.1) 

3.5 (0.05) 

2.3(0.1) 

0.205 (0.009) 

0.119(0.011) 

0.084 (0.003) 

0.138 (0.06) 

0.055 (0.005) 

0.092 (0.003) 

Ripped 

VG1 

VG2 

Campbell-RETC 

Campbell I 

Campbell U 

BC 

0.318 
(0.008) 

VG1 

VG2 

Campbell-RETC 

Campbell I 

Campbell II 

BC 

0.298 
(0.012) 

0.048 (0.005) 

0.039 (0.003) 

-

-

-

0.031 (0.002) 

3.43(1.10) 

2.67 (0.06) 

3.0 (0.2) 

3.4(1.4) 

3.2(0.1) 

2.0 (0.2) 

0.325 (0.025) 

0.236 (0.038) 

0.137 (0.019) 

0.143 (0.005) 

0.120 (0.015) 

0.146(0.021) 

Unripped 

0.056 (0.003) 

0.050 (0.004) 

-

-

-

0.034 (0.005) 

2.19 (0.2) 

2.73 (0.2) 

3.6 (0.2) 

2.1 (0.3) 

4.0 (0.2) 

2.3(0.1) 

0.175 (0.046) 

0.219 (0.077) 

0.061 (0.0018) 

0.106 (0.005) 

0.064 (0.015) 

0.076 (0.018) 

() are standard errors. 
Campbell I = W R C fitted from h =0.2-1.0 m, 
Campbell H = W R C fitted from h =0.2-150 m 
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Table 5.3 Average subsoil W R C parameters for the different models and 

treatments. 'II V U H I I V I I M ^ * 

Os 
m3m-3 

8r 

m 3rn 3 

n b 

Tempe 

VG1 

VG2 

Campbell -RETC 

Campbell I 

Campbell E 

BC 

0.314 
(0.004) 

VG1 

VG2 

Campbell-RETC 

Campbell I 

Campbell E 

BC 

0.324 
(0.01) 

0.048 (0.003) 

0.000 (0) 

-

-

-

0.042 (0.004) 

1.69(0.10) 

2.33 (0.01) 

2.5 (0.2) 

2.7 (0.2) 

4.1 (0.2) 

1.9 (0.2) 

Ripped 

0.044 (0.001) 

0.044 (0.003) 

-

-

-

0.027 (0.003) 

2.56 (0.50) 

2.68(0.10) 

2.5 (0.5) 

3.0 (0.5) 

3.2 (0.2) 

2.1 (0.2) 

he 
m 

0.153 (0.012) 

0.075 (0.008) 

0.082 (0.001) 

0.088 (0.007) 

0.044 (0.013) 

0.089 (0.001) 

0.245 (0.061) 

0.182(0.051) 

0.111 (0.032) 

0.100(0.011) 

0.093 (0.025) 

0.114 (0.029) 

Unripped 

VG1 

VG2 

Campbell -RETC 

Campbell I 

Campbell IJ 

BC 

0.329 
(0.01) 

0.053 (0.001) 

0.040 (0.003) 

-

-

-

0.022 (0.008) 

1.95 (0.20) 

2.60 (0.06) 

3.4(0.1) 

3.4 (0.3) 

3.7(0.1) 

2.7 (0.2) 

0.202 (0.048) 

0.131 (0.033) 

0.084 (0.023) 

0.076 (0.014) 

0.070(0.018) 

0.289(0.18.5) 

() are standard errors. 
Campbell I = W R C fitted from h =0.2-1.0 m, 
Campbell E = W R C fitted from h =0.2-150 m 
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5.3 Discussion 

5.3.1 Comparison of water retention models 

The topsoil and subsoil lab Tempe cell water retention curves were both fitted slightly 

better by either of the van Genuchten equations than by the Campbell or the Brooks and 

Corey equation (Fig. 5.2a.b), as determined by a lower sum of squares (Appendix A ) . 

The field unripped WRCs were equally well described by the Brooks and Corey and 

both V G restrictions for topsoil and subsoil (Fig. 5.3a,b). The field ripped W R C s were 

best described by either V G 2 or B C models (Fig. 5.4a,b). The V G 1 model had a 

different slope for the field ripped data, as it appeared to flatten out earlier. 

The PTF model (Eq. 2.3.8 and 2.3.10) (Smettem et al., 1999), which used the Campbell 

equation with no residual water term, gave very similar W R C parameters to both the lab 

Tempe, ripped or unripped R E T C Campbell fitted W R C parameters. The relation 

between % clay and AWRC appeared to hold well for the Moora sands. The air entry was 

still a difficult parameter to estimate by indirect methods as it was not easily predicted 

from % clay (Smettem et al., 1999). However, in the Moora sands the PTF estimated air 

entry values were at least similar to values obtained by regression fitting to data from 

the field ripped site. 

Traditionally, the parameters for the Campbell equation were obtained from the gradient 

and intercept of the log water content - log soil water pressure head curve. However, 

there was non-linearity at high soil water pressure heads, which could introduce errors 

in the calculation of the Campbell b and /ze parameters. The Campbell b parameter, 

would depend on the section of the curve which was linearised to obtain the gradient 

(Fig. 5.1) e.g. all the water retention points from 0.2 to 150 m (Campbell E) or just the 

0.2 to 1.0 m (Campbell I) section of soil water pressure curve. The gradient, b, was 

greater for the Moora sand when the full W R C data was used (Fig. 5.1 and Table 5.2, 

5.3). 

A residual water content term forced the curve to become asymptotic to the axis near 

150 m soil water pressure, to fit the measured data. For the topsoil and subsoil Tempe 

W R C s , both the Campbell and V G 2 fitted the data with the residual water content set to 
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zero, however in the case of V G 2 the residual water content was held at zero after 

convergence during the iterative fitting procedure. Although the Brooks and Corey 

model fits the data with a residual water content term, the gradient was higher than the 

other models (Fig. 5.1). 

The Campbell equation was the simplified form of the Brooks and Corey equation with 

the residual water content set to zero. This simplification affected the shape of the W R C 

near the dry end, which in turn affected the gradient of the W R C . The Campbell b 

parameter obtained using all the data was higher than the b parameter obtained from 

R E T C , whereas the b parameter obtained from using only the 0.2-1.0 m section of the 

curve deviates either side of the Campbell R E T C b parameter. The Campbell R E T C b 

parameter is higher than the B C b parameter but the air entry values were about the 

same. 
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Fig. 5.1 W R C lab data (o) fitted to the Campbell equation using the whole curve (—) and just 
the 0.2-1.0 m section (—). 
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using the average parameters obtained from the VG1, VG2, BC, Smoothed Campbell and PTF 
W R C equations (lines). 
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5.3.2 Variation in WRC due to treatment 

In the laboratory WRCs, possible disturbance during sampling and transport meant that 

it was often difficult to detect differences arising from treatment effects such as ripping 

the soil. Use of the in situ field technique may overcome this problem, although some 

reconsolidation may occur as a consequence of ponding a head of water on the soil. If 

however, the primary difference between the treatments was identified as the saturated 

water content then it may be possible to derive the slope and air entry parameters from 

the lab W R C s and then estimate treatment effects from variations in bulk density that 

affect the saturated water content. 

5.3.2.1 Variation in slope of the WRC between treatments and models 

The slope of the W R C , n or b, appeared be slightly different between models (Figs. 5.2-

5.4) and between treatments (Figs. 5.5, 5.6). Generally the Campbell (h= 0.02 to 150 m ) 

and the Campbell R E T C models had a higher b than the Campbell model with a more 

restricted range of h used in the fitting (Figs. 5.5, 5.6). 

For each WRC model, an analysis of variance (ANOVA) was used to determine the 

slope parameter significance between the treatments; a) ripped and unripped treatments 

b) unripped and lab Tempe; c) ripped and lab Tempe and d) all three treatments. 

Treatments were considered to be significantly different when the P value was less than 

0.05, which was simplified to Table (5.4) and Table (5.5). 

The slope of the water retention curve for the topsoil WRC fitted to the BC and VG1 

models were not significantly affected by treatment. But for the Campbell model, 

determined using RETC, the b parameter was significantly higher in the topsoil field 

unripped than both the topsoil field ripped and the lab Tempe treatments. For the V G 2 n 

parameter, both the ripped and unripped topsoil treatments were significantly higher 

than the lab Tempe treatment. 

In the subsoil, in most models the slope of the WRC was significantly higher for the 

ripped and unripped treatments than the lab Tempe measurements. 

The slope of the WRC was a steady parameter and neither varied greatly with fitting nor 

between replicates. The 9 5 % confidence interval for the slope parameter for the 

individual W R C s , determined by R E T C , was only about 5 % of the parameter value. 
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The standard error was also low (5-10%) for all treatments except for the topsoil ripped 

treatment fitted to the V G 1 and Campbell h= 0.01 to 150 m model where the variation 

was 32 to 4 1 % of the average respectively (Table 5.2). These variations were within 

experimental errors. 

Topsoil 

I tempe 

I ripped 

I unripped 

_ 

Campbell Campbell Campbell BC 
h=0.2 h=0.2 RETC 
-1.0m -150m 

VG1 VG2 PTF 
predicted 

Fig. 5.5 Topsoil W R C b o r n parameter for the different models and treatments. 

Campbell Campbell Campbell BC VG1 

h=0.2 h=0.2 RETC 
-1.0m -150 m 

VG2 PTF 
predicted 

Fig. 5.6 Subsoil W R C b or n parameter for the different models and treatments 
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Table 5.4 Significance of slope parameters when the different treatments are compared. 

Tempe and unripped 

Tempe and ripped 

Ripped and unripped 

all three 

Topsoil 

Campbell B C 
RETC 

b 

Sig NS 

NS NS 

Sig NS 

Sig NS 

VG1 VG2 

n 

NS Sig 

NS Sig 

NS NS 

NS Sig 

Subsoil 

Campbell B C 
RETC 

b 

Sig Sig 

NS Sig 

NS NS 

NS NS 

VG1 VG2 

n 

NS Sig 

Sig Sig 

NS NS 

Sig Sig 

N S = Not Significant P>0.05, Sig = Significant P<0.05 

5.3.2.2 Saturated W R C variation between replicates and treatments 

The experimental data from the field ripped, field unripped and lab Tempe 

measurement techniques in the topsoil and subsoil was slightly scattered at the wet end 

of the water retention curve (Fig. 5.7a,b). The variation in saturated water content may 

be due to differences in bulk density that affect total porosity. For example, ripping the 

topsoil lowered the bulk density and resulted in a higher average saturated water content 

of 0.318 (±0.008) m 3nf 3 compared to 0.298 (±0.01) m 3m~ 3 in the unripped soil. The 

average laboratory saturated water content of the topsoil, 0.350 (±0) m3m"3, was higher 

than both field treatments with no variation between replicates. The subsoil was less 

affected by the ripping, which caused the water content of the ripped, unripped and 

laboratory measurements to be less scattered near saturation (Fig. 5.7b). 
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Fig. 5.7 Water retention data measured by lab Tempe technique and the field technique on ripped 
and unripped topsoil (a) and subsoil (b). 

5.3.2.3 Air entry variation between treatments 

Generally, for all the models the air entry parameter was highly variable between 

replicates, particularly for the field topsoil and subsoil. As a fitted parameter in R E T C 

each individual W R C fitted alpha (1/air entry) had a wide 9 5 % confidence interval. 

The air entry from the subsoil field ripped and unripped measurement fitted to the VG1 

and V G 2 models ranged from 25 to 3 0 % . Large percentage error in the topsoil air entry 

for the combination of model and treatment included: V G 1 unripped 2 6 % , the V G 2 

unripped 3 6 % and the B C ripped (15%). The other models and treatment had lower 

percentage errors. Therefore the error in both model fitting and between replicates 

caused difficulty in determining significance between treatments, as most variation may 

be within the experimental error. 

The topsoil air entry was visually higher for the ripped than the unripped treatment 

(Table 5.2 and Fig. 5.8), however it was only statistically significant for the Campbell 

and B C models (Table 5.5). Although there were few studies on the effect of bulk 

density on the W R C , the few available suggested the air entry increased with a decrease 

in bulk density (Ahuja et al., 1998). The topsoil lab Tempe measurements and unripped 

treatments were not statistically different (Table 5.5). W h e n all three treatments were 

compared together, they had significantly different air entry values, except under the 

V G 2 model (Table 5.5). 
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The subsoil, sampled at 0.30 m was only marginally affected by ripping, as there was 

generally no significant difference in the air entry for the treatments, except the ripped 

subsoil which had a higher air entry than the Tempe under the V G 1 model (Table 5.5 

and Fig. 5.9). Due to the very high standard errors there was no statistical difference 

between the subsoil treatments. 

Topsoil 

I tempe 

I ripped 

I unripped 

Campbell Campbell Campbell 
h=0.2 h=0.2 RETC 
-1.0m -150m 

BC VG1 VG2 PTF 
predicted 

Fig. 5.8 Topsoil air entry and standard errors, for the different W R C models under the 
different treatments. 

I tempe 

I ripped 

I unripped 

Campbell Campbell Campbell BC 
h=0.2 - h=0.2 - RETC 
1.0m 150m 

VG1 VG2 PTF 
predicted 

Fig. 5.9 Subsoil air entry and standard errors, for the different W R C models under the 
aitterent treatments. 
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Table 5.5 Significance of air entry parameter measured by ripped, unripped and 
Lab T e m p e techniques. 

Tempe and unripped 

Tempe and ripped 

Ripped and unripped 

All three 

Topsoil 

Campbell BC VG1 VG2 
RETC 

NS NS NS NS 

Sig Sig Sig Sig 

Sig Sig NS NS 

Sig Sig Sig NS 

Subsoil 

Campbell BC VG1 VG2 
RETC 

NS NS NS NS 

NS NS Sig NS 

NS NS NS NS 

NS NS NS Sig 

N S = Not Significant P > 0.05, Sig = Significant P < 0.05 

5.3.3 Normalisation of W R C 

Normalisation of the water retention curves allowed the variability in specific properties 

to be removed from the W R C data and therefore an objective evaluation of the effects 

of these properties on the water retention data could be made. 

Two forms of simple normalisation could be undertaken. Firstly, the water content 

could be normalised by dividing each replicate by the measured saturated water content. 

This permitted an evaluation of whether most of the local variability and treatment 

effects was captured by variations in the saturated water content arising primarily from 

bulk density changes. A second form of normalisation was to divide the measured soil 

water pressure head of each replicate by their respective air entry values. Conceptually, 

air entry may vary with bulk density but this was by no means certain (Ahuja et al., 

1998) 

With these two forms of normalisation applied to the data, the remaining variability was 

reflected in the slopes of the curves and possibly in the magnitude of the residual water 

content. The slope reflects the textural character of the soil and so at a particular locality 

with spatially uniform texture, the variation might be expected to be minimal. This 

argument was fundamental to both similar media scaling (Warrick et al, 1977) and to 

the development of surrogate models based on texture (Smettem et al., 1999; 

Haverkamp et al., 1989). The water retention curves for the topsoil and subsoil with 

normalised water contents were shown in (Fig. 5.10a,b). Normalising the W R C to the 
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individual field or lab saturated water content removed most of the variation (Fig. 

5.10a,b). The variability in the W R C s arises primarily from variability in saturated 

water content that arises from variations in bulk density. 

The WRCs normalised for differences in air entry were shown in Fig (5.11a,b). After 

normalising, the data points were much more tightly grouped and the remaining 

variation may reflect undetected local effects and would also include any noise in the 

measurements. 
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From these results it was evident that the gradient, or slope of the water retention curve 

does not vary with ripping and does not vary greatly between replicate measurements, 

or between laboratory and field measurements. There was no obvious effect of 

treatment on the air entry parameter but there was unpredictable local variability in the 

parameter that accounts for some of the variation between replicate W R C s . The 

saturated water content has by far the largest impact on the observed differences 

between ripped and non-ripped W R C s and accounted for most of the local variation 

between replicate measurements within a treatment. 

5.4 Conclusions 

All the W R C models performed well at low soil water pressure heads but differed at the 

higher soil water pressure heads, where the residual water content parameter had some 

effect on the shape of the curve. The surrogate model adequately described the W R C , 

but like the Campbell model does not have a residual water content term. 

The field measurement technique allowed treatment effects to be investigated in a 

material from which it was particularly difficult to obtain intact core samples due to the 

unconsolidated nature of the ripped topsoil. 

The Lab Tempe cell WRC parameters using the VG m-\-2ln restriction gave a good 

description of the field water retention data. Most of the variation within the W R C s for 

the topsoil and subsoil could be accounted for by the variation in the saturated water 

content. This applied particularly to variations in the topsoil between the ripped and 

unripped treatments. 

From this analysis it could be concluded that: 1) that the slope of the water retention 

curve reflects the textural character of the material and does not vary greatly across the 

site. 2) variability in air entry is unpredictable using the models applied here and does 

not reflect treatment effects and 3) most of the differences between the W R C s could be 

accounted for by variation in the saturated water content resulting from bulk density 

variation within and between treatments. Measurement of variability in bulk density 

could therefore be used to account for variation in the W R C s at this site. Temporal 
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changes resulting from consolidation of the ripped site would also be expected to be 

reflected primarily in changes to the bulk density and hence the saturated water content. 

Finally, the results also showed that the repacked Moora sands used in the Tempe cell 

technique could be used to describe the field W R C s , provided the bulk density was 

known and scaled to the field bulk density. 

As shown in Chapter 6, the functional effect of these parameters and equations also 

carried over to the K(h) calculations and to calculations of components of the water 

balance using models based on the Richards equation. 



cnapter 6. Hydraulic conductivity - soil water pressure relationship 115 

Chapter 6 

Hydraulic conductivity - soil water pressure 
relationship 

(K( h) relationship) 



Chapter 6. Hydraulic conductivity - soil water pressure relationship 116 

6.1 Introduction 

The hydraulic conductivity-water content, K (0) or pressure, K (h) relationship was 

probably the most important parameter affecting water and solute movement in the 

vadose zone (van Genuchten and Leij, 1989). Measurement of K (h) or K (0) points 

from saturation to 150 m was difficult, time consuming and costly. This difficulty was 

compounded by the spatial and temporal variability for hydraulic conductivity in the 

field. 

This study followed the convention of predicting the hydraulic conductivity -pressure 

curves from the more easily measured soil water retention data (Burdine, 1953; 

Mualem, 1976). The water retention and hydraulic conductivity functions of Brooks and 

Corey (1964), Smoothed Campbell (1974) and van Genuchten - Burdine or van 

Genuchten - Mualem (van Genuchten, 1980) were used to calculate the relative K (h) 

relationships from W R C parameters. 

As these predictive models used a relative hydraulic conductivity functional relation, 

some measured hydraulic conductivity points were required to act as the scaling point. 

The laboratory and field saturated and near saturated hydraulic conductivity points were 

measured using the disc permeameter (Perroux and White, 1988), sprinkler infiltrometer 

(Ross and Bridge, 1985) and ponded ring infiltrometer, with analysis for three-

dimensional flow (Reynolds and Elrick, 1990). These points were used to improve the 

fit of the K (h) curve and to compare predicted K (h) points. 

Because of the a priori uncertainty in the choice of the most appropriate K (h) model for 

characterizing sandy field soils for water balance modelling, a thorough investigation to 

determine the most appropriate function was undertaken for the Moora sands. The study 

focused on investigating the local variability of K both temporally, spatially and with 

ripping treatment; the effect on the K(h) curve of using W R C parameters from different 

models and different K(h) equations, and the effect of adding K(h) data to the W R C data 

in the curve fitting procedure. 
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6.2 Results and discussion of laboratory and field experiments 

6.2.1 Variability of field-saturated K with treatment and time 

The saturated hydraulic conductivity was measured in the field using the ponded ring 

method and equations described in Section 4.5.4. The measurements were made at the 

surface, termed topsoil, and at 0.3 m depth, termed subsoil, on the ripped and unripped 

treatments. The average saturated hydraulic conductivity, geometric mean of the 

saturated hydraulic conductivity and standard error were calculated for 5l May, 25 

June, 15th July sand 22nd August 1996 replicate measurements (Table 6.1). The soil was 

ripped to 0.3m in January 1996 and the seeding occurred on the 18th June 1996. 

Large spatial and temporal variation occurred between the field ripped and unripped 

treatments from M a y to August in 1996 (Table 6.1 and Fig. 6.1). 
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Fig. 6.1 Seasonal saturated hydraulic conductivity and +/• 1 standard error in Moora Topsoil (a) 

and Subsoil (b). 

In the topsoil, the saturated hydraulic conductivity, Ks, increased over the May-August 

period for both the ripped and unripped treatments from 52-70 m m hr"1 to nearly 300 

mmhr"1. In May, Ks was measured after ripping but prior to seeding, so the increased Ks 

in June may be due to the surface disturbance at seeding and possibly due to plant root 

development creating preferred pathways. The increased Ks was more noticeable in the 

ripped than the unripped topsoil in the M a y to July period. However, the unripped 

topsoil Ks increased from July to August to equal the ripped Ks. 
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The ripped subsoil Ks decreased significantly from 263 mm h"
1 in May to 88 mm h"1 in 

July, which was similar to the June unripped subsoil K s of 112 m m h" . Both the ripped 

and unripped subsoil K s decreased from June to August by approximately 5 0 % to nearly 

50 m m h"1. From these results it was evident that the topsoil Ks was not greatly affected 

by ripping but the subsoil Ks was initially increased substantially by ripping, but the 

effect only lasted a few months. 

Table 6.1 Field saturated hydraulic conductivity ( m m h"1) in ripped and unripped 

soil from M a y to August 1996. 

Ripped 

Mean Geometric n 
mean 

Unripped 

Mean Geometric 
mean 

n 

Topsoil 

5th M a y 

25th June 

15th July 

22nd August 

5th M a y 

25th June 

15th July 

22nd August 

70 (6) 

283 (92) 

217 (63) 

280 (35) 

69 

257 

199 

268 

4 

3 

3 

5 

52 (6) 

103 (38) 

127 (25) 

358 (54) 

50 

83 

121 

340 

5 

4 

3 

5 

Subsoil 

263 (56) 

88 (12) 

46 (7) 

252 

87 

43 

3 

3 

5 

108 (13) 

112(10) 

48(7) 

106 

111 

48 

4 

3 

5 

(brackets denote standard error), n was the number of repetitions 

6.2.2 Variability of laboratory saturated and near saturated hydraulic 

conductivity due to consolidation and surface disturbance 

Saturated and near saturated hydraulic conductivity measured in the laboratory repacked 

Moora subsoil was greatly affected by surface disturbance and by consolidation caused 

by wet and dry cycles. However, the topsoil saturated hydraulic conductivity was only 

affected by consolidation caused by wet-dry cycles. 
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Surface disturbance of the subsoil laboratory cores decreased the saturated hydraulic 

conductivity from 477 m m h"1 to 33 m m h"1 (Fig. 6.2a,b). W h e n the surface of the 

subsoil core was not disturbed the hydraulic conductivity after one hour of infiltration 

decreased by only 10%. 

During the laboratory saturated hydraulic conductivity experiments, clay was only 

observed to leach from the column in large amounts when the surface had been 

disturbed. Therefore the reduction in hydraulic conductivity due to surface disturbance 

may be caused by the clay movement causing pore clogging within the core and 

reducing the connectivity of the larger pores. 
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a) b) 
Fig. 6.2 Infiltration after surface disturbance of repacked topsoil (a) and subsoil (b) cores. 

Consolidation of the re-packed cores from wetting and drying cycles, caused the soil 

core to slump by 5 m m . This consolidation of the soil, reduced the saturated hydraulic 

conductivity of the topsoil by a factor of 2 and the subsoil by a factor of 5 (Table 6.2). 

The same trend was seen in the near-saturated infiltration experiments, however few 

replicates were performed. 

The repacked laboratory subsoil K was similar to the unripped field K in M a y and July. 

Therefore the wetting and drying cycles produces a soil condition that was hydraulically 

similar to the consolidated unripped soil. 
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Table 6.2 Effect of wet dry cycles on the hydraulic conductivity (mmh 1 ) of 

repacked soil cores. 

Saturated 
hydraulic conductivity 

(mm h'1) 

Mean Geo-
Mean 

Reps 

Near saturated 
hydraulic 

conductivity 
( m m h"1) 

Mean Reps 

Topsoil 

initial repacked soil 

lhr - (soil core kept wet) 

1 wet and dry. 

455 (70) 455 

361 (37) 357 

235 (31) 224 

3 

3 

5 

-

-

94 1 

Subsoil - surface disturbance 

initial repacked soil 

lhr 

24hrs 

433 

33 

33 

1 

1 

Subsoil - no surface disturbance 

initial repacked soil 

lhr - (soil core kept wet) 

1 wet and dry. 

2 wet and dry 

754 (94) 741 

651 (71) 642 

154 (39) 150 

148 (15) 143 

3 

3 

3 

3 

307 1 

50 1 

(brackets denote standard error) 

6.2.3 Comparison of lab and field saturated and near saturated hydraulic 

conductivity 

The laboratory unsaturated hydraulic conductivity decreased significantly when a small 

increase in the soil water pressure head was applied (Table 6.3). This was consistent 

with the water retention curves, where the majority of the water drained at small soil 

water pressure heads. 



chapter o. Hydraulic conductivity - soil water pressure relationship 121 

Table 6.3 Lab and field saturated and near saturated hydraulic conductivity 
( m m h"1). 

Tension0 

Lab 8 

Mean 

i 

Geo-
Mean 

Reps 

Field 

Mean 

t> 

Geo-
Mean 

Reps 

Topsoil 

Saturated 

20 mm 

30 mm 

60 mm 

70 mm 

Saturated 

20 mm 

40 mm 

60 mm 

235 (31) 

94 (14) 

44 (16) 

146 (13) 

105 (18) 

113 (30) 

36 (9) 

224 

86 

33 

5 

8 

6 

Subsoil 

144 

92.4 

104 

29.7 

6 

10 

4 

6 

127 (25) 

64 (6) 

86.4 * 

23 (2) 

39.6 * 

112 (10) 

90 (22) 

18 (5) 

121 

62.5 

22.7 

111 

81 

15.6 

3 

4 

1 

4 

1 

3 

3 

4 

a lab repacked cores with at least one wet and dry cycle 
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(Brackets denote the standard error) 

The hydraulic conductivity decreased by a factor of 5 for topsoil and a factor of 4 for 

the subsoil, over 0 to 60 m m range of applied soil water pressures (Fig. 6.3a,b). Other 

researchers had found much larger decreases in K near saturation in more clayey soils, 

including one order of magnitude for K(0 to 30 m m ) in a sandy loam (Smettem and 

Ross, 1992); two orders of magnitude at K(0 to 100 m m ) in a sandy soil (Jarvis and 

Messing, 1995) ; three orders of magnitude at K(0 to 100 m m ) in a fine sandy loam 

(Clothier and Smettem, 1990) and three to four orders of magnitude at £(0 to 100 m m ) 

in finer textured soils (Messing and Jarvis, 1995). Therefore, the decrease in K(h) from 

Ks was dependent on soil structure and soil type, which could indicate the measured 

decrease in K with pressure may be more typical of a sand. 
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Fig. (6.3a,b) and Fig. (6.4a,b) showed there was a large amount of variability both 

between the measurement techniques and for a particular technique. The variability in 

the field measurements may be dependant on the inherent variability of the property, the 

scale at which the measurements were made, and also the nature of the measurement 

technique itself (Warrick and Nielson, 1980). 
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6.3 Results and discussion of modelling the K(h) curve 

6.3.1 Hydraulic conductivity models 

As mentioned earlier, (section 2.4), there were a number of equations that could be used 

to calculate the K(h) relationship from W R C parameters. These included the V G 

Mualem, V G Burdine, Smoothed Campbell, B C as well as V G simplified with the B C 

functions and the addition of K data when fitting the W R C (Table 6.4). The choice of 

K(h) function was often arbitrary with few studies, except Nandagiri and Prasad (1996), 

comparing estimates of different K(h) models against field measurements of K(h). 

This study compared models and data and looked at the effect of parameters on the K(h) 

curve. The effects of the treatment could then be seen on the K(h) curves for each 

model. The different treatments, lab Tempe, field ripped and unripped, resulted in 

different h(0) curves and have different W R C parameters. 

The average WRC parameters from the lab Tempe data, field unripped, field ripped data 

and calculated from the PTF model for Moora topsoil and subsoil were used to produce 

K(h) curves using different hydraulic conductivity models. The K/Ks, calculated from 

R E T C , was converted to K, using the average Ks values measured in the lab and field 

which were 195 m m h"1 in the topsoil and 125 m m h"1 in the subsoil. The lab and field 

data was added to these curves. 

The hydraulic conductivity at 400 mm pressure, the air entry and slope parameter was 

tabulated for the topsoil and subsoil for comparison of the different models and 

treatments (Table 6.5 and 6.6). 
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Table 6.4 Hydraulic conductivity models discussed in the study. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

WRC Model 

Campbell 

BC 

VG1 

VG2 

PTF 

VG1 

VG2 

VG1 add K data 

VG2 add K data 

B C add K data 

K- Model 

Smoothed Campbell 
(Eqs. 2.4.5 and 2.4.7) 

B C (Eqs. 2.4.3 and 2.4.4) 

BC(Eq. 2.4.11) 

BC(Eq. 2.4.16) 

Smoothed Campbell 
(Eq. 2.4.5 and 2.4.7) 

VG1 (Eq. 2.4.9) 

VG2(Eq. 2.4.14) 

VG1 (Eq. 2.4.9) 

VG2(Eq. 2.4.14) 

B C (Mualem) 

K(h) slope 

n = -2 - 3/b 

TI = -2 - 3/b 

r\ = -2 - 2.5mn 

rj = -2 - 3mn 

T] = -2 - 3/b 

T| = -2 - 3/b 

6.3.2 Modelling the K(h) curve only using W R C data 

The K(h) curves were plotted on log-log scale with the curve starting at K=KS at soil 

water pressures less than air entry. After air entry soil water pressure, the K sharply 

decreased with increasing soil water pressure at a particular gradient for each of the 

models (Figs. 6.5- 6.7). For example the K at 10 m m soil water pressure was 195 

m m h"1 but when the soil water pressure was increased to 500 m m the hydraulic 

conductivity was less than 0.1 m m h"1. This showed that the hydraulic conductivity was 

very slow near field capacity (1000 m m ) . 

The gradient of the K(h) curve was dependent on the WRC parameters m and n or b. 

Increasing the gradient of the K(h) curve resulted in a large decrease in K for very small 

soil water pressure change. 

The air entry parameter determined where the point of inflection occurs. Increased air 

entry parameter shifted the K(h) curve to the right which caused a higher hydraulic 

conductivity for the same pressure. 



CHdplei 6. Hydiaulic conductivity - soil water pressure relationship 125 

The different K(h) models were comparable with each other, although these small 

differences could equate to a 2 fold increase in hydraulic conductivity at a particular 

pressure (Table 6.5 and 6.6). The PTF produced K(h) curves were similar to the other 

models in the topsoil but had a slightly lower gradient in the subsoil. The V G 1 model 

produced a steeper slope of the K(h) curve for both the topsoil and subsoil field ripped 

and unripped treatments. 

Differences in the K(h) curves between treatments were dependent on the combination 

of the gradient (the m, n or b W R C parameters) and air entry, and not a single 

parameter. For example, the Brooks and Corey ripped, unripped and Tempe surface 

treatments had the same gradient but different air entry points, which resulted in 

different K (400 m m ) that ranged from 0.4 to 5.5 m m h"1 (Table 6.5). 

The topsoil field ripped K(h) curves (Fig. 6.6) were shifted to the right compared to the 

topsoil Tempe and unripped K(h) curves (Fig 6.5 and 6.7), caused by the higher air 

entry parameter. This produced consistently higher £"(400 m m ) for the ripped topsoil 

than the field unripped or the lab Tempe treatments (Table 6.5). However, there was no 

significant trend in the K (400 m m ) or air entry between treatments in the subsoil. 

Unfortunately, none of the models describe the near saturated measured hydraulic 

conductivity particularly well. The measured hydraulic conductivity decreased by a 

factor of four or five between 0 and 60 m m applied soil water pressure. However, the 

model K does not appear to decrease until after air entry, which was greater than 60 m m 

for all treatments and models (Table 6.5 and 6.6). To account for this, either the air 

entry was too high for this sand or the models could not describe the hydraulic 

conductivity particularly well at low soil water pressures. 

Like Mallants et al. (1997) it was also found that the hydraulic function differed 

depending on the measurement technique. However, the choice of K(h) model also 

drastically altered the shape of the K(h) curves. More data at larger soil water pressures 

were required to make a more definitive decision about the best equation to describe the 

hydraulic properties of the Moora sands. 
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Table 6.5 Topsoil: field ripped, field unripped and lab Tempe hydraulic 
conductivity and water content at h = 400 m m using Ks = 195 m m h"1 

Field ripped 

Field unripped 

Tempe 

Field ripped 

Field unripped 

Tempe 

PTF 

Field ripped 

Field unripped 

Tempe 

Field ripped 

Field unripped 

Tempe 

BC 

BC 

BC 

Campbell 

Campbell 

Campbell 

Campbell 

VG1 

VG1 

VG1 

VG2 

VG2 

VG2 

Gradient 

-3.4 

-3.3 

-3.3 

-2.9 

-3.4 

-3.6 

-6.7 

-7.4 

-4.9 

-4.1 

-4.0 

-4.2 

-3.4 

he 

mm 

143 

63 

91 

120 

90 

138 

125 

323 

133 

244 

227 

161 

115 

#(400 mm) 

mmh'1 

5.5 

0.4 

1.5 

7.8 

0.9 

4.1 

5.6 

13.6 

0.6 

6.9 

15.2 

3.6 

2.6 

0(400 m m ) 

0.21 

0.15 

0.20 

0.22 

0.18 

0.20 

0.20 

0.17 

0.12 

0.20 

0.22 

0.18 

0.20 
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Table 6.6 Subsoil field ripped, field unripped and lab Tempe hydraulic 
conductivity and water content at h = 400 m m using Ks = 125 m m h" 

Field ripped 

Field unripped 

Tempe 

Field ripped 

Field unripped 

Tempe 

PTF 

Field ripped 

Field unripped 

Tempe 

Field ripped 

Field unripped 

Tempe 

BC 

BC 

BC 

Campbell 

Campbell 

Campbell 

Campbell 

VG1 

VG1 

VG1 

VG2 

VG2 

VG2 

gradient 

-3.4 

-3.1 

-3.6 

-3.0 

-2.8 

-3.1 

-7.9 

-5.8 

-4.3 

-3.7 

-4.0 

-3.8 

3.0 

he 

mm 

91 

125 

91 

100 

76 

88 

143 

204 

167 

149 

143 

166 

72 

K (400 mm) 

mmh"1 

0.77 

3.07 

0.62 

1.85 

0.99 

1.13 

6.14 

1.45 

1.79 

2.10 

1.80 

0.78 

0.67 

0(400 mm) 

0.17 

0.22 

0.16 

0.20 

0.20 

0.18 

0.24 

0.13 

0.16 

0.17 

0.18 

0.17 

0.17 
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6.3.3 Comparison of V G and B C approach for K(h) slope calculation 

The K(h) relationship for the VG1 and VG2 models were calculated from Eq. (2.410) 

and Eq. (2.4.15) respectively. However, a simpler approach used the V G parameters 

with the B C K function where the slope parameters mn was equal to the B C b parameter 

(Eq. 2.4.12 and 2.4.17). This approach was used for the comparison of the different 

models in the previous section but there were conflicting views as to which K function 

was best to use. However, Fuentes et al. (1992) had shown that the V G 2 with the B C K 

function model was more mathematically correct and realistic for field data. Therefore 

it was important to determine the effect of the different functions on the shape of the 

K(h) curve. 

Using the VG1 and VG2 with the VG K function rather than the BC K function 

produced slightly different curves. All the treatments for both the topsoil and subsoil 

using the V G 1 with V G K function caused a slight shift of the K(h) curve to the left, 

with the two K function models remaining parallel to each (Figs. 6.8- 6.10 dark and 

light blue lines). The shift in the K(h) curve was less pronounced in the ripped 

treatment. A left shift of the K(h) curve resulted in K initially decreasing at smaller 

negative pressure heads which improved the model fit to the lab and field data. The 

V G 2 model with the V G K had both a shift to the left and a different gradient (Figs. 6.8-

6.10 red and orange lines) than the other model forms. 
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6.3.4 Modelling the K(h) curve - Using additional K data 

Yates et al. (1992) found the method to produce the best hydraulic parameter estimates 

was to predict the K(h) relationship using all the water retention data plus the K0 data. 

Just using the W R C data produced the best W R C description but the least accurate K(h) 

curves compared to other methods tested (Yates et al., 1992). However, using combined 

K and W R C data may improve the K(h) description but it was often at the cost of the 

0(h) description (van Genuchten et al., 1991). 

The Tempe cell surface WRCs were re-produced after including Ks and two K(h) points 

for the VG1, V G 2 and B C models. Compared to the original 0(h) parameters, addition 

of the K points decreased the he for V G 1 and V G 2 which in turn shifted the K(h) curve 

to the left (Table 6.7. and Fig. 6.11). The n parameter and therefore the slope of the K(h) 

curve were also altered. 

The decreased air entry in the VG1 improved the fit to the K(h) data (Fig 6.11). The 

V G 2 model was less affected by the addition of K data with only a small decrease in the 

air entry and slope. The B C model does not vary from the original K(h) curves, as the 

W R C parameters were the same as produced from the original h(0) data, fitting. 

Table 6.7. Effect of adding K data to the WRC parameters for Topsoil Tempe 
treatment using the VG1, V G 2 and B C models. 

VG1 

VG1 add K 

VG2 

VG2 add K 

BC 

BC add K 

6r 

0.050 

0.034 

0 

0 

0.030 

0.030 

he 
(mm) 

204 

154 

115 

105 

91 

91 

n or B C b 

1.86 

1.60 

2.45 

2.40 

0.43 

0.43 
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6.3.5 Modelling K(h) curve - Effect of saturated hydraulic conductivity 

Comparison of field measured hydraulic conductivity with modelled Kr (h) curves 

required the modelled Kr to be converted using the Ks as a matching point. 

Unfortunately the large spatial and temporal variability in field measured Ks makes this 

a difficult point at which to match the K(h) curve. T o overcome this problem the Ks 

could be estimated from extrapolation of the unsaturated K measurements, which have 

lower variability (Jarvis and Messing, 1995). Although it was usually better to directly 

measure Ks, it may not yield better results because of the spatial variability in K was 

larger at saturation than at tension (Jarvis and Messing, 1995). 

Altering Ks by one standard deviation of the mean lab and field Ks altered the VG1 K(h) 

in the low soil water pressure, when the soil water content changed from saturation to 

air entry water content (Fig. 6.12). At larger soil water pressures the curve shift was 

parallel to the left (for decreased Ks) or to the right (for increased Ks) (Fig. 6.12). These 

changes in the K(h) curve were of a similar magnitude to differences between either 

treatments or models. These trends occurred for all the different K(h) equations used. 

Altering the Ks may be significant when saturated flow occurs, but would have less 

effect between 500-10000 m m soil water pressure range. Jarvis and Messing (1995) had 

concluded that Ks could not be used as a matching point for predicting unsaturated 

hydraulic conductivity at low soil water pressures. 
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6.4 Conclusion 

The effect of the January 1996 ripping was evident in the higher Ks in the subsoil ripped 

treatment in April 1996. However, the effects of the ripping were short term as the Ks 

decreased in the subsoil for both treatments until there was no significant difference 

between the ripped and unripped Ks by June. There was no effect of ripping the topsoil 

in April 1996 and the Ks increased in both treatments during the growing season. 

Repacked laboratory columns produced similar hydraulic behaviour to the unripped 

field conditions after the column had been subjected to at least one wet and dry cycle. 

Therefore, reconsolidation of the field ripped subsoil due to wetting and drying of the 

soil profile, through rainfall, may have caused the decrease in the Ks in June 1996. 

The field measured saturated hydraulic conductivity was influenced by both temporal 

effects and spatial effects. The Ks had a variation ranging from 8 to 3 2 % (1 Std error) 

between replicates but a higher variation of 5 0 % between the June to August seasonal 

measurements. Like Messing and Jarvis (1993), it was found that for tilled systems Ks 

changes more in time than in space. 
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Not only does the hydraulic conductivity vary both temporally and spatially but so do 

the K(h) model parameters. Jury and Sposito (1985) found for field soils the coefficient 

of variation of Ks was of the order of 1 0 0 % whereas the pararneterised K (h) function 

had a coefficient of variation reportedly as high as 300%. This high variation in the K 

(h) parameters may have been caused by incorrect model assumptions or oversimplified 

model forms (Jury and Sposito, 1985). 

Unsaturated hydraulic conductivity, in the lab and field, reduced by a factor of 4-5 over 

the 0 to 60 m m applied soil water pressure range. The models does not fit the data well 

at the wet end, which caused data points in the drier region to be measured to choose the 

best model for the K (h) description. These models use the Ks as the matching point to 

scale the K (h), which was very difficult and may require more data outside the wet 

range. Generally, it appeared that the Ks was not a good matching point for predicting 

unsaturated hydraulic conductivity at low soil water pressures (Jarvis and Messing, 

1995). Smettem and Ross (1992) have used -40 m m as a matching point too as the error 

in K(40mm) was much less than the error in Ks. Even though this was still in the air 

entry range, it may not be a valid matching point as the data shows drainage prior to he. 

The difference in the K (h) curve between treatments was dependent on a combination 

of air entry and gradient. The difference between treatments was more significant than 

the difference between the model forms. The addition of the K data in the estimation of 

the hydraulic parameters does improve the fit of the K (h) curves to the lab and field 

data, but only for the V G 1 model. 

The type of problem the parameters would be used to solve may ultimately define the 

choice of model to use. For example, if description of field water content on a daily 

time-step was required, as in a field T D R experiment for water balance modelling, then 

accurate 0 (h) curves were more important than K (h). However, for a drainage flux 

experiment an accurate K (h) curve was required. 

The sensitivity of the K(h) curve to the WRC parameter sets obtained from the 

difference equations and different treatments parameters was shown in this chapter. The 

combined effect of the hydraulic parameters sets and models was studied using water 

balance modelling in Chapter 7. 

134 
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7.1 Introduction 
_ _ 

To understand the dynamics of water flow and solute movement in a deep sand at 

Moora, information about the water flow, and therefore the subsequent chemical 

movement, was required. Therefore a physically based water flow model, SWTMvl.l, 

based on the Richards equation that includes a plant growth component was initially 

chosen to investigate and predict the field water balance. 

A detailed description of the Moora site was given in Chapter 4. To briefly recount, it 

was a deep sand under wheat-lupin annual rotations. The site was instrumented to 

measure rainfall, evaporation, and water content hourly. Plant roots or biomass were 

measured monthly during the growing season and the crop yield was measured at 

harvest. 

The field site at Moora has a slope of less than 1% and the hydraulic conductivity at 

saturation greatly exceeds the rainfall intensity, so runoff does not occur. The water 

table was at approximately 7 m, which was well below the plant roots and the soil was 

freely draining. 

The soil water content- soil water pressure relationship was determined in chapter 5 

using three different measurement techniques/treatments (lab Tempe, field ripped and 

field unripped) as well as comparing four fitting models (VG1, V G 2 , B C , Campbell) 

and a predictive model based on the soil texture (PTF). The soil water pressure-

hydraulic conductivity measurements were used to compare the different K(h) model 

curves calculated from the W R C parameters in chapter 6. 

In the previous chapters, it was shown that the various equations, which described the 

hydraulic relationship, could yield different hydraulic conductivity at particular soil 

water pressure head. The effect of these different equations and the sensitivity of the 

hydraulic parameters on the water flow would be investigated using S W I M . The water 

content at each layer and the total profile water content predicted by the S W I M model 

was compared to the values measured by the T D R system. The S W I M model could then 

be used to select the most appropriate parameter set as well as determine parameter 

sensitivity. 



Chapter 7. Modelling the water flow 137 

The purpose of water balance modelling at Moora was 

• To model the water flow, and subsequent chemical movement, for comparison 

with measured field data. 

• To understand the dynamics of water flow and solute movement in a deep sand 

• To determine the effect of different hydraulic parameter models on the predicted 

water balance 

• To determine the sensitivity of the water balance to the various hydraulic 

parameters and therefore ascertain the effect of measurement techniques and 

field treatments such as ripping. 

7.2 The SWIMvl.l model 

SWTMvl.l was a one-dimensional water and solute transport model (Ross, 1990a). The 

infiltration and redistribution of the water was governed by the Richards equation and 

based on measured or estimated soil hydraulic properties. The S W I M version used here 

had been converted into an E X C E L spreadsheet formation with E X C E L macros used to 

perform the calculations and order the output (Ross, 1997). 

Input required for the model includes: Time, Surface conditions, Rainfall, Evaporation, 

Soil hydraulic properties, Surface and lower boundary conditions, and Plant properties. 

The output was converted into three spreadsheets: 1) water content at each depth at the 

time interval specified. 2) soil water pressure at each depth at the time interval and 3) 

components of the water balance at each time interval which include cumulative 

rainfall (mm), cumulative runoff (mm), cumulative drainage (mm), cumulative actual 

evapotranspiration (mm), surface storage (mm) and actual evaporation rate ( m m hr"1), 

potential evaporation rate ( m m hr"1) and for each vegetation included in the model the 

actual transpiration rate ( m m hr"1), and potential transpiration rate ( m m hr"1) of the 

particular vegetation. 
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7.2.1 Time 

The start and end date/time, the print interval and the water increment were input in this 

section. The accuracy of the model to solve the water balance may depend on the 

number of soil depths and the time steps used in the simulation. The "water increment" 

controlled how large a step in time the simulation can take, for example during intense 

rainfall the change in water was large and therefore smaller steps would be taken. 

7.2.2 Surface conditions 

The surface detention, storage, sealing and runoff routines within SWIMvl.l were 

reported briefly for completeness. At the Moora field site these routines were not 

required because the saturated hydraulic conductivity of the surface soil always 

exceeded the observed rainfall intensities and hence there was no surface detention or 

runoff. 

The surface conductance parameters took into account that when the soil was saturated 

the soil surface would impede further water entry due to surface sealing and the surface 

roughness would also store water (Ross, 1990b). Both the seal conductance and the 

storage capacity were assumed to decay exponentially. The parameters input into 

SWIMvl.l were: initial soil surface conductance, minimum soil surface conductance, 

precipitation constant, effectiveness parameter. 

The net runoff rate was calculated when the surface water was greater than the storage 

capacity using a simple power function. The model requirements were: Initial soil 

surface storage, minimum soil surface storage, precipitation constant, runoff rate factor, 

runoff rate power, initial surface water depth. 

A detailed description was available in the SWIM manual (Ross, 1990b). 

7.2.3 Soil parameters 

The soil profile was divided into depth increments, which were chosen to suit the 

experiment. The model always preserves mass balance but increased number of soil 

depths could increase the accuracy of the water content versus depth profiles (but could 

increase the time to run the model and produce excessive data). At each depth the 
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hydraulic parameters from the water retention curve, the initial water content or 

potential and the saturated hydraulic conductivity were required. 

The surface boundary condition could be specified as constant potential or include 

surface conductance. The lower boundary condition could be set to be free drainage i.e. 

unit hydraulic gradient, constant potential, zero flux or seepage i.e. free flow above a 

rnatric potential of zero. If the flow was not vertical the model could account for this by 

altering the cosine angle between the flow direction and gravity. 

The hydraulic property models that were used included: 

1. Smoothed Campbell water retention function (Eq. 2.3.3a,b) and hydraulic 

conductivity functions (Eq 2.4.5) which used a quadratic equation so that the 

discontinuity near saturation was removed from the Campbell W R C function (Eq. 

2.3.3a,b) and the Campbell hydraulic conductivity function with t]=2b+2> (Eq. 2.3.5). 

0 x 1 
— = [1 - Chf\ ht>h>0 (7.1) 

where h = hca'
b, C=(\-a)lh2 a = 2b/(l+b) 

2. van Genuchten m=l-l/n (VG1) water retention function (Eq. 2.3.5) with the Brooks 

and Corey hydraulic conductivity function (Eq. 2.4.11) where rj=2/nm + 2.5 

3. van Genuchten m=l-2/n (VG2) water retention function (Eq. 2.3.5) with the Brooks 

and Corey hydraulic conductivity function (Eq. 2.4.16) where rj=2/nm + 3 

Other conditions which could be added to these models included: a) independent 

control of the conductivity power function parameter, rj. b) a time constant to account 

for non-equilibrium infiltration (Ross and Smettem, 2000) or c) addition of a 

macropore model flow component by controlling the macropore water content and the 

macropore conductivity using the equations of Ross and Smettem (1993). 
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7.2.3 Vegetation parameters 

SWIMvl.l could include four plants growing simultaneously which used a simple 

steady state radial flow to roots model that assumed the xylem potential of each 

vegetation was constant with depth and subject to a specified minimum value i.e. 

wilting point (Ross, 1990b :SWIM manual). 

A sigmoid curve was used to simulate the growth of the vegetation through time 

f=l/[l+exp(a-bt)] (7.2) 

Where/is a fraction of the maximum potential evapotranspiration (PET) at time, t, a 

and b are the times at which the crop is at a specified fraction,/. The maximum fraction 

of P E T is the fraction of P E T intercepted when the vegetation is fully grown. 

The root length density also increased by the same sigmoid growth curve (Eq. 7.2). The 

distribution of roots with depth was described by an exponential decay curve, which 

was defined by the maximum root length density at the surface when fully grown and 

the depth constant for roots (Eq. 7.3). 

dz = ds exp (z/Zc) (7.3) 

where dz is the root length density at depth z, ds is the maximum surface root length 

density and zc is the specified depth constant for roots which is the depth at which the 

root length density falls to 37%. 

A feature of SWIMvl.l included the addition of measured root length density over time 

data sets, which allowed the vegetation to grow using realistic data. 

Demand was set by the potential evapotranspiration (PET) due to weather conditions 

and a pre-programmed interception of the P E T by the canopy. Partitioning of P E T also 

changed sigmoidally with time, t, for each vegetation type according to the growth 

curve Eq. (7.3). 



7.3 Model parameters 

7.3.1 Soil parameter sets 

The water balance in the profile was modelled with SWIM with the hydraulic parameter 

sets which were obtained from the different measurement techniques and different 

hydraulic equations. Tables 7.1 -7.3 showed the soil parameter sets for the three 

different hydraulic property models which used the average fitted data from the 

unripped and ripped trial sites and from laboratory measurements obtained from Tempe 

cells. Full details of the measurement methodology were reported in Chapter 4. 

A free drainage lower boundary condition and a surface conductance upper boundary 

condition was used in the model simulations. 

The profile was set to 1.5 m depth with a layer change at 0.3 m. The topsoil properties 

were specified as uniform from 0 to 0.3 m and subsoil properties were specified as 

uniform from 0.3-1.5 m. 

Table 7.1 Hydraulic properties for VG1 (m-\-Vn) 

es 

(cm* 

er 

cm ) 

he 

(cm) 

m n K 

(cmh1) 

Field unripped 

Field ripped 

Tempe 

Topsoil 

Subsoil 

Topsoil 

Subsoil 

Topsoil 

Subsoil 

0.30 

0.33 

0.32 

0.32 

0.35 

0.31 

0.06 

0.05 

0.05 

0.04 

0.05 

0.04 

17.5 

20.2 

32.5 

24.5 

20.5 

15.3 

0.54 

0.43 

0.64 

0.53 

0.46 

0.40 

2.17 

1.75 

2.78 

2.13 

1.85 

1.67 

15 

10 

15 

10 

15 

10 
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Table 7.2 Hydraulic properties for V G 2 (m=l-2/n) 

Field unripped 

Field ripped 

Tempe 

Topsoil 

Subsoil 

Topsoil 

Subsoil 

Topsoil 

Subsoil 

Os 

(cm 

0.30 

0.33 

0.32 

0.32 

0.35 

0.31 

Or 

Vm"3) 

0.04 

0.05 

0.04 

0.04 

0.00 

0.00 

he 

(cm) 

21.1 

13.1 

23.6 

18.2 

13.4 

9.6 

m 

0.27 

0.23 

0.25 

0.25 

0.20 

0.17 

n 

2.74 

2.60 

2.67 

2.67 

2.50 

2.41 

K 

(cm h1) 

15 

10 

15 

10 

15 

10 

Table 7.3 Hydraulic properties used for the Smoothed Campbell 

Field unripped 

Field ripped 

Tempe 

PTF 

Topsoil 

Subsoil 

Topsoil 

Subsoil 

Topsoil 

Subsoil 

Topsoil 

Subsoil 

0s 

t 3 -3\ 

(cm cm ) 

0.30 

0.33 

0.32 

0.32 

0.35 

0.31 

0.29 

0.29 

he 

(cm) 

6.1 

8.4 

13.7 

11.1 

8.4 

8.2 

12.5 

14.2 

b 

3.6 

3.4 

3.0 

2.5 

2.8 

2.5 

2.9 

3.3 

Ks 

(cm hr"1) 

15 

10 

15 

10 

15 

10 

15 

10 



7.3.2 Initial water content 

The initial water contents for the model simulation were taken from the T D R values for 

the specific dates (Table 7.4). Annual model simulations were run with the initial water 

content from the 1st January and early July for 1995, 1996, 1997 and 1998. A 2-day, 

hourly model simulation was also run for July 1995. The initial water content for this 

run was set to the measured T D R values on 7/7/1995 at 0:00. 

Table 7.4 Initial water content (wheat) 

Depth (cm) 1995 

date 1-Jan 7-July 
day 1 182 

0 0.06 0.11 

2 0.07 0.11 

5 0.08 0.11 

10 0.11 0.11 

20 0.11 0.12 

30 0.10 0.09 

50 0.10 0.1 

70 0.10 0.1 

90 0.10 0.1 

120 0.10 0.11 

150 0.12 0.13 

1996 

1-Jan 4-Jul 
1 184 

0.06 0.08 

0.07 0.08 

0.08 0.08 

0.11 0.079 

0.11 0.085 

0.10 0.125 

0.10 0.11 

0.10 0.112 

0.10 0.101 

0.11 0.103 

0.12 0.092 

1997 

1-Jan 1-Jul 
1 182 

0.06 0.061 

0.06 0.061 

0.06 0.061 

0.06 0.061 

0.06 0.056 

0.078 0.080 

0.071 0.088 

0.067 0.096 

0.066 0..103 

0.088 0.113 

0.098 0.129 

1998 

1-Jan 9-Jul 
1 190 

0.06 0.10 

0.06 0.10 

0.06 0.10 

0.06 0.11 

0.06 0.108 

0.07 0.124 

0.06 0.113 

0.065 0.118 

0.059 0.118 

0.065 0.135 

0.076 0.123 
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7.3.3 Vegetation parameters 

The growth of the wheat crop, and the depth constant for roots was determined from 

measured biomass data at known dates (Table 7.5). Chapter 4 described the root data 

that was measured at Moora. 

Table 7.5 Vegetation parameters for wheat 

Depth Constant for 
roots 

RLD 

Max fraction of PET 

Fraction of P E T at 
day x 

Day x 

Fraction of P E T at 
dayy 

Dayy 

cm 

cm cm"3 

1995 

25 

0.25 

0.8 

0.055 

194 

0.72 

278 

1996 

25 

0.25 

0.8 

0.012 

195 

0.82 

277 

1997 

25 

0.25 

0.8 

0.01 

170 

0.82 

270 

1998 

25 

0.25 

0.8 

0.01 

156 

0.82 

270 

7.3.4 Rainfall and evaporation 

The data from the weather station at the Moora field site was described in chapter 4. For 

the S W I M model the data entered was the hourly rainfall and sum of 10 days 

evaporation data, which was calculated as 7 0 % pan evaporation or 100% Penman. 
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7.3.5 Surface conditions 

The surface conductance and runoff parameters were set in the model so that no runoff 

or surface sealing occurred during the simulation (Table 7.6). 

Table 7.6 Surface conductance and runoff conditions 

CONDUCTANCE 

RUNOFF 

Initial soil surface conductance: 

Minimum soil surface 
conductance: 

Precipitation constant: 

Effectiveness parameter: 

Initial soil surface storage: 

M i n i m u m soil surface storage: 

Precipitation constant: 

Runoff rate factor: 

Runoff rate power P: 

Initial surface water depth: 

4 

0.02 

2.5 

0.184 

2 

1 

5 

2 

2 

0 

h"1 

h1 

cm 

cm 

cm 

cm 

c m h^cm13 

cm 
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7.4 Methods 

Using a rainfall event of 45 m m over two days in July 1995, the hourly T D R data was 

compared to the hourly S W I M simulation output of total profile water content, water 

content at specific layers and drainage to investigate the influence of: 

1) different hydraulic models (VG1, VG2 and Campbell) on predicted vs measured 

water contents, obtained from the recording T D R system. 

2) different tillage treatments (ripped and unripped) with lab measured (Tempe) or 

estimated hydraulic parameters (PTF) on predicted vs measured water contents 

3) sensitivity of profile water content distribution and drainage fluxes to the 

hydraulic parameters using only the V G 2 model with the initial parameters obtained 

from the unripped site. 

Lastly, all the parameters from the different treatments, measurement techniques and 

PTF estimations with the different hydraulic models were used to simulate the water 

balance of the wheat crop from January to December and July to November on daily 

time-step for 1995, 1996, 1997 and 1998. 

The model and treatment model simulations were compared with the same rainfall, 

initial water content, plant growth and root parameters, only the hydraulic parameters 

and hydraulic models were altered. Ripping has been known to increase rooting depth in 

some crops and soil types (Bennie and Botha, 1986; Schmidt et al., 1994) but it was the 

effect of ripping on the water flow not the vegetation that was required here. 
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7.5 Statistics 

The water balance model parameters could only be considered to provide a good 

representation of the field data if prediction of the water balance changes over time was 

achieved within an acceptable precision and accuracy. The S W I M water balance model 

was used to compare predicted water balance components; water content at specific 

depths, total profile water to 1.5 m and cumulative drainage below 1.5 m, for different 

hydraulic equations and treatments. 

Methodology to evaluate the predictive capacity of water balance and solute transport 

models was limited and was still subject to much debate (Addiscott and Wagenet, 1985, 

Loague and Green, 1991, Willmott et al., 1985, Jemison et al., 1994). 

Statistical criteria and graphical displays could be used to evaluate model performance 

between alternative or competing models (Loague and Green, 1991). Researchers could 

follow the lead of Addiscott and Whitmore (1987) who compared the correlation or 

regression analysis of how well model simulated values compared with observed data. 

Model performance could also be evaluated using the analysis of residual errors, i.e. the 

difference between the observed and predicted values (Loague and Green, 1991; 

Willmott et al., 1985, W u et al., 1996). There was no definitive method to compare 

models using statistics, therefore a researcher must decide on the most appropriate 

statistics for their particular problem. A brief description of the different analysis of 

residual error equations available was presented below. 

Statistics which used the analysis of residuals include : root mean square error (RMSE), 

mean bias error (MBE), maximum error (ME), modelling efficiency (EF), and relative 

average error (D). 

The RMSE was in the dimensions of the observations where the smaller RMSE the 

better the model prediction. However, the R M S E does not differentiate between over or 

under prediction. The mean bias error ( M B E ) described the average error, which 

indicated under-prediction (negative) or over-prediction (positive). 

RMSE = 
1 "o 

-l(p,-o,y (7.5) 
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MBE=~Jj(Pi-Oi) (7.6) 

n O 1=1 

Where P„ and Oi were the predicted and observed values and n0 is the number of 

observed values. 

The dimensional value of RMSE and MBE does not allow the model to be tested under 

a wide variety of conditions (Jacovides and Kontoyiannis, 1995). To overcome this 

problem the R M S E and M B E were made non-dimensional, (Eq. 7.7 and Eq. 7.8), by 

dividing by the average of n0 observations (Davies et al., 1984; Loague and Green, 

1991). 

RMSE, n 

1 "» 

IEe>,-o.r /=i 

o 
(7.7) 

MBE, 

1 _. 
lyLb-ot) n0 /=i 

O 
(7.8) 

where • is the average of n0 observations 

Although these RMSE and MBE statistic values could be used to evaluate differences in 

the models outputs they do not indicate whether a model performance was statistically 

significant. T- statistics could be used to determine the statistical significance of the 

model performance at a particular confidence level (Jacovides and Kontoyiannis, 1995). 

t = 
(n0~l)MBE

2 

RMSE2-MBE7 (7.9) 

The smaller the t-value the better the performance, but the statistical significance was 

determined from the standard statistics tables from W which depended on the level of 

significance a, and the degrees of freedom n0-l. For the model estimates to be judged to 

be statistically significant at the 1-a confidence level, the calculated t value must be less 

than the critical t value. However, Whitmore (1991) warned that t-tests were a rather 
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stringent test and only a very good model would give a significant result when more 

than 10 or 20 data were included. 

Some other analyses of residual statistics used by Wu et al. (1996) which compared 

different estimates of hydraulic parameters on the water balance model included: 

ME = Max IP, - 0.,\n 
i/ = i 

(7.10) 

EF = 1 i°, ~ Of - ± (Pi ~ Oif] I ± [Oi - Of (7.11) 

D = 1 - X (P, - Oi)2 / X P, - ° 
/=i /=i 

+ o, - o (7.12) 

The E F and D statistics used an average observed value in the equations, where the 

difference between the observed and the average observed and between the predicted 

and the average observed value was used. The maximum value for E F and D was one 

but if the E F was less than zero then the model-predicted values were worse than simply 

using the observed mean. 

7.6 Results and discussion 

7.6.1 Comparison of models and treatment 

t̂h 
A 43 m m rainfall event over 60 hours from 0:00 10m July 1995 and 12:00 12th July 

1995 was used to determine the effect of different models, ripping treatment and 

measurement technique on the drainage, profile water content and layer water content. 

The modelled output was compared to the measured T D R layer water contents, which 

were also used to calculate profile water content. Unfortunately the drainage was not 

measured directly, via a lysimeter setup, but was predicted from water content changes 

(Anderson et al., 1998b). 

The data was plotted to visually compare the models and treatments. The graphs 

included a) observed and predicted values of profile water content through time (Figs. 
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7.1a, 7.2a, and 7.3a), 0.2 m depth water content (Figs.7.4a, 7.5a and 7.6a) and 0.5 m 

depth water content (Figs. 7.4b, 7.5b and 7.6b), b) comparison of predicted value of 

cumulative drainage over the 2 days (Figs. 7.1b, 7.2b and 7.3b). The models were also 

compared using the statistical methods described above (Table 7.8 and 7.9). 

Visually, all the parameter sets used for prediction of the profile water content over this 

two day event gave similar results and compared well with T D R measured profile water 

(Figs. 7.1a, 7.2a and 7.3a). However, the ripped V G 1 and V G 2 profile water contents 

were slightly lower than the field measurements (Fig.7.2a). 

The modelled drainage ranged from 0.5 to 18.3 mm depending on the choice of 

hydraulic model or treatment (Table 7.7). Even though the saturated hydraulic 

conductivity was the same for all treatments, the ripped soil had a greater unsaturated 

hydraulic conductivity at small negative soil water potentials and therefore greater 

drainage. This was confirmed by the field ripped V G 1 and V G 2 model simulations 

which gave greater drainage, (18.3 m m and 16.4 m m respectively), than the other 

treatments, but the ripped Campbell with 2.3 m m drainage was similar to the other 

treatments which ranged from 0.5 to 8.5 m m (Table 7.7). The drainage obtained using 

the lab Tempe parameters for each model was relatively higher than the field unripped 

(Table 7.7). The V G 1 and V G 2 models have higher drainage for each of the treatments 

than the Campbell and PTF models. The residual water content term in the V G 1 and 

V G 2 may have caused this greater drainage by affecting the slope of the K(h) curves. 

Table 7.7 Cumulative drainage ( m m ) from 10/7/95 0:00 to 12/7/95 12:00 for the 
different models and treatments 

VG1 

VG2 

Campbell 

PTF 

5.2 

8.5 

3.0 

1.2 

Tempe 

18.3 

16.4 

2.3 

Ripped 

3.7 

2.4 

0.5 

Unripped 

Water content changes through time at specific profile depths varied greatly between 

models and treatments, even though the cumulative profile water contents were 
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generally similar. This had implications for solute transport, where the prediction of the 

position of solute peak would vary with model choice and measurement technique 

At 0.2 m depth, goodness of fit statistics (Table 7.8), indicated that the VG2 property 

set gave the best prediction for each of the treatments/techniques. From the observed 

and fitted graphs over time (Figs. 7.4a, 7.5a, and 7.6a) all the models and treatments 

under-predicted the water content prior to the large rainfall event, with the Campbell 

model appearing closest to the observed T D R data. After the rainfall event the water 

content in the 0.2 m layer varied between the models and treatments. The V G 1 

unripped, V G 1 ripped and V G 2 ripped all under-predicted the observed water content. 

The Campbell Tempe, Campbell ripped and V G 1 Tempe over-predicted the water 

content, while Campbell unripped, V G 2 Tempe, V G 2 unripped and the PTF were close 

to the predicted water content after the rainfall event. 

Table 7.8 Goodness of fit statisticsA for modelled 0.2 m water content profile from 
July 10th to July 12th 1995. 

Good Fit 

Tempe VG1 

VG2 

Campbell 

Ripped VG1 

VG2 

Campbell 

Unripped VG1 

VG2 

Campbell 

PTF (measured K) 

0.2 m depth 

R M S E 2 M B E 2 t-test E F D M E 
% % 

0 0 <2.66 1 1 0 

10.0 -1.4 1.2 0.86 0.94 -0.023 

6.9 -3.8 5.2 0.93 0.97 -0.020 * 

20.4 11.7 5.6 -2.02 0.68 0.044 

22.5 -22.0 35.9 0.27 0.80 -0.045 

10.3 -10.0 27.6 0.84 0.94 -0.024 * 

19.4 11.1 5.6 -1.73 0.70 0.044 

28.0 -27.5 43.0 -0.13 0.74 0.051 

10.0 -3.4 2.9 0.86 0.94 -0.023 * 

10.7 -0.8 0.6 0.16 0.87 -0.033 

12.5 -10.1 10.1 -0.13 0.81 -0.034 

indicated the best fit. A For a description of the statistical meaning and equations refer 

to p 142. 
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However at 0.5 m, the error in the predicted water content for the shallower layers were 

compounded. W h e n water was stored in the surface layers it caused a delay in the water 

peak at 0.5 m or vice versa. For the 0.5 m depth the measured field ripped parameters in 

conjunction with the V G 1 model fitted the data best, although this combination 

performed comparatively poorly at 0.2 m depth (Table 7.9) This highlighted the 

difficulty of sectioning the best property set from the goodness of fit statistics. From the 

graphs of observed and predicted water content over time, the water content peak at 0.5 

m occurred later for all the different treatments when the Campbell model was used 

(Figs. 7.4b, 7.5b, 7.6b). The V G 2 unripped, V G 1 Tempe, V G 2 Tempe and PTF models 

also peaked slightly later than the observed T D R measured water contents. All the 

models and treatments over predicted the water content of the peak and the water 

content that the 0.5 m layer drained to after 24 hours. 

The difficulty in the predicted water content within a specific layer, regardless of model 

or measurement technique was highlighted by the statistical comparisons. Accurate 

prediction of solute transport could be difficult as the position of the solute peak would 

dependent on the position of the water front or the water content at a specific layer. The 

predicted drainage also varied significantly between models and measurement 

techniques from 1 to 18 m m . This large amount of drainage difference, for a 43 m m 

rainfall event, could significantly affect the estimation of nitrate leaching at this site. 

Total profile water content was well predicted by all the models and treatments. Profile 

water had been used to validate models (Greacen and Hignett, 1976) but clearly this 

alone does not give a good indication of model performance, particularly when solute 

transport was to be considered. 



Table7.9 Goodness of fit statistics for modelled 50 c m water content profile from 
July 10th to July 12th 1995 

Good Fit 

Tempe VG1 

VG2 

Campbell 

Ripped VG1 

VG2 

Campbell 

Unripped VG1 

VG2 

Campbell 

PTF (measured K) 

50cm depth 

RMSE2 MBE2 T-test EF D M E 
% % 

0 0 <2.66 1 1 0 

14.5 10.7 8.7 0.10 0.84 -0.028 

12.2 9.2 9.4 0.37 0.88 -0.024 

18.3 7.9 3.8 -0.42 0.73 -0.043 

9.4 8.3 15.6 0.63 0.91 0.016 

6.6 5.1 10.0 0.82 0.96 0.018 * 

17.3 8.1 4.2 -0.28 0.75 -0.044 

22.1 19.8 16.1 -1.09 0.74 0.040 * 

24.4 14.0 5.6 -1.54 0.72 0.042 

25.6 13.3 4.9 -1.80 0.61 0.051 

20.6 15.9 9.8 -0.81 0.75 -0.036 

indicates the best fit. A For a description of the statistical meaning and equations refer 

to p 142. 
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7.6.2. Comparison of hourly and daily models runs 

To study the dynamics of water flow over the 45 mm rainfall event, an hourly time-step 

was used for the modelling. The annual modeling scenarios were performed on a daily 

time-step due to the size of the output file and the time to run the simulations. The 

drainage behaviour and the predicted and final water contents were the same for the 

daily and hourly time-steps. However, the peaks that occurred in the hourly simulation 

were not predicted in the daily simulation (Fig. 7.7a-c). For long-term simulations, 

daily time-steps may be adequate, but obviously, would not give the detailed description 

possible from the hourly time-step. 
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7.6.3 Altering model hydraulic parameters 

The sensitivity of the total profile water, layer water content and drainage to individual 

hydraulic parameters was investigated using hourly data of the July 10th, 2 day, 45 m m 

rainfall event. The V G 2 unripped soil was used as the initial parameter set. The 

hydraulic parameters, 0S, 0r, he, m and Ks, were altered by a factor of 0.1 to 10 (Table 

7.10), depending on the parameter. The effect of the variation of the hydraulic 

parameters on the water balance due to the different treatments (ripped and unripped) 

and measurement technique (lab) could be determined by the looking at the effect of the 

altered parameters on the SWIMvl.l model output. The effect was described by visual 

inspection not statistically, as interest was in major trends rather than minor differences. 

Table 7.10 Initial hydraulic parameters and the altered hydraulic parameters 

Run 

1 

2 

3 

4 

5 

6 

7 

9 

10 

12 

Initial 

0.1K 

2K 

10K 

2he 

5he 

1.25m 

1.5m 

1.75m 

er = o 

2 9r 

0.9 es 

1.2es 

( 
a 

21.1 

42.2 

105.5 

he 
cm) 

b 

13.1 

26.2 

65.5 

m 

a b 

0.27 0.23 

0.338 0.288 

0.405 0.345 

0.472 0.402 

K 0S 0r 
(cm h-1) 

a b a b a b 

15 10 0.29 0.29 0.04 0.05 

1.5 1.0 

30 20 

150 100 

0 0 

0.08 0.1 

0.261 0.261 

0.348 0.348 

a= topsoil, b subsoil 
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Increased saturated water content, 0S, by a factor of 1.2 (from 0.29 to 0.348) does not 

alter the profile water content and increased the drainage from 2 to 

5 m m . This was primarily due to the fact that at this site the rainfall was insufficient to 

bring the profile to saturation. At 0.2 m profile depth, the increased 0S caused a greater 0 

to be reached, possibly caused by more water being able to be stored in this layer before 

draining (Fig. 7.8c). However, the increased water remaining in the surface layer 

delayed the arrival of the water at the 0.5 m depth (Fig. 7.8d). In summary, a small 

change in 0S (only a factor of 1.2) caused large changes to the pattern of water storage, 

flow and drainage within the profile but does not greatly affect total water content (Figs. 

7.8a) for this particular simulation. 
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The air entry, he< appeared to be a relatively insensitive parameter in the water balance 

model. Increased he, by a factor of 5, caused very little change in the profile water, 

drainage or water content in the 0.2 m layer (Fig. 7.9a-c). However, due to delayed 

effects some variation at 0.5 m was noted (Fig. 7.9d). 
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Fig 7.9 Effect of altering the air entry parameter: a) profile water, b) drainage, c) water content 
at 20 cm depth and d) water content at 50 cm depth for the field unripped treatment fitted to the 

VG2 model. 

A n increase in the Ks caused a larger initial drainage rate through the profile and altered 

the water content at a particular depth in the profile. From the modelled output, a 

change in Ks, at least a factor of 2, was required before any change in profile water, 

drainage and layer water content was evident. This may be due to the log nature of the 

relationship between hydraulic conductivity and soil water pressure. A n increase in the 

Ks by a factor of 10 (or 1 order of magnitude) decreased the profile water content after 
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the rainfall event due to the water draining faster from the profile with a resulting 

increase in drainage from 2 m m to 23 m m . This effect was also evident by a lower 

water content for the 0.2 m layer and a slightly earlier arrival of water at the 0.5 m 

layer, which also had a lower water content than originally modelled. 



Chapter 7. Modelling the water flow 161 

Using the van Genuchten model (VG2) the m and n were constricted so that m= l-2/n. 

Increasing the m parameter increased the slope of the water retention curve which 

decreased the water content at any particular soil water compared to the original curve. 

This was illustrated where an increase in m, by a factor of 1.75, decreased the profile 

water content and the water content at both 0.2 and 0.5 m depth. A consequence of this 

decreased profile water for the same rainfall event was an increase in drainage from 2 to 

20 mm. 
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to the VG2 model. 
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The residual water content parameter altered the shape of the water retention curve. 

Setting the 0r to zero gave a lower water content for the same h when compared to the 

W R C with 0r. The 0r may also affect the slope (or m) of the W R C , but both parameters 

were involved in fitting the W R C . W h e n the 0r term was reduced to zero, decreased 

profile water and water content at the 0.2 and 0.5 m layer thereby increased drainage 

over the rainfall event (Figs. 7.12a-d). The reverse occurred when the 0r was doubled. 
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From the summarised parameter sensitivity results, Table 7.11, the difference in he 

between the treatments would have little effect on the water balance for this example. 

The 0S, 0r and m parameters may affect the water balance to varied degrees. W u et al. 

(1996) also reported that water balance model output was more sensitive to n than he. 

Table 7.11 General trends in water balance modelling when the hydraulic 
parameters were altered. 

Increase 0S 

Increase he 

Increase/^ (large) 

Increase m 

Decrease 0r 

Profile 
water 

Very little 

Very little 

Decrease 

Decrease 

Decrease 

Drainage 

Slight • 
increase 

Very little 

Increase 

Increase 

Increase 

0.2 m 
water 

Increase 

Very little 

Decrease 

Decrease 

Decrease 

0.5 m 

water 

Increase but 
delayed peak 

Slight 
decrease 

Decrease and 
early arrival 

Decrease 

Decrease and 
early arrival 

The field unripped parameter set and modelled water balance was used as the basis to 

compare the field ripped and lab Tempe data treatment. Table 7.12 indicated whether 

the parameter for the field ripped and Tempe techniques calculated with the V G 2 model 

were increased (up arrow) or decreased (down arrow) compared to the field unripped 

modelled parameter. The output for the Tempe and ripped treatments, water content at 

0.2 m, water content at 0.5 m and drainage, were visually compared to the field 

unripped output and were also classed as higher or lower. 



Chapter 7. Modelling the water flow 164 

Table 7.12 Comparison of model parameter and output for field unripped with 
field ripped and Tempe (using van Genuchten parameters: m=l- 2/ra) 

Field unripped topsoil 

subsoil 

Field ripped topsoil 

subsoil 

Tempe topsoil 

subsoil 

Parameters 

0s 0r m 

0.29 0.04 0.27 

0.29 0.05 0.23 

0.32 t 0.04 0.25 I 

0.32 t 0.04 0.25 T 

0.35 t 0.00 i 0.20 I 

0.31 t 0.00 I 0.17 I 

Effect on Water balance H 

0.2 m 0.5 m Drainage 

Layer Layer 

decreased decreased Increased 
and earlier 

slightly decreased Increased 
decreased 

t = W R C parameter or water balance output was higher than V G 2 unripped 

1 = W R C parameter water balance output was lower than V G 2 unripped 

The Tempe measurement data fitted to the V G 2 equation had a higher 0S in the topsoil 

and subsoil, no 0r and a 7 5 % decreased m parameter. The higher 0S should increase the 

water content at 0.2 m and 0.5 m and increase the drainage amount. The zero 0T should 

decrease the 0.2 m and 0.5 m water content and increase drainage. Lastly, the decrease 

in the m parameter should increase water contents at 0.2 m and 0.5 m and decrease 

drainage. The combination of these altered parameters produced only a slight decrease 

in 0.2 m water content, a noticeable decrease in the 0.5 m water content and an increase 

in drainage. It appeared that for his particular soil, 0r was the parameter that gave the 

largest difference between treatments. 

The field ripped topsoil under the VG2 equation had higher water content in the topsoil 

and subsoil, a similar 0r and an m parameter that was lower in the topsoil but higher in 

the subsoil. Again, an increased 0S should increase the water content at 0.2 m and 0.5 m 

and increase the drainage. This combination of parameters caused a decrease in water 

content at 0.2 m and 0.5 m and an increase in drainage. 



Altering any one parameter independently provided a general indication of the effect on 

the water balance but it should be noted that many of the parameters were not 

independent in the curve fitting process by which they were obtained. 

7.6.4 Comparing models and treatments for an annual simulation. 

The modelled hourly water balance over a short time period deviated from the TDR 

data very quickly during drainage (Figs. 7.4-7.6). Therefore, annual water balance 

modelling would be largely influenced by deviations from previous months, which 

provided the initial conditions prior to the next rainfall event. It was clear from the 

hourly modeling that after rainfall all the models drained to a greater extent than the 

field T D R water content measurements. Therefore, to compare the models and 

treatments over a longer time period the model was run from the wetter month from 

1/7/1995 until the 1/11/95. The modelled water content at 0.2 m and 0.5 m as well as 

the total profile water was visually and statistically compared to the 1995 T D R data 

(Table 7.13 and 7.14). The rest of the modelled and measured water content graphs at 

0.1, 0.3, 0.4, 0.7, 0.9, 1.2 and 1.5 m depth are in the appendix. 

The model simulations from 1/7/1995 until the 1/11/95 had large differences between 

the modelled and measured data (Figs. 7.13, 7.15, 7.17, 7.19 (a,c,e)). This restricted the 

comparison of the models and treatments with the measured data because ambiguous 

statistics were produced (Table 7.13, 7.14). Hence, even though for the short-time frame 

modelling the V G 2 model performed the best, it was not a definitive choice for the 

annual simulations for Moora (Figs. 7.13 - 7.20). Therefore, all the models and 

treatments parameter sets were used to model the water balance in Moora from 1995 to 

1998 (Figs 7.13-7.20). 
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Table 7.13 Statistics for 1/7/95 to 1/11/95 water balance modelling 

Campbell 

VG1 

VG2 

PTF 

unripped 

ripped 

tempe 

unripped 

ripped 

tempe 

unripped 

ripped 

tempe 

0.2 m 

EF 

0.54 

-0.13 

0.06 

-3.51 

-2.85 

0.10 

0.04 

0.36 

-0.46 

0.40 

depth 

D 

0.91 

0.86 

0.87 

0.31 

0.51 

0.84 

0.84 

0.89 

0.82 

0.90 

M E 

-0.10 * 

-0.11 

-0.11 

-0.05 

-0.10 

-0.09 

-0.10 

-0.10 * 

-0.12 

-0.10 * 

0.5 m 

EF 

0.05 

-0.07 

-3.66 

0.41 

0.35 

0.54 

-1.06 

0.32 

0.16 

-1.68 

depth 

D 

0.83 

0.82 

0.55 

0.82 

0.81 

0.89 

0.68 

0.86 

0.85 

0.65 

M E 

0.036 

0.040 

0.067 

0.032 

-0.044 

0.022 

0.047 

0.032 

0.034 

0.054 

For a description of the statistical meaning and equations refer to p 142. 
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Table 7.14 Statistics for 1/7/95 to 1/11/95 water balance modelling 

Campbell unripped 

Ripped 

tempe 

VG1 unripped 

ripped 

tempe 

VG2 Unripped 

ripped 

tempe 

PTF 

Total profile water 

EF D M E 

-2.16 0.62 -147 

-0.27 0.70 -72 

0.48 0.90 -47 

0.39 0.89 40 

0.75 0.96 -31 * 

0.50 0.92 -44 

-1.55 0.68 66 

0.44 0.92 38 * 

0.54 0.93 -39 * 

-0.27 0.81 51 

A For a description of the statistical meaning and equations refer to p 142. 

Visual inspection was used to compare the TDR measured water balance component in 

Moora from 1995 to 1998 with the Lab Tempe, Field ripped and Field unripped 

treatments which were modelled using the VG1, VG2, Campbell and predictive PTF 

models. 

Profile water from July to November in 1995 to 1998, with the Lab Tempe parameter 

set, was well described by all models including the predictive PTF model (Figs. 7.13-

7.14 a,b). The ripped treatment parameter set could adequately describe profile water 

with the VG2 and Campbell models in 1995 and 1998 but all years were very poorly 

described by the VG1 model (Figs. 7.13-7.14 c,d). Deviations from the measured 

profile water content caused the VG2 and Campbell ripped treatment parameter to 

under-predict the profile water from September onwards in 1996 (Fig. 7.13d), over 

predict the profile water from mid August onward in 1997 (Fig. 7.14c). While the field 

unripped treatment parameter set with the VG1 model described the profile water better 
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than the V G 2 and Campbell models (Fig. 7.13-7.14e,f), which tended to over predict the 

profile water content. 

The modelled water content at a depth of 0.2 m and 0.5 m varied greatly between 

models and treatments (Fig. 7.15-7.18a-f). The Tempe cell parameters with the V G 2 

and Campbell models under-predicted the 0.2 m water content after September for 

1995-1998 (Fig 7.15-7.16a,b). The field ripped V G 1 parameters always under-predicted 

the water content W C at 0.2 m in 1995-1998, whereas the Campbell and V G 2 

parameters over-predicted in 1997 and the beginning of 1996 (Fig. 7.15-7.16c,d). The 

field unripped V G 1 parameter under-predicted the 0.2 m water content for 1995-1998 

(Fig. 7.15-7.16e,f). The field unripped Campbell and V G 2 parameter set under 

predicted the 0.2 m water content after September 1995, over predicted for the start of 

1996 and under-predicted the end of 1998 (Fig. 7.15-7.16e,f). 

The predicted drainage varied for all the treatments and models parameter sets, which 

could alter the predicted amount of nitrate and cation leaching (Table 7.15). The 

predicted drainage for all the treatments with the V G 1 model parameter sets was much 

higher than the V G 2 and Campbell parameters sets (Table 7.15). The V G 2 and 

Campbell models produced similar drainage curves, although V G 2 was consistently 

higher than the Campbell model. The V G 1 models ranked the treatments so that field 

ripped had the greatest drainage followed by unripped and Tempe. The V G 2 and 

Campbell models rank the treatments so that the Tempe cell predicted drainage was 

slightly higher than the field ripped treatment and both were higher than the field 

unripped drainage (Table 7.15). 

The VG1 model with the field ripped treatment produced profile water and water 

content at 0.2 m and 0.5 m depth for 1995 to 1998, which were significantly lower than 

both the T D R measured water content and the other models. The V G 1 model with lab 

Tempe and field unripped parameter sets compared well with the T D R measured profile 

water, 0.2 m and 0.5 m water contents. The V G 1 model always predicted the lower 

profile water content, 0.2 m and 0.5 m depth water content than the V G 2 and Campbell 

models, which resulted in a higher amount of drainage with the V G 1 model. 

Unfortunately, the V G 1 model stopped in mid September for a number of treatments 

and years which included: field ripped treatment in 1996-1998, field unripped 1995, 

1997 and 1998 and lab Tempe in 1997-1998. The S W I M model would end the 

simulation when the incremental change in the water balance was lower than the limit 



prescribed in the model. Therefore, the V G 1 model was not able to describe the water 

balance in these sands. 

The VG2, Campbell and PTF models were adequately able to describe the water 

balance particularly using the Lab Tempe measured parameter set. With the variety of 

predictions obtained with the different models and parameter sets it was encouraging to 

see the predictive PTF model provide similar results. 

7.7 Conclusions 

The V G 1 , V G 2 , Campbell and PTF models were fitted to W R C s measured in Lab 

Tempe, field ripped and field unripped treatments (chapter 5) to determine the hydraulic 

parameters sets. These models and parameter sets were then used to model and 

compare the measured total profile water (to 1.5 m ) and the 0.2 and 0.5 m water 

contents to compare to the T D R measured values. The drainage was also predicted. The 

comparison between the measured and modelled water balance was made using a 40 

m m two day rainfall event in July 1995 and July to November 1995 to 1998 under 

wheat rotations. 

All the models were able to predict the total profile water in the short term simulations. 

There were various predictions for the 0.2 and 0.5 m depth but the V G 1 and V G 2 field 

ripped parameter sets had a higher drainage. In the short term simulation the V G 2 

model under all treatments statistically performed the best. However, from the long 

term simulations, the statistics does not indicate the best model due to a variety of over 

and under predictions. 

From visual comparison, all the models using the Tempe parameters would be able to 

adequately describe the profile water, 0.2 and 0.5 m water contents. The other 

treatments with the different models had vastly different abilities to describe the water 

balance. For example the V G 1 model with the field ripped parameters could not 

describe the process well, but with the V G 1 unripped and V G 1 Tempe parameter sets 

the water balance was described better than the other models. 
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The predictive P T F parameters (using the Campbell model) were able to describe the 

water balance very .well. Considering the vast range of responses from the different 

models and treatments this was very encouraging for the use of pedo-transfer functions 

at this site. However at other sites, Wosten et al. (1990) found that using directly 

measured hydraulic properties the simulation in were in close agreement with the soil 

water storage in the upper 0.5 m, measured by neutron probe. 

Altering the model parameters showed that the air entry was a relatively insensitive 

parameter. The saturated hydraulic conductivity and saturated water content were also 

not sensitive, with at least a 5 times increase in Ks required before a change in modelled 

water balance occurred. In the short term July 1995 simulation, the soil water content 

was never near saturation, which may explain the relative insensitivity of the saturated 

water content and saturated hydraulic conductivity. In this sand, the m and residual 

water content were sensitive parameters. 

Even though the Moora site was ripped in all years, the ripped parameters with all the 

models were not the best at describing the water balance. But as w e saw from the 

hydraulic conductivity changes over the years, the effect of ripping was negligible by 

July. 

Therefore, no single model used here was adequately able to predict water storage and 

drainage, particularly over extended periods. 



Table 7.15 Modelled drainage from 1-July to 2-November in 1995,1996,1997 and 
1998 using the Tempe, ripped and unripped treatment parameter sets with the 
VG1, VG2, Campbell and PTF models. 

Tempe Ripped Unripped 

1995 

VG1 

VG2 

Campbell 

PTF 

VG1 

VG2 

Campbell 

PTF 

VG1 

VG2 

Campbell 

PTF 

VG1 

VG2 

Campbell 

PTF 

168 

157 

149 

122 

88 

81 

67 

42 

64 

46 

42 

31 

58 

47 

42 

214 

151 

141 

1996 

142* 

69 

59 

1997 

110* 

17 

5 

1 1998 • 99* 

41 

20 

183* 

136 

112 

•••Ê Bflll 
125 

56 

34 

85* 

34 

21 

66 

29 

20 

* Denotes model ended prior to November. 
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measured by TDR (dots) and fitted to VG1, VG2, Campbell and PTF equations (lines) for the Lab 
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i 

1-Jul 31-Jul 31-Aug 1-Oct 1-Nov 

d) 

1998 Field unripped 
0.5 m depth 

0.20 

31-Jul 31-Aug 

f) 

1-Nov 

Fig. 7.18 Water content at 0.5 m depth from July to November 1997 (a,c,e) and 1998 (b,e,f) 
measured by TDR (dots) and fitted to VG1, VG2, PTF and Campbell equations (lines) for the Lab 

Tempe (a,b), Field ripped treatment (c,d) and Field Unripped (e,f). 



Chapter 7. Modelling the water flow 178 

250 -i 

200 -

1995 Lab Tempe 

1-Jul 

a) 

1-Aug 1-Sep 2-Oct 2-Nov 

1996 Lab Tempe 

250 i 

200-

J=, 150 

-VG1 

-VG2 

- Campbell 

PTF 

- - - - rainfall 

1-Jul 31-Jul 31-Aug 1-Oct 

b) 

T 350 

300 

250 

1-Nov 

250 

1995 Lab Tempe 

1-Jul 

C) 

1 -Aug 1 -Sep 2-Oct 2-Nov 

1996 Field Ripped 

1-Jul 31-Jul 31-Aug 1-Oct 

d) 

1-Nov 

250 

200 

1995 Field unripped 

350 

300 

-- 250 

VG1 

VG2 

Campbellf so 

rainfall 

200 2. 
0) 

150 3 
3 

1-Jul 1-Aug 1-Sep 2-Oct 
o 

2-Nov 

e) 

250 

1996 Field unripped 

350 

31-Jul 31-Aug 1-Oct 1-Nov 

f) 

Fig. 7.19 Cumulative drainage from July to November 1995 (a,c,e) and 1996 (b,d,f) modelled 
using the VG1, VG2, Campbell and PTF equations (lines) for the Lab Tempe treatment (a,b), 
Field Ripped (c,d) and the Field unripped (e,f) and cumulative rainfall from July to Nov 1995 and 
1996 (dotted line). 



unapterT. Modelling the water flow 179 

250 -i 

200 

? 
-E 150 
«l 

en 
is 

ra 100 H 

50 -

1997 Lab Tempe 

-VG1 
-VG2 
Campbell 
PTF 
rainfall 

a) 

250 

- 200 

30 
0) 

150 5" 
= 

r 100 § 

r 50 

0 
1-Jul 31-Jul 31-Aug 1-Oct 1-Nov 

1998 Lab Tempe 

250 -,-

b) 

1-Jul 1-Aug 1-Sep 2-Oct 2-Nov 

250 

1997 Field Ripped 

250 

-- 200 

1-Jul 31-Jul 31-Aug 1-Oct 1-Nov 

250-

200-

? 

Dr
ai

na
ge
 (
m 

en
 

o
 

en
 

o
 

o
 

o
 

o
 

1-

1998 Field Ripped 

_ _ V G 1 ^J 

VG2 

Campbell r j* 

• • - • rainfall 1 
i 

* 

/ / ^ - ~~ 
\£>Z~" 

\ i i 

Jul 1-Aug 1-Sep 2-Oct 

- 120 

r100 ^ 

3 

-80 % 

? 
- 60 3. 

- 40 

-20 

2-Nov 

c) d) 

250 

1997 Field unripped 

T 250 

-- 200 

1-Jul 31-Jul 31-Aug 1-Oct 1-Nov 

200^ 

? 

Dr
ai

na
ge
 (
m
 

o
 

en
 

o
 

o
 

50-

-

1-Jul 

1998 Field unripped 

VG1 ^ 

VG2 f 

Campbell ,-* 

- - rainfall J 
i 

i 

^ - j ^ r r ^ ^ - " 

1-Aug 1-Sep 2-Oct 

- 120 

-100 „ 
u 3 

- 80 ft 

- 60 3, 

-40 

- 20 

2-Nov 

e) f) 
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Because up to 4 0 % immobile water fraction had been found in sands (Table 3.1) it was 

important to determine if the C D E or M I M should be used as the basic physical model 

for solute transport at any particular field site. 

The MIM and dispersion parameters in granular media had not been well predicted 

from soil properties, therefore simple experiments were required. In this study, the 

choice of model was determined after analysis of column effluent breakthrough curves; 

sequential tracer experiments (Jaynes et al., 1995) and single tracer experiments 

(Clothier et al., 1992) on the same core and in situ. The latter two methods had recently 

been introduced in an attempt to independently measure some of the M I M parameters 

(immobile water content and mass transfer exchange coefficient) in situ. However, the 

degree of non-equilibrium could severely limit the usefulness of these techniques. 

The aims of this section were to: 

1) examine if immobile water was present in these sands by the use of a variety of 

estimation techniques and if so how much influence does it have on the solute 

transport. 

2) determine whether for granular soils, the MLM or CDE parameters could be 

estimated from more basic soil properties. 

3) compare MIM and CDE description of solute transport in this particular soil in 

order to guide model selection for leaching studies. 
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8.2 Results 

8.2.1 Anion exclusion 

Most soils have a net negative surface charge that could repel anions and exclude them 

from parts of the stationary and mobile water phases (Gerritse and Adeney, 1992). The 

pore volume that was not accessible to anions was a function of the electrical double 

layer formed at the soil surface. This double layer was p H dependent and decreased 

with increased ionic strength of the soil solution (Bolt and van Riemsdijk, 1987). Earlier 

work on undisturbed cores by M c M a h o n and Thomas (1974) had simultaneously used 

tritium (3H20) and chloride tracers to account for anion exclusion by difference in the 

position of the respective tracer fronts. The tritium or deuterium "sees" all the water 

filled pore spaces whereas the chloride was excluded from negatively charged surfaces 

and the front therefore moved more quickly than the tritium front. 

Early breakthrough of tracers, due to anion exclusion or immobile water was tested with 

breakthrough curves (BTC's) from 1 topsoil and 1 subsoil, using both bromide and a 

deuterium solution of 0.02 ml/L. Analysis of the deuterium was performed by mass 

spectrometry and B T C parameters were again obtained using CXTFIT. 

Retardation of the fluorobenzoic acids were within the 95% confidence limits of the 

deuterium values but some bromide anion exclusion (R<1), was evident in the topsoil 

(Table 8.1). Therefore no significant anion exclusion of the D F B A occurred in the 

Moora topsoil or subsoil. 
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Table 8.1 Retardation (R) of bromide, D F B A and deuterium in Moora topsoil and 

subsoil 

Subsoil 

Topsoil 

Tracer 

Bromide 

DFBA 

Deuterium 

Bromide 

DFBA 

deuterium 

R 

1.04 

1.05 

1.02 

0.96 

1.04 

1.01 

+7-95% 

confidence limit 

0.02 

0.02 

0.03 

0.01 

0.04 

0.03 

8.2.2 Experimental conditions and calculations 

The experimental conditions for the laboratory BTC and field and lab sequential tracer 

and clothier methods are described in table 8.2. 

For the lab STE and field STE, the immobile water and exchange coefficients were 

determined by Eq. (3.2.22-3.2.23) for the topsoil and subsoil at -20 m m and -60 m m 

water tension. The STE parameters were calculated from the In (1-C/C0) versus 

corrected time plots where the intercept of the least squares regression was In (6m/0) 

and gradient was a(-0im). The 9 5 % confidence interval of the intercept and gradient in 

the regression of In (1-C/C0) versus time data was transformed to determine the relative 

error and therefore 9 5 % confidence interval in the t9(ff/#and a S T E parameters. 

The immobile water content was calculated for the single tracer, Clothier et al. (1992) 

technique, using the concentration of the last applied tracer (TFBA) and using Eq. 

(3.2.21). 

Relationships between velocity and the MIM parameters, ft and a, were reported in the 

literature (Griffioen et al., 1998). As the replicate experiments had different velocities, 

the /? and a were not reported as averages (Table 8.3 and 8.4). The relationship 

between M I M parameters would be discussed in the next section using this and 

literature data. 
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Table 8.2 The soil cores, experimental conditions and experiments performed 

Topsoil 2 0 m m 

Topsoil 6 0 m m 

Subsoil 2 0 m m 

Subsoil 6 0 m m 

Corel 

Core2 

Core3 

Field 1 

Field2 

Core4 

Core5 

Core 10 

Corel 1 

Core 12 

Core 13 

Core 14 

Pulse B T C 

K 
mmh"1 

148 

47.4 

30.0 

14.0 

164 

96.9 

63.8 

57.5 

52.5 

V 
cmh" 

49.5 

15.3 

10.3 

5.6 

60.7 

37.3 

28.3 

25.0 

21.9 

0 

0.30 

0.31 

0.29 

0.26 

0.27 

0.26 

0.23 

0.23 

0.24 

STE, Clothier and 
frontal B T C 

K 
mmh" 

51.0 

115 

56.9 

106 

48.2 

45.2 

22.1 

147 

92 

54 

14.5 

19.9 

V 
cmh"1 

17.6 

37.1 

18.6 

32.1 

15.1 

16.7 

8.5 

58.9 

36.8 

23.4 

7.5 

10.5 

0 

0.27 

0.31 

0.31 

0.33 

0.32 

0.27 

0.26 

0.25 

0.26 

0.23 

0.19 

0.19 

Frontal 

Y/N 

Y 

Y 

Y 

Y 

Y 

Y 

8.3.1 Immobile water and exchange coefficient from the BTCs, S T E and single 

tracer methods 

There was a strong linear relationship between ln(l-C/C0) and time (r
2>0.9) in both the 

topsoil and subsoil sequential tracer experiment (Fig. 8.lab). This implied that Eq. 

(3.2.22) was a reasonable representation of physical non-equilibrium solute transport 

processes in the soil (Jaynes et al., 1995) 
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° Corel -20mm tension 
A Core2 -20mm tension 
• Core3 -20mm tension 
n Core4 -60mm tension 
x Core5 -60mm tension 

Subsoil 

-1.5 
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U 

H-3. 5-

-4.5 - • 

=5.5 

° Core 10 -20mm tension 

* Core 11 -20mm tension 
° Core 12 -20mm tension 

* Core 13 -60mm tension 
+ Core 14 -60mm tension 

-4-

4 6 

time(h) 

-
b) 

Fig 8.1 The resident concentration in the topsoil column (a) and subsoil column (b) plotted as In 

(1- c/Co) vs application time (symbols) and the regression of the data fitted to Eq. (3.2.22) (lines). 

The immobile water determined by the STE, ranged from 8 to 1 8 % in the topsoil and 8 

to 2 1 % in the subsoil. The exchange coefficient ranged from 0.012- 0.022 in the topsoil 

and 0.002-0.01 in the subsoil (Table 8.3, 8.4). The 9 5 % confidence interval for 0im/6'm 

the topsoil was narrow for all the cores except for core 5 but was generally wide in the 

subsoil. The 9 5 % confidence interval for a was wide in both the topsoil and subsoil, 

and the error was noticeably higher in the field experiments. 

The Clothier et al. (1992) single tracer method had immobile water which ranged from 

6 to 1 7 % in the topsoil lab and 3 to 1 3 % in the subsoil (Table 8.3, 8.4). The Clothier et 

al. (1992) method, generally estimated lower immobile water contents than the STE for 

the lab cores and field experiments possible due to the assumption that no exchange 

occurs between the mobile and immobile region. 

Frontal BTC and Pulse BTC data were fitted to the CDE (Eq. 3.2.1) and the mobile-

immobile model (MIM) (Eqs. 3.2.4, 3.2.5) which determined the solute transport 

parameters and their 9 5 % confidence intervals from CXTFIT2.0 (Toride and van 

Genuchten, 1995) W h e n fitting the C D E the pore water velocity, v, was known so the 

only fitted parameter was the dispersion coefficient, D. The M I M required three fitted 

parameters: dispersion coefficient, D, mobile water fraction /?, and the dimensionless 

exchange coefficient, co, which was related to the dimensional exchange coefficient, a, 
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by Eq. (3.2.5). The frontal breakthrough curves (step input) measured during the STE, 

were also fitted to the M I M . 

The frontal BTC's in the topsoil and subsoil showed varied degrees of non-equilibrium, 

which ranged from no immobile water (core 2, core 3 and core 13), a small amount of 

immobile water of 3 to 4 % (core 1, core 11) to large immobile water contents of 2 0 % 

(core 4) (Table 8.3, 8.4). The exchange coefficient, a, values ranged from undefined 

when immobile water content was zero (core 2, core 3 and core 13) or 0 with a wide 

9 5 % confidence interval (core 11) or 0.018 and 0.37 (core 1 and core 4 respectively). 

Unfortunately, wide 9 5 % confidence intervals for both 0im/0 and a caused difficulty in 

determining the presence of immobile water using frontal BTC's. The frontal 

breakthrough curve lacked the sensitivity to immobile water exchange that could be 

obtained from the tail of a pulse BTC, which may explain why the uncertainty in the 

M I M parameters increased five fold compared to the pulse B T C (Vanderborght et al., 

1997). 

Immobile water content estimated from the pulse BTC ranged from 1 to 31% in the 

topsoil and 0 to 6 % in the subsoil. Generally there was wide 9 5 % confidence intervals 

for the fitted (3 parameters, which raised uncertainty about their physical validity. The a 

coefficient was even more variable and ranged from 1x10" to 1.33 in the topsoil and 

subsoil, with wide 9 5 % confidence intervals. Wide confidence intervals had also been 

reported by D e Smedt and Wierenga (1984) and Schulin et al. (1987). In consequence, 

the exchange coefficient measured with the STE could not be confirmed by the B T C 

fitted data due to the very wide parameter confidence intervals obtained from CXTFIT. 

The MIM only marginally increased the fit of the BTC compared to the CDE, shown by 

the reduced sum of squares (SSQ) (Table 8.5 and Figs. 8.2-8.11). For these soils the 

C D E may be a better proposition. 

The MIM parameters obtained from the STE were used to produce STE BTC's using 

the forward problem of CXTFIT2.0 (Fig 8.2a-8.11a). D was the only unknown 

parameter and was taken from the pulse B T C fitted to the M I M (Table 8.5). The STE 

parameters produced reasonable BTC's for the lab data. As the D was the unknown 

parameter an improved description of the lab data may occur using a different D. 
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Resident concentration profiles were used to calculate STE parameters, which possibly 

caused some of the discrepancy in the description of the laboratory flux concentration 

BTC's (Lee et al., 2000). 

The low immobile water content possibly indicated a low degree of physical non-

equilibrium in the Moora sands that may be difficult to detect with the single tracer 

method, S T E and B T C methods. Parameter optimisation methods, such as B T C fitted to 

the M I M , may not be able to effectively discriminate between equilibrium and non-

equilibrium transport when the degree of non-equilibrium was low (Vanderborght et al., 

1997; Nkedi-Kizza et al., 1983; Kool et al., 1987). 

Physical non-equilibrium was tested in column experiments using the dispersivity of the 

C D E , Acde, and M I M , ̂ MIM, models with the effective dispersivity Aeff (Eq. 3.2.20-

3.2.22) (Table 8.5). As Aeff was much larger than Acde, there were signs of non-

equilibrium in this soil (Table 8.5). A possible reasons for the B T C being insensitive to 

the degree of non-equilibrium was the large solute application time, however the 

application time was similar to the application time in the STE. 

The Moora topsoil and subsoil sand dispersivity was generally less than 5 mm but the 

high a and low immobile water content fraction limited the usefulness of the S T E and 

Clothier techniques. However, these limitations would not be known without B T C 

estimated values of D and Ad. It appeared that most of the methods available to quantify 

non-equilibrium required a high degree of non-equilibrium. 

The column length may also affect the ability to differentiate between equilibrium and 

non-equilibrium in column B T C experiments. Using M I M and C D E parameters from 

Core 4, the predicted position of the solute peak with a 1.5 m column was significantly 

different between the C D E and M I M when plotted against time not pore volumes (Fig. 

8.12). Whereas, shorter column lengths of 0.1 m and 0.5 m there showed less difference 

between the C D E and M I M (Fig 8.12). Even though the M I M parameters appeared to 

be minor and inconsistent in these sands, the column length or solute leaching depth of 

interest was an important factor in solute transport model choice. 
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Table 8.3 Immobile water content fraction and exchange coefficient (hr"1) in the 
Topsoil cores determined by the frontal BTC, pulse BTC, S T E and Clothier 
methods. 

Core 1 

Core 2 

Core 3 

Field 1 

Field 2 

Core 4 

Core 5 

Method 

frontal 
STE 
Clothier 

frontal 
pulse 
STE 
Clothier 

frontal 
pulse 
STE 
Clothier 

STE 
Clothier 

STE 
Clothier 

frontal 
pulse 
STE 
Clothier 

pulse 
STE 
Clothier 

6imt0 

0.03 ±0.17 

0.18 ±0.05 
0.12 

0.21 ±0.62 

0.13 ±0.02 
0.10 

0.01 ±0.08 

0.12 ±0.02 
0.06 

0.16 ±0.09 
0.13 

0.17 ±0.06 
0.12 

0.20 ±0.28 

0.08 ±0.13 

0.11 ±0.02 
0.06 

0.31 ±0.4 

0.13 ±0.5 
0.08 

a 

0.018 ±0.08 

0.022 ± 0.008 

1.33 ±0.66 

0.014 ±0.005 

1E-08 ± 0.04 

0.024 ± 0.009 

0.012 ±0.26 

0.016 ±0.1 

0.37 ±0.1 

0.004 ± 0.045 

0.018 ± 0.004 

0.016 ±0.17 

0.015 ±0.08 

** could not fit M I M as ,£=0.9999 
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Table 8.4 Immobile water content fraction and exchange coefficient (hr1) in the 
Subsoil cores determined by the frontal BTC, pulse BTC, S TE and Clothier 
methods. 

Core 10 

Core 11 

Core 12 

Core 13 

Core 14 

Method 

pulse 

STE 
Clothier 

frontal 
pulse 
STE 
Clothier 

pulse 
STE 
Clothier 

frontal 
pulse 
STE 
Clothier 

pulse 
STE 
Clothier 

6iJ6 

0.03 ±0.15 

0.11 ±0.3 

0.07 

0.041 ±0.16 

0.055 ±0.19 

0.045 ± 0.06 

0.03 

** 

0.21 ±0.16 
0.12 

0.15 ±0.12 
0.11 

0.06 ±0.15 

0.08 ±0.08 
0.13 

1 
a \ 

1E-08 ± 0.26 

Es 
0.3 ±0.3 

0.003 ±0.01 

0.12 ±0.07 

0.002 ± 0.007 

** could not fit M I M as ,#=0.9999 
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Table 8.5 Topsoil and subsoil column experimental parameters and fitted 
parameters for the C D E and M I M 

Core 1 -frontal 

Core 2 -pulse 

Core 2 -frontal 

Core 3 -pulse 

Core 3 -frontal 

Core 4 -frontal 

Core 4 -pulse 

Core 5 -pulse 

Core 10 -pulse 

Core 11 -pulse 

Corel 1- frontal 

Core 12 -pulse 

Core 13- pulse 

Core 13-frontal 

Core 14 -pulse 

CDE 

V D 
cmh'1 cm2h_1 

17.6 

49.5 

37.1 

15.3 

18.6 

16.7 

10.3 

5.6 

60.7 

37.3 

36.8 

28.3 

25.0 

7.5 

21.9 

8.4 ±0.1 

38.2 ±0.1 

132.4 ±0.1 

7.3±0.1 

7.6 ±8.6 

7.6 ±0.1 

12.8 ±0.2 

5.8 + 0.1 

26.1 ±0.1 

14.2 ±0.1 

82.2 ±0.1 

5.7 ±0.1 

12.3 ±0.2 

5.5 + 0.1 

4.7 ±0.1 

Acde SSQ 
cm 103 

vm t 
cmh'1 

Topsoil 20mm 

0.48 11 

0.77 22 

3.6 5 

0.47 18 

0.49 60 

18.2 

63.4 

15.4 

Topsoil 60mm 

0.46 20 

1.24 144 

1.03 25 

Subsoil 20r 

0.43 79 

0.38 51 

2.24 17 

0.20 32 

20.9 

11.1 

8.1 

nm 

62.6 

39.4 

37 

Subsoil 60mm 

0.49 180 

0.54 9 

0.22 38 23.6 

MIM 

om 
cmV 

7.3 ± 0.1 

17.5 ±0.2 

7.2 ±0.1 

2.1 ±0.1 

10.9 + 0.2 

1.8 + 0.3 

24.9 + 0.2 

11.4 + 0.2 

7.7 ±0.1 

2.4 ±0.1 

A>mim 

cm 

0.39 

0.28 

0.47 

0.10 

0.98 

0.22 

0.40 

0.29 

0.21 

0.10 

Aeff SSQ 
cm 10'3 

0.71 8 

0.81 13 

0.47 17 

0.59 8 

4.71 4 

9.13 7 

0.40 7 

1.14 24 

22500 12 

0.34 4 
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b) 

Fig. 8.2 Core 1. Topsoil column at 20 m m tension : frontal BTC measured during STE (b) fitted 
to CDE (-) and M I M (- -). 
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Fig.8.3 Core 2. Topsoil column at 20 m m tension : pulse BTC (a) fitted to CDE(-), M I M (- -) 
and STE parameters (-..-) and frontal BTC measured during STE (b) fitted to CDE (-) and 

MIM (- -). . 
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Fig. 8.4 Core 3. Topsoil column at 20 m m tension : pulse BTC (a) fitted to CDE(-), M I M (- -) 
and STE parameters (-..-) and frontal BTC measured during STE (b) fitted to CDE (-) and 

MIM (- -). 
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Fig. 8.5 Core 4. Topsoil column at 60 m m tension : pulse BTC (a) fitted to CDE(-), M I M (- -) 
and STE parameters (-..-) and frontal BTC measured during STE (b) fitted to CDE (-) and M I M 
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Fig. 8.6 Core 5. Topsoil column at 60 m m tension : pulse BTC(a) fitted to CDE(-), M I M 
(- -) and STE parameters (-..-). 
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Fig. 8.7 Core 10. Subsoil column at 20 m m tension : pulse BTC (a) fitted to CDE(-), M I M (• -) 
and STE parameters (-..-) and frontal BTC measured during STE (b) fitted to CDE (-) and 

MIM (- -). 
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Fig. 8.8 Core 11. Subsoil column at 20 m m tension : pulse BTC (a) fitted to CDE(-), M I M (- -) 
and STE parameters (-..-) and frontal BTC measured during STE (b) fitted to C DE (-) and 
MIM(--). 
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Fig. 8.9 Core 12. Subsoil column at 20 m m tension : pulse BTC (a) fitted to CDE(-), M I M (- -) 
and STE parameters (-..-). 
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Fig. 8.10 Core 13. Subsoil column at 60 m m tension : pulse BTC (a) fitted to CDE(-), 
and STE parameters (-..-) and frontal BTC measured during STE (b) fitted to CDE (-) 

MIM (- -). 
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Fig. 8.11 Core 14. Subsoil column at 60 m m tension : pulse B T C (a) fitted to CDE(-), M I M (- -) 
and S T E parameters (-..-). 
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Fig 8.12. The predicted B T C of concentration vs time, using the solute parameters from Core 4, 
with a 0.1 m, 0.5 m and 1.5 m column length. 

8.3.2 Predicting M I M parameter in Moora sands 

In Moora sands (Fig. 8.13a), p appeared to be unaffected by velocity. This trend was 

also seen in the literature data for granular media (Fig. 3.2) except for the data of 

Gaudet et al. (1977) and Maraqa et al. (1997) where j3 increased linearly with increased 

flow velocity. There was also no correlation between Vm and a in Moora sands, which 

was consistent with the results in the granular media in the literature (Fig 8.14b). 
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Fig 8.14 Relationship between (a) a and Dm (b) a and (3 for both BTC (̂ ) and STE (o) 

Diffusion and mobile water content had also been related to a, by taking an approach 

based on Ficks law (Eq. 3.4.3) (van Genuchten and Wierenga, 1986). But in the Moora 

sands there was no relationship between a and either Dm or /? (Fig 8.14a,b). Griffioen 

et al. (1998) believe that a was governed by mobile phase velocity more than by 

molecular diffusion 

There was a clear trend of increased hydrodynamic dispersion with increased pore water 

velocity for both the Moora sands (Fig 8.15 and Eq. 8.1). The D was linearly related to 

Vm, which indicated a grain peclet size greater than 1 (Bear, 1972). This was consistent 

with the literature for the granular media (Table 3.4) particular the Maraqa et al. (1997) 

and Zurmuhl and Durner (1998) data. 

D = 0.003 V„ r2 = 0.675 (8.1) 
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Due to the soil specific nature of the relationship it was very difficult to predict the P 

and a parameters in Moora or other sands from simple literature relationships. 

However, using a mobile water content fraction of 1 0 % does not appear unreasonable. 

The dispersion coefficient could be estimated from the Vm, but there may be scale issues 

involved with field scale solute transport (Dagan, 1984). 

The predicted B T C from literature relationships, Eq. (3.4.4) and Eq. (3.4.9), with p 

equal to 0.9 compared well with the measured B T C (Fig 8.16). However, as Dm was 

generally higher in the measured BTC's than predicted from the literature (open squares 

in Fig 3.8), the measured BTC's had lower peaks and more spread than predicted. 

Despite the wide confidence interval of the fitted a parameter, the literature derived 

parameter relations appeared to be able to predict a reasonably well, except for core 3 

and corelO which had a nearly zero (1.5e-08) exchange coefficient. 
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Fig 8.16. Predicted BTC's for core 4 using the STE measured parameters and measured D m ( ), 

literature predicted parameters (-) and literature predicted parameter with measured Dm. 

8.4 Conclusions 

A n average immobile water content of 1 0 % was measured in the sandy soils from 

Moora using both a frontal B T C , pulse B T C , single tracer method and sequential tracer 

method. The rate of exchange between the mobile and immobile regions was estimated 

with the sequential tracer experiment but could not be confirmed by analysis of the 

BTC's due to parameter insensitivity of the exchange coefficient in the fitting 

procedure. 

The predicted BTC using the STE and literature approximated MIM parameters were 

very similar when the dispersion coefficient was held constant. As the immobile water 

content and dispersion coefficient were similar for the two methods, w e may conclude 

that the M I M model was insensitive to a in these sands. 

Prediction of solute transport parameters from basic soil properties was difficult but 

some useful approximations have been found. In granular media, such as the Moora 

sands, an estimate of mobile water fraction, P equal to 0.9 was reasonable for all the 
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datasets. Good initial approximates of the mass exchange coefficient, a and the mobile 

dispersion coefficient, Dm were found through a relationship with the mobile velocity, 

Vm. 

Results show that with increasing depth, the difference between the CDE and MIM 

became more pronounced. Therefore, the type of problem to be modelled may 

determine the choice between the C D E and M I M as the solute transport model in this 

sand. 
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Chapter 9 

Cation adsorption and transport 
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9.1 Introduction 

To understand the cation transport properties and the cation concentration in the soil 

and soil solution the cation exchange capacity and cation selectivity was required. In 

this study, laboratory batch experiments were fitted using the Rothmund-Kornfeld 

approach to obtain the Gaines-Thomas selectivity coefficient. The Rothmund-Kornfeld 

approach was chosen as it could provide a simple description of cation-exchange 

equilibrium by extrapolation of a limited data set (Bond, 1995). The selectivity 

coefficient and adsorption isotherm obtained from the laboratory method could be used 

to determine the preference of cations on the exchange site and thus predict the cations 

that would leach with the nitrate. 

Laboratory selectivity coefficients are rarely compared to field selectivity coefficients 

using the same measurement method. Apparent binary selectivity had been measured in 

the field, however these were not compared to laboratory method (Nissen et al., 1998). 

Large differences occurred between measured field cation concentrations obtained from 

solution samples and those predicted from selectivity coefficient obtained from a 

laboratory method which used a higher soil to solution ratio (Hendershot and 

Courchesne, 1991; Sogn, 1993). Therefore, in this study the binary selectivity 

coefficient was measured both in the field and laboratory, using the same extraction and 

measurement methods. 

Binary exchange coefficients and steady flow equations (CDE or MIM) were able to 

describe the cation transport during experiments with variable total cation concentration 

during unsaturated unsteady flow (Mansell et al., 1993a) and in undisturbed field soil 

(Vogeler et al., 1997). Even though using more realistic field conditions of variable 

selectivity coefficients, which accounted for multi-component transport of cations, 

improved the model prediction this improvement was only slight (Grant et al.,1995; 

Mansell et al., 1993b). Thus, the fixed binary exchange coefficient approach will be 

followed here. 
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9.2 Results 

9.2.1 Cation exchange experiments 

Results from batch selectivity experiments of Ca-K, Ca-Na and Ca-Mg at 50 and 200 

mmolcL" in surface and subsurface soil are presented in Appendix C. The solution 

concentration and exchange concentration was used for calculations of the exchange 

isotherm (Fig 9.1 - Fig 9.3). 
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Following the Rothmund-Kornfeld approach used by Bond (1995), plots of log 

[NjZi/NjZj] versus log [(#Q/;/(#C/'] for the G-T approach produced straight lines from 

which the conditional selectivity coefficients were determined (Fig 9.4-9.6). The 

gradient of the plots is equal to ny and the intercept equal to log (kit). The conditional 

selectivity coefficients for G-T were converted to thermodynamically correct selectivity 

coefficients Ktj by Eq. (3.3.20) (Table 9.5). The field measured data was also added to 

these plots. 



Table 9.1 Topsoil and Subsoil Rothmund-Kornfeld determined selectivity 
coefficient, Ktj under the Gaines-Thomas (G-T) convention. 

Ca-K 

Ca-K 

Ca-Mg 

Ca-Mg 

Ca-Na 

Ca-Na 

ZzjCi 

mmolc L'
1 

50 

200 

50 

200 

50 

200 

CEC 

mmolckg" 

2.9 

4.1 

3.4 

4.3 

2.4 

5.0 

1 «# 

Topsoil 

3.94 

3.52 

0.15 

0.35 

2.90 

9.83 

Gaines 

ky 

1.14 

1.07 

0.17 

0.39 

1.02 

2.37 

-Thomas 

mj 

0.83 

0.85 

0.94 

0.90 

0.95 

0.82 

; 

r> ' 

0.9985 

0.9594 

0.9974 

0.9633 

0.9985 

0.9594 

Subsoil 

Ca-K 

Ca-K 

Ca-Mg 

Ca-Mg 

Ca-Na 

Ca-Na 

50 

200 

50 

200 

50 

200 

1.5 

3.7 

3.7 

4.4 

1.0 

3.8 

1.46 

7.54 

0.74 

0.67 

2.88 

13.5 

0.50 

2.40 

0.72 

0.67 

1.21 

3.16 

081 

0.93 

1.11 

1.02 

1.13 

0.83 

0.9974 

0.9633 

0.9985 

0.9594 

0.9974 

0.9633 
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Fig 9.4 Rothmund-Kornfeld plots under the Gaines Thomas convention for Ca-K exchange 
graphs with lab data at 50 mmolc L

 l(X) and 200 mmolc L ' (O) and field data sampled in July, 
August, September and October for (a) Moora Topsoil at 20-30 c m depth (b) Moora Subsoil at 60-

70 cm depth. Lines are regression of the 50mmolc L"
1 (—) and 200 mmoI c L"

1 (----) laboratory 
data. 
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Fig 9.5 Rothmund-Kornfeld plots under the Gaines-Thomas convention for Ca-Na exchange 
graphs with lab data at 50 mmolc L

4(X) and 200 mmolc I/
1 (O) and field data sampled in July, 

August, September and October for (a) Moora Topsoil at 20-30 cm depth (b) Moora Subsoil at 60-

70 cm depth. Lines are regression of the 50 mmolc L"
1 (—-) and 200 mmoIc L' (----) laboratory 

data. 
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Fig 9.6 Rothmund-Kornfeld plots under the Gaines-Thomas convention for Ca-Mg exchange 
graphs with lab data at 50 mmolc L ' (X) and 200 mmolc L' (O) and field data sampled in July, 
August, September and October for (a) Moora Topsoil at 20-30 cm depth (b) Moora Subsoil at 60-

70 cm depth. Lines are regression of the 50 mmolc L'
1 (—) and 200 mmolc L"

1 (-.--) laboratory 
data. 
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9.3 Discussion 

9.3.1 Cation selectivity 

Cation exchange isotherms showed the relationship between the equivalent fraction of 

added ion (either M g , Na, K ) on the exchange phase (c/CEC) versus the equivalent 

fraction of the added ion in solution (C/CT). There were a few different terminologies 

used to describe the exchange isotherms and they gave different results for the 

preference of a cation to adhere on the exchange sites (Table 9.2). 

Lai and Jurinak (1972) described the exchange isotherms as concave upward, concave 

downward (or convex upwards) and S-shaped. Concave upward isotherms were 

unfavourable and indicated that the initial cation, Ca, displaced the added cation more 

readily than vice versa. Concave down isotherms were favourable as the added cation 

displaced the initial cation more readily, while S-shape isotherms showed different 

preferences occurred depending on the added ion concentration. By Lai and Jurinak 

(1972) terminology, unfavourable exchange isotherms which indicated the initial Ca 

cation was preference on the exchange sites included: topsoil Ca-Mg exchange at both 

50 and 200 mmolcL"1 total cation concentration, topsoil and subsoil Ca-Na exchange at 

50 mmolcL"1 and topsoil and subsoil Ca-K exchange at 50 mmolcL"1. The Ca-K 

exchange in the subsoil at 200 mmolcL"1 had a favourable exchange curve which 

indicated that K would remove Ca from the exchange sites. Lastly, the S-shape curves, 

which were favourable at low added ion concentration, C/CT, but became unfavourable 

at high added ion, C/CT, included the exchange isotherms of topsoil Ca-K 200 mmolcL"
1 

and both topsoil and subsoil Ca-Na at 200 mmolcL"1 total cation concentrations. 

The 1:1 line on the exchange isotherm could be used as a non-preference line for 

exchange (Thabet and Selim, 1996). Jensen and Babcock (1973) calculated a different 

non-preference line for heterovalent exchange that depended on ionic strength. W h e n 

the experimental data lied above the non-preference line, the added ion (Na, M g or K ) 

was preferred over the initial ion (Ca). W h e n the experimental data lied below the non-

preference line the initial ion was preferred over the added ion. These two estimates of 

preference gave quite varied results (Table 9.2). 
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Using Thabet and Selim (1990) terminology, for topsoil Ca-Mg, Ca-K and Ca-Na 

exchange the Ca cation was preferred except for Ca-Mg exchange at total cation 

concentration of 200 mmolcL"1 where neither Ca or M g was preferred. In the subsoil, 

there was no preference for Ca or M g . The subsoil preference for N a or K was 

dependent on the total cation concentration with Ca preferred over both N a and K at 50 

mmolcL"1 but N a and K were preferred over Ca at 200 mmolcL" . 

Using the Jensen and Babcock (1973) calculated non-preference lines for the Moora 

surface sands (Fig. 9.1-9.2. Dotted line) we determined that in the Moora topsoil the K 

and N a cations were preferred over Ca, while Ca was preferred over M g . For the 

Moora subsoil there was no preference for either cation in the Ca-Mg exchange but K 

and N a were preferred over Ca for Ca-K and Ca-Na exchange. 

A curve shift to the left when the total cation concentration was increased indicated 

enhanced adsorption of the added cation (Lai et al, 1978). Adsorption of M g in the 

subsoil was not affected by total cation concentration. The adsorption increased for N a 

and K in the topsoil and subsoil when the total solution cation concentration increased 

from 50 mmolcL"1 to 200 mmolcL"1. 

Following the Rothmund-Kornfeld G-T approach, a high selectivity coefficient 

indicated a high preference for the added cation on the exchange sites. Therefore Ca 

was preferred over M g but K and N a was preferred over Ca for the topsoil and subsoil. 

From theoretical considerations related to ion charge and size, the order of preference 

for a cation on the exchange sites should be K+<Mg2 +<Ca2 +<Al3 + (ref). This trend was 

only observed for the topsoil using the isotherm approach of Thabet and Selim (1996) 

and Lai and Jurnik (1972). Using the Gains-Thomas selectivity approach the order of 

preference for the topsoil and subsoil was M g <Ca 2 +<K + or Na+. The difference in 

predicted preference using the Gaines-Thomas approach compared to theoretical 

consideration was also reported by Nissinen et al. (1998.) 

In general, added potassium and sodium would remove calcium from the soil exchange 

sites in both the surface and subsurface sands. W h e n magnesium was present in soil 

solution the calcium would remain on the exchange sites. Therefore, the cation that 

would leach with the nitrate could be either Ca or Mg. 



Table 9.2 Cation preference for the exchange sites determined by different 
methods. 

50 

Ca-Mg 

200 50 

Ca -K 

200 

mmolcL"1 

50 

Ca-Na 

200 

Topsoil 

Lai and Jurinak, 
1972 

Thabet and Selim, 
1996 

Jensen and Babcock, 
1973 

G-T Selectivity 
coefficients 

Ca 

Ca 

Ca 

Ca 

Ca 

No 

Ca 

Ca 

Ca 

Ca 

K 

K 

S-shape 

Ca 

K 

K 

Ca 

Ca 

Na 

Na 

S-shape 

Ca 

Na 

Na 

Subsoil 

Lai and Jurinak, 
1972 

Thabet and Selim, 
1996 

Jensen and Babcock, 
1973 

G-T Selectivity 
coefficients 

No 

No 

No 

Ca 

No 

No 

No 

Ca 

Ca 

K 

K 

K 

K 

K 

K 

K 

Ca 

Ca 

Na 

Na 

Na 

Na 

Na 

Na 

N o = N o preference 

S shape = preference changes according to the cation concentration. 
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9.3.2 Predicting Field cation concentrations using binary exchange coefficients 

It was important to determine whether the binary exchange parameters from the 

Rothmund-Kornfeld G-T could adequately predict the equilibrium of cations in the soil 

and soil solution under field conditions. Topsoil and subsoil taken from the Moora field 

site in July, August, September and October was extracted in 1:5 De-ionised water to 

match the laboratory conditions of the selectivity coefficient experiments. The soil 

cations were then extracted using N H 4 A c as described for the selectivity coefficient 

experiments. 

Each of the soil solutions and soil cation pairs, from the field experiment, were treated 

as cation pair selectivity experiments. The total ionic strength, measured as the sum of 

Ca, M g , N a and K using Eq. (3.3.11), was used to determine each cations solution 

activity coefficient, jf. The concentration of cations, Ca. K, M g , N a (mmol kg" ), on the 

soil exchange sites was used to calculate the Gaines-Thomas soil fraction parameter, A/,, 

The field topsoil and subsoil data was added to the G-T Rothmund-Kornfeld laboratory 

data plots of log [Nf/N?] versus log [(jfG/V(#C/'] for Ca-K (Fig. 9.4), Ca-Na (Fig. 

9.5) and Ca-Mg (Fig. 9.6) exchange. 

Potassium and sodium concentrations in the soil and soil solutions were scattered 

around the laboratory Rothmund-Kornfeld G-T graphs. Potassium partitioning between 

the soil and solution may be adequately described in the topsoil and subsoil. The 

sodium in both the topsoil and subsoil produced very scattered results around the 

laboratory curves. M u c h of this scatter was caused by field variability and the small 

quantity of potassium and sodium present in the soil solution and on the soil exchange 

sites. Nissinen et al. (1998) also found that other ions present in natural systems had a 

considerable effect on the equilibrium between two ions. Prediction of sodium in soil or 

solution would be difficult using the laboratory results. 

Partitioning of magnesium in the soil and soil solution measured in the field soil was 

similar to the laboratory data. The ability of the laboratory data to describe field M g 

partitioning may be due to Ca and M g being the dominant cations in the soil. 

The multi-component nature of the field cation mixture is difficult to predict from 

binary coefficients but may be a starting point for transport studies. Unfortunately, to 
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predict the solution concentration requires both the exchange coefficient and the soil 

cation composition to be known. 

9.3.3 Field acidification and cation depletion 

Nitrate leaching was a significant issue at the Moora field site, and can lead to 

acidification (Anderson et al., 1999ab). The soil p H profiles indicate a low p H (0.01M 

CaCl2) of approximately 4.2 at 20-30 c m with an increase in p H with depth to a p H of 

5.0 at 110-120 c m depth (Fig. 9.7). From 1995 to July 1998 there was a small decrease 

of p H in plots under wheat in 1998 but a larger decrease of p H in the plots under lupin 

in 1998. The plots have undergone continuous wheat-lupin cropping cycle, so that 

wheat in 1998 was lupin in 1997, wheat in 1996 and lupin in 1995. During the growing 

season the p H appears to decrease in the wheat plot and increase in the lupin plots (Fig 

9.7). 
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a) b) 
Fig. 9.7 pH of soil profde under (a) Lupin and (b) Wheat in 1995 (data from Anderson et al., 

1999a) and in August, September and October 1998. 

As nitrate leaches, an associated cation must be leached with it. From the lab selectivity 

coefficient experiments, either Ca or M g would leach with the nitrate. If acidification 

occurred, then cation depletion would be measurable in the topsoil and subsoil. From 

the sum of the field extracted cations in soil and solution, there was no cation depletion 

over the growing season, only a change in the proportion in solution (Fig. 9.8). This 
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may be explained by the low acidification decline of 0.007 p H unit/year measured in 

deep yellow sands by Dolling and Porter (1994). 

i 

Lupin 

< 
0 

20-

E 40-

•S eo 
Q CU 

Q 
80-

100 

120 

l) 
Fig. 9.8 

total cations mmolckg"
1 

I 50 100 150 200 

111 — August 

\jl — October 

\\ 
% 

0 

20 

.«» 
£ 40-
U 

c 
~ 60J 

Q 
80 

100 

120 

Wheat 

total cation ( mmol kg'1) 

) 50 100 150 200 

1 
f — July 

.— August 
,—,Sept 
— October 

\\ 

1 
1 

b) 
Total soil and solution cations (mmolckg1) in Lu] )ins for (a) and wheat (b) 

From the soil solution obtained from the suction samplers (Wong pers c o m m and W o n g 

unpub data), calcium was the dominant cation and was moving with nitrate. There is an 

excess of the sum of Ca, M g , N a and K concentration in soil solution than anions 

measured as nitrate and chloride, although not all cations and anions were measured 

(Figs. 9.9a,b). 

From Wong unpublished data (Fig 9.9a,b) in the plot under a wheat rotation in 1998 the 

nitrate was highest in June ranging from 2 to 7 mmol(+)L"1 and decreased over the 

growing season to range from 0.5 to 1 mmol(+)L"1 in September (Fig. 9.9a). Calcium 

was the dominant cation in the soil solution and the concentration was highest in June 

ranging from 0.8 to 4.8 mmol(+)L"1, decreasing to 0.05 to 0.1 in September (Fig 9.9b). 

The shape of the calcium concentration in the soil profile was similar to the nitrate, but 

the calcium concentration was higher. Therefore this indicates that calcium was the 

cation which was moving with the nitrate in this plot. 
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9.3.4 Cation transport in laboratory columns 

From the selectivity coefficient experiment it was found that only the calcium and 

magnesium would be likely to be leaching with the nitrate. Therefore, only column 

BTC's of calcium and magnesium were measured and modeled. 

Cation column experiments were fitted to the CDE coupled with G-T selectivity 

coefficient (using a F O R T R A N program written by Dr Christoph Hinz at U W A , Soil 

Science and Plant Nutrition). The conditions required for the C D E - G T model include 

the velocity, water content, bulk density, column length, C E C , pulse size (in pore 

volume) the concentration of the initial solution and concentration of the added solution 

and the dispersion coefficient. The C E C was averaged from all the lab and field 

measurements. The tracer solute transport B T C experiments fitted to the C D E , Chapter 

6, provided initial estimates of the dispersion coefficient which ranged from 1 to 20 

cm h" in both the topsoil and subsoil. 

When using dimensionless units the velocity and column length is equal to one and the 

1/peclet number (i.e. VL/D) was used to describe both the flow and the dispersion 

(Table 9.3). 

When modelling the cations by coupling the CDE with cation selectivity equations it 

was important to note the effect of the parameters on the modelled B T C . The 

parameters involved were the C E C , cation selectivity coefficient and the dispersion 

coefficient. The cations B T C was predicted when a solute of C0 (initial solution) = 5 

mmol L"1 Ca, d (added solution) = 5 mmol L"1 M g , and returns to 5 m m o l L"1 Ca after 1 

pore volume. The effect of altering C E C , 1/Pe and selectivity coefficient Ky was also 

observed. 

The CEC was the most sensitive parameter, which dictated the position of the peak and 

the peak sharpness. Increasing the C E C retarded the peak so that the centre of the peak 

mass occurred at higher pore volumes. The increased C E C also caused greater 

spreading of the curve, which consequently lowered the peak (Fig. 9.10.) 
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Table 9.3 Experimental and modelling conditions for the C a - M g topsoil and 
subsoil 

Parameter 

V 

0 

BD 

Column 
length (L) 

80% of 
CEC 

Pulse 

\IPe = 
D/VL 

Ky 

C0 CaCl2 

C/MgCh 

Units 

cmh"1 

cm3cm"3 

gem"3 

cm 

mmol(+)kg"1 

pore volumes 

dimensionless 

dimensionless 

mmol L"1 

mmol Ll 

Topsoil 
Column 1 

38 

0.32 

1.7 

10 

2.9 

0.94 

0.05 or 
0.08 

0.15 

4.3 

4.3 

Topsoil 
Column 2 

31.1 

0.32 

1.7 

10 

2.9 

0.93 

0.04 

0.15 

5.3 

5.0 

Subsoil 
Column 3 

37.3 

0.32 

1.7 

10 

2.4 

1.13 

0.04 

0.7 

5.0 

5.0 

Subsoil 
Column 4 

93.9 

0.32 

1.7 

10 

2.4 

1.00 

0.05 or 
0.08 

0.7 

4.3 

4.3 

Increasing the selectivity coefficient indicated an increased affinity of the added cation 

to the soil exchange sites and therefore causes the peak to occurr at larger pore volumes. 

Decreased peak height, increased spreading and tailing also occurred when the 

selectivity coefficient was increased (Fig. 9.11). However, the effect of the selectivity 

coefficient was small compared to the C E C . 

The dispersion coefficient (or 1/peclet number) determined the peak spreading (Fig. 

9.12). Increasing the 1/peclet number caused the peak to spread more, which decreased 

the peak height and also caused the cation to appear slightly earlier in the effluent. 

However, increasing the dispersion coefficient does not alter the centre of mass of the 

solute peak. 
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Fig. 9.10 

Simulated Ca-Mg BTC's with increasing 
CEC from 3 to 6 and 12 with Kij=l and 
1/Pe=0.04. 

-

Fig. 9.11 

Simulated Ca- M g BTC with increased 
selectivity coefficient (K;J) from 0.10, 1.0 
to 10 using CEC=3,1/Pe=0.04. 

Fig. 9.12 

Simulated Ca-Mg BTC with increasing 
1/Pe (and increasing D and 1/Pe = D/VL) 
from 0.04 to 0.08 and 0.12 with Ky=l and 
CEC=3. 
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The mass balance on all the columns showed between 9 8 % and 103 % recovery of M g 

and Ca in each experiment. Some extra tailing of the magnesium B T C is noted in all the 

experiments. 

The CEC was the most sensitive parameter in modelling the cation transport, but was 

the least accurately measured due to the low C E C in the sands, the lab and field 

variability and the measurement error. Following Vogeler et al. (1997), it was assumed 

that only 8 0 % of the measured C E C using the 1 M ammonium acetate method was 

active. However, for topsoil column 2, 6 6 % of the C E C provided a better fit to the B T C 

(Fig. 9.14), while assuming 100% of the C E C was active gave better simulation of the 

subsoil column 3 Ca-Mg exchange (Fig. 9.15). 

The dispersion or peclet number was taken from other column experiment on these 

soils, but were not measured directly on the same cores as the cation column 

experiments. The dispersion was high in these sands, but was also a highly variable 

between replicates and has a high 9 5 % confidence interval as a fitted parameter in the 

C D E . Increasing the dispersion coefficient so that 1/Pe increased from 0.05 to 0.08 

provided better fits of the B T C for topsoil column 1 (Fig 9.13) and subsoil column 4 

(Fig. 9.16). 

The selectivity coefficient was not altered so as to test the ability of the measured 

selectivity coefficients to describe the B T C data. The tailing of the B T C was not well 

modelled, but this may be caused by an underestimation of the selectivity coefficient. 

Increasing the selectivity coefficients would also have shifted peak of the B T C to higher 

pore volumes which would have reduced the ability of the model to describe the 

laboratory B T C data. 

A combination of different selectivity coefficients, CEC and dispersion may provide an 

improved fit to the laboratory B T C data. However, the object was not to curve fit the 

data but rather describe the B T C with independently obtained parameters. In this 

context the laboratory B T C of M g in a calcium saturated soil was well described by the 

measured parameters (Figs. 9.13-9.16). 
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Fig. 9.13 Topsoil Column 1. Ca- M g BTC modelled with CEC input parameter equal to 8 0 % 
C E C (2.9 mmolckg *) and altering the 1/Pe from 0.05 to 0.08. 
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Fig. 9.14 Topsoil Column2 Ca-Mg BTC modelled with 1/Pe = 0.04 and altering the CEC input 

parameter from 8 0 % of CEC measured (2.9 mmolckg ') to 66% of CEC measured (2.4 mmolckg"
1). 
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Fig. 9.15 Subsoil Column 3. Ca- M g B T C modelled with 1/Pe= 0.04 and altering the C E C input 
parameter from 8 0 % of C E C measured (2.4 mmolckg'1) to 1 0 0 % of C E C measured 
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Fig 9 16 Subsoil Column 4. Ca- Mg BTC modelled with CEC input parameter equal to 80% of 
CEC measured (2.4 mmolckg1) and altering the 1/peclet number from 0.05 to 0.08. 
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9.4 Conclusions 

Detailed laboratory experiments with binary and ternary systems provided insight into 

the salient features of cation transport in Moora sandy soil. In brief, it was concluded 

that calcium was the main cation displaced from the adsorption sites. This trend is seen 

in the field soil solution samples where the calcium is moving with the nitrate. Calcium 

is also the dominant cation on the soil exchange site and soil solutions with small 

amounts of magnesium, potassium and sodium. Any added potassium and sodium in the 

soil system will remove calcium from the exchange sites, but magnesium will generally 

leach. 

The pH in the wheat-lupin rotations decreased from 1995 to 1998, in both the Wheat 

1998 and Lupin 19998 plots. However, the p H varied more greatly within the 1998 

season than in the four years from 1995 for 1998. Cation depletion, as an indicator of 

acidification, was not evident in the 1998 season, however a longer monitoring time 

may be required. 

The selectivity coefficients measured in the laboratory batch experiment were able to 

describe the Ca-Mg partitioning in the field soil. The scatter in the Ca-Na and Ca-K 

field data prevented good prediction of chemical partitioning using the lab selectivity 

coefficients. 

The selectivity coefficient, a proportion of the measured CEC and dispersion coefficient 

from previous solute transport experiment were able to describe the binary transport of 

M g in a Ca saturated column experiment. The transport of cations is very sensitive to 

the C E C and only moderately sensitive to the selectivity coefficient and dispersion 

coefficient. 

Although it is possible to obtain selectivity coefficients, these can only be applied in a 

semi-quantitative manner to aid interpretation of the field data, but they cannot be used 

for quantification due to the additional processes such as plant uptake which are 

involved in the field. 
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Chapter 10. 

Summary and Conclusions 
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10.0 Summary and Conclusions 

10.1 To investigate how the sensitivity of outputs from a water balance model 

based on Richard's equation was predicated by the choice of fitted soil hydraulic 

properties. 

The parameters required for modelling the water balance using Richard's equations 

were determined measured h(0) and K(h) points fitted to the models of Campbell 

(1974), Brooks and Corey (1964) and van Genuchten (1980) under the 

m=l-(l/n) and m=l-(2/n) restrictions. A n indirect predictive model (PTF) (Smettem et 

al., 1998) requiring soil textural parameters to determine the hydraulic parameters was 

also examined. 

Aside from the variety of h(0) and K(h) models evaluated, a number of techniques used 

to measure h(0) and K(h) points under lab and field conditions were also studied, as was 

the impact of farming treatments such as ripping. The h(0) points were measured using 

a lab repacked Tempe cell technique and field intact techniques on ripped and unripped 

treatments. The K(h) points were measured in the lab and at various times through the 

growing season in the field using disc permeameters, ponded ring permeameters and a 

sprinkler infiltrometer. The effect of the different models and the different measurement 

techniques on the hydraulic parameters and subsequent water balance estimations was 

studied. 

The common water retention models of Brooks and Corey (1964), Campbell (1974), 

van Genuchten (1980) (Mualem - V G 1 ) and van Genuchten (Burdine- V G 2 ) all gave 

adequate descriptions of the lab Tempe, field ripped and field unripped h(0) points. The 

main difference between the models occurred in the drier region at greater than 1 m soil 

water pressure. The low number of data points near the 150 m soil water pressure and 

the different model description of a residual water term may have caused this variation. 

Some of the difference between the V G models would have occurred from the imposed 

restriction of m related to n which forced a relationship between the shape and slope of 

the curve near 150 m to the shape and slope of the curve near saturation (van Genuchten 

et al., 1989). 
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The K(h) description from W R C parameters does not describe the measured lab and 

field data well particularly in the wet region The model does not decrease the K until 

after air entry, which was greater than 60 m m . The lab and field unsaturated hydraulic 

conductivity decreased over the 0 to 60 m m applied soil water pressure range by a 

factor of 4 to 5. This decrease in unsaturated hydraulic conductivity was not 

unreasonable as even greater decreases of one or two orders of magnitude occurred in a 

sandy loam (Smettem and Ross, 1992), a sandy soil (Jarvis and Messing, 1995) and a 

fine sandy loam (Clothier and Smettem, 1990). 

Unfortunately the parameters which provided a good description of the water retention 

function, may not necessarily be appropriate for the hydraulic conductivity curve (Yates 

et al. 1992; Jarvis and Messing, 1995; Zavaratto and Griganin, 2001). The addition of 

the K data in the estimation of the hydraulic parameters from water retention curves, 

only improved the fit of the K(h) curves to the lab and field data for the V G 1 model. 

The V G 2 was marginally affected while the B C was unaffected by the addition of K 

data in the determination of the hydraulic properties. 

The predicted near saturated hydraulic conductivity was higher than the measurements 

from disc permeameters, which was also found by Mallants et al. (1997). Due to the 

measurement range of the unsaturated hydraulic conductivity, the best model or 

treatment parameter sets could not be chosen. More data points in the drier region were 

required but this would be difficult and time consuming. However using the 

instantaneous profile method in a sandy soil, Mehta et al. (1994) found the V G 1 and 

V G 2 W R C parameters was able to predict the hydraulic conductivity in the wet range 

(#>0.18) but overestimated the hydraulic conductivity in the intermediate range (0.05 

<6><0.18). 

Some of the difference in the predicted K(h) curve may have resulted from the use of Ks 

as a matching point. Using the measured Ks as the matching point may not be 

appropriate for the Moora sand. Other researchers have estimated Ks from extrapolation 

of the unsaturated hydraulic conductivity data (Reynolds et al., 2000). Although it is 

usually better to directly measure Ks, it may not yield better results because of the 

spatial variability in #is larger at saturation than at tension (Jarvis and Messing, 1995). 

The use of unsaturated K as a matching point is still the focus of other studies, however 

few water balance models incorporate the unsaturated K point as the input data instead 

of the saturated K. 
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For the Moora sand, the V G 2 model gave the best description of the Lab Tempe and 

field water retention data. The V G 2 model also provided a statistically better description 

of the water content at 0.2 m and 0.5 m in the short-term simulation for all treatments. 

Fuentes et al. (1992) also found the V G 2 model coupled with the B C K(h) function was 

able to be applied to a wide range of soil without being limited by infiltration 

conditions. The V G 2 and Campbell models produced similar drainage curves, although 

V G 2 was consistently higher than the Campbell model. However, from the long-term 

simulations, the statistics did not indicate the best model due to a variety of over and 

under predictions. 

This differs for van Genuchten et al. (1991), who observed that the Brooks and Corey 

model provided the best description of the water retention behaviour of coarse textured 

soils and/or repacked sieved soils with narrow particle size distribution. However, for a 

wide range of soils the V G 1 model was recommend by van Genuchten et al. (1991). 

Most researchers have followed this recommendation without testing the other 

equations available. For this sand, the V G 1 ripped W R C was very different from the 

other W R C models, which also produced the worst water balance description. For the 

Moora sand the predicted drainage for all the treatments with the V G 1 model parameter 

sets was much higher than the V G 2 and Campbell parameters sets. 

The surrogate PTF model (Smettem et al., 1999a,) with the Campbell water retention 

function, also adequately described the W R C . This model was based on the relation 

between % clay and / W c , which appeared to hold well for the Moora sands. The 

predictive PTF parameters were able to describe the water balance very well. Other 

Considering the vast range of responses from the different models and treatments this 

was very encouraging for the use of pedo-transfer functions at this site. 

In the short term and annual simulations all the models and treatment parameter sets 

were able to predict the total profile water quite well. However, the position of the water 

peak at the 0.2 m and 0.5 m depth were predicted with a variety of results. The main 

problem resulted from the all the models allowing more water to drain through the 

profile than was observed in the field data. This was indicated by the modelled water 

content at 0.2 m, which had the same initial water content as the T D R , reducing with 

time compare to a steady water content measured in the field. This caused various over 

and under-predictions of the water content at the 0.2 m and 0.5 m depth, for both the 

short-term and annual water balance simulations compared to the T D R . For solute 
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transport studies the position of the peak would be very important, thus this issue would 

need to be resolved. 

The differences in hydraulic parameters due to both measurement technique and field 

treatment will affect the predicted water balance. The hydraulic parameters measured at 

Moora were variable, due to both measurement technique and field farming treatment. 

Even though ripping treatment was known to affect the water retention parameters 

(Gupta and Larson, 1979; M a p a et al., 1986; Powers et al., 1992; Ahuja et al, 1998) 

there was no significant difference between ripped and unripped treatments at Moora. 

Tillage may have caused an increase in the volume fraction of the large pores but not an 

increase in the largest continuous pore (Ahuja et al. 1998). The field measurement 

technique allowed treatment effects to be investigated in a material from which it was 

particularly difficult to obtain intact core samples due to the unconsolidated nature of 

the ripped topsoil. However, repacked Moora sands used in the Tempe cell technique 

could be used to describe the field W R C s , provided the bulk density was known and 

scaled to the field bulk density. 

Even in these simple sands, the prediction of water content in a specific layer is difficult 

and highly affected by both the hydraulic equation and variability of some hydraulic 

parameters caused by measurement technique and field variation. This of course has 

implications for prediction of solute peak position. From visual comparison, the 

laboratory Tempe cell parameter set, were better able to predict the field total profile 

water, 0.2 m and 0.5 m water contents. Even though the Moora site was ripped in all 

years, the ripped parameters were not the best at describing the water balance. But as w e 

had seen from the hydraulic conductivity changes over the year, the effect of ripping 

was negligible by July. 

The slope of the WRC was not greatly affected by ripping treatment, however for some 

of the models the slope was higher for both the ripped and unripped treatments 

compared to the lab Tempe treatment. The slope of the water retention curve reflects the 

textural character of the material and does not vary greatly across the site. Prediction of 

drainage or water content at a specific depth was particularly sensitive to the slope of 

the water retention curve. W u et al. (1996) found a greater difference between arbitary 

changes in n (0.75n and 1.5n) than between measurement methods of predicting 

parameters. 
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The air entry parameter was highly variable between replicates and had a high fitted 

9 5 % confidence interval, particularly for the field topsoil and subsoil. Shouse et al. 

(1995) and Greminger et al. (1985) also found high variability of the air entry parameter 

in a sandy loam, particularly for field measurements. Because of the large variation and 

model fitting error for the air entry parameter, there was no significant difference 

between air entry measurements from the laboratory Tempe, field ripped and field 

unripped treatments. Luckily in the Moora sand, the predicted water balance was 

relatively insensitive to large changes in the air entry parameter. 

The fitted residual water content was significantly higher for the field measurements 

compared to the laboratory measurements, which estimated zero residual water content 

for all the topsoil replicates. Shouse et al. (1995) also found in a sandy soil a number of 

replicate were fitted with zero residual water content. This illustrated the effect of the 

wet end h(0) point on the fitted W R C , as both the laboratory and field data sets use the 

same dry end h(0) points at 10, 100 and 150 m soil water pressure. The residual water 

content parameter greatly affected the predicted water balance. However, if the 

modelled fitted the residual water content to zero, as in the laboratory V G 2 parameter 

set, the slope parameter would have been adjusted accordingly. As w e kept the slope 

constant and only adjusted the residual water content, the sensitivity analysis may not be 

valid. 

The laboratory measurements of saturated water content were significantly higher than 

the field measurements, and had a smaller variation between replicates. The majority of 

the variation in the h(0) curves between replicates and treatments could be accounted 

for in the saturated water content. Other researchers have obtained better fit of the 

W R C by allowing the 0S to be a fitted parameter (Shouse et al. 1995). The predicted 

water balance was sensitive to changes in the saturated water content. 

Normalising the WRC to the individual field or lab saturated water content removed 

most of the variation. This method was simpler than the scaling approaches used by 

Warrick et al. (1977) and Jarvis and Messing (1995), which remove in class variability 

by scaling each curve to a representative W R C curve. As 0S was related to bulk density, 

measurement of variability in bulk density could therefore be used to account for 

variation in the W R C s at this site. Temporal changes that resulted from consolidation 

of the ripped site would be reflected primarily in changes to the bulk density and hence 
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the saturated water content and saturated hydraulic conductivity. Pachepsky et al. 

(2001) also though that bulk density differences may explain difference in field and 

laboratory measured water content near saturation. However, bulk density scaling does 

not dispute the importance of other field factors contributing to these differences, such 

as spatial variability, overburden pressure, hysteresis or possible non-equilibrium 

(Pachesky et al., 2001). 

The field measured saturated hydraulic conductivity was influenced by both temporal 

effects and spatial effects. This trend was also found in sandy loams by Angulo-

Jaramillo et al. (1997); Messing and Jarvis, (1993); Somaratne and Smettem, (1993) and 

Mohanty et al. (1994). The Ks was a highly variable measurement, which had a 

variation ranging from 8 to 5 0 % between replicates. Mohanty et al. (1994) also found 

that the saturated hydraulic conductivity had the greatest coefficient of variation. 

However, for the Moora sand, the predicted water balance was only moderately 

sensitive to the Ks. 

For tilled systems, Ks changed more in time than in space as ripping treatment initially 

increased the Ks in the subsoil, but subsequent consolidation decreases the Ks to 

unripped levels after a few months. There was no effect of ripping the topsoil, but the Ks 

increased in both treatments during the growing season. Repacked laboratory columns 

produced similar hydraulic behaviour to the unripped field conditions after the column 

had been subjected to at least one wet and dry cycle. 

The type of problem the parameters were used to solve may ultimately define the choice 

of model to use. For example, if description of field water content on a daily time-step is 

required, as in field T D R experiment for water balance modelling, then accurate 0(h) 

curves were more important than K(h). However, for a drainage flux experiment an 

accurate K(h) curve would be required. Time dependency of soil properties could affect 

the prediction of water balance. The long-term prediction of water balance may suffer 

from using soil parameters that were obtained at one time and at small scale (Zavattaro 

and Grignani. 2001). W h e n using water balance models, the output may be influenced 

by the non-measurable options such as the time step and the soil layer thickness 

(Zavattaro and Grignani. 2001). 

Therefore the model type, the measurement technique and the ripping treatment will 

affect the modelled drainage and water content at depth, but will have little affect on the 
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modelled total profile water. Even in these simple sands the choice of model and 

measurement technique would greatly affect the predicted water balance. To provide the 

best possible fit with the data available, researchers should test all the different 

hydraulic models available and not assume the best model from the literature. 

The use of the measured WRC parameters and PTF parameters to predict water flow 

and water balance appeared to be promising. However, the errors in the predicted water 

content in a layer water would carry over into the prediction of solute transport. The 

modelling discrepancy, which allowed more water to drain through the profile than was 

observed in the field data, should be studied further. Some possibilities to consider 

include a better description of the K(h) from W R C parameters and the addition of a 

Kunsat matching point in the water balance model. Testing the sensitivity of the predicted 

water balance to change in Ks and 0S may indicate which parameters need to be adjusted 

seasonally and which can be used to describe the water balance across the year. More 

research into the sensitivity of the modelled output to the variability of the hydraulic 

parameters may also assist in focusing research into the best measurement for the 

sensitive parameters and estimation of the less sensitive parameters. The water balance 

sensitivity to the variability of the soil hydraulic parameters may help determine the use 

of pedo-transfer functions to describe mappable soil classes. 

10.2 To ascertain if it is necessary to consider immobile water when modelling 

solute transport in a deep sand. 

An average immobile water content of 10% was measured in the lateritic sandplain soils 

from Moora using both a sequential tracer method and a pulse breakthrough curve. The 

Clothier single tracer method consistently predicted lower immobile water content than 

the STE, which may indicate that exchange into the immobile region was faster than the 

sampling time. 

The 10% immobile water content predicted in the Moora sand matches other research 

with granular media regardless of pore water velocity. The percentage immobile water 

content predicted was in a similar ranges as the 0r/0s (%) which ranged from 0 to 1 6 % 

depending on the W R C model and the measured 0(150m) which ranged from 10 tol6%. 
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As Jaynes et al., (1988) suggested, the use of the W R C parameters to predict the 

immobile water content appears to provide a reasonable estimate in the Moora sands. 

The generally large 95% confidence intervals for the BTC fitted |3 parameter raised 

uncertainty about their physical validity. However, both the S T E and B T C predicted (3 

in the same range. The S T E predicted Lee et al. (2000) found good agreement between 

the S T E and frontal B T C parameters for a range of soils. Lee et al. (2000) found that in 

the sand columns, the immobile water content was predicted to be higher and a lower in 

the S T E than the frontal BTC. 

The a coefficient from the BTC was highly variable, ranging from 1x10" to 1.33 in the 

topsoil and subsoil, with wide 9 5 % confidence intervals. This has also reported by 

DeSmedt and Wierenga (1984) and Schulin et al. (1987). The rate of exchange between 

the mobile and immobile regions was also estimated with the sequential tracer 

experiment but could not be confirmed by analysis of the BTC's due to parameter 

insensitivity of the exchange coefficient in the fitting procedure. 

The predicted BTC using the STE and literature approximated MIM parameters were 

very similar when the dispersion coefficient was held constant. As the immobile water 

content and dispersion coefficient were similar for the two methods, we may conclude 

that the M I M model was insensitive to a in these sands. 

Non-equilibrium was indicated in Moora sands as Aeg was greater than Acde, but the 

amount must have been low as there was no obvious sign of early breakthrough or peak 

tailing. Therefore, parameter optimisation methods, such as B T C fitted to the M I M , may 

not be able to effectively discriminate between equilibrium and non-equilibrium 

transport when the degree of non-equilibrium was low (Vanderborght et al. 1997; 

Nkedi-Kizza et al., 1983; Kool et al., 1987). According to Snow (1999) the opportunity 

to sample and obtain reasonable values of 0im and a decreased when the 0im was low 

and the exchange fast. Unreasonable estimates 0im and a could still occur even though 

the dispersivity and flux rates were within the suggested range for the STE and Clothier 

techniques suggested (Snow, 1999; Jaynes andHorton, 1998) 
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Prediction of solute transport parameters from basic soil properties was difficult but 

some useful approximations have been found. In granular media, such as the Moora 

sands, an estimate of mobile water fraction, p equal to 0.9 was reasonable for all the 

datasets. Good initial approximates of the mass exchange coefficient, a and the mobile 

dispersion coefficient, Dm were found through a relationship with the mobile velocity, 

Vm-

Results show that with increasing depth, the difference between the CDE and MIM 

became more pronounced. Therefore, the type of problem to be modelled may 

determine the choice between the C D E and M I M as the solute transport model in this 

sand. 

10.3 To model binary and ternary exchange processes in this soil as a precursor to 

describing soil acidification processes. 

From the exchange isotherms, any potassium and sodium will remove calcium from the 

soil exchange sites in both the surface and subsurface sands. Magnesium remains in 

solution leaving the calcium on the exchange sites. Therefore, in this calcium dominated 

system, the calcium and magnesium can leach with the nitrate. 

The selectivity coefficients measured in the laboratory batch experiment were able to 

describe the Ca-Mg partitioning in the field soil, possibly due to Ca and M g being the 

dominant cations in the soil. The scatter in the Ca-Na and Ca-K field data prevented 

good prediction of chemical partitioning using the lab selectivity coefficients. The 

multi-component nature of the field cation mixture is difficult to predict from a binary 

coefficient but may be a starting point for transport studies. Unfortunately, to predict the 

solution concentration requires both the exchange coefficient and the soil cation 

composition to be known. 

The pH in the wheat-lupin rotations decreased from 1995 to 1998, in both the Wheat 

1998 and Lupin 1998 plots. However, the p H varied greater more greatly within the 

1998 season than in the four years from 1995 for 1998. Cation depletion, as an indicator 

of acidification, was not evident in the 1998 season, however a longer monitoring time 

may be required. 
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The selectivity coefficient, measured C E C and dispersion coefficient from previous 

solute transport experiment were able to describe the binary transport of M g in a Ca 

saturated column experiment. The transport of cations is very sensitive to the C E C and 

only moderately sensitive to the selectivity coefficient and dispersion. 

Thus, although selectivity coefficients can be obtained, they can only be applied in a 

semi-quantitative manner to aid interpretation of the field data, and not used for 

quantification due to the additional processes involved, such as plant uptake. The time 

frame of acidification studies based on cation concentrations in deep sands has been 

very short. Forest acidification studies are commonly 10 to 20 years (Kirchner and 

Lydersen, 1995) and this longer time-frame may also be required for cropping 

acidification studies in this water limited environment. 
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Appendix A 

Al : W R C Parameters of each individual water retention curve for Moora topsoil and 

subsoil measured by lab Tempe, field ripped and field unripped fitted to 

a) VG1 

b) VG2 

c) BC 

d) Campbell (using RETC) 

e) Campbell using regression of 0-100cm or whole curve 

A2 : Individual WRCs for with measured points and fitted WRC by 

a) VG1 

b) VG2 

c) BC 

d) Campbell (using RETC) 
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W R C parame 

Ala 

ters from fitting V G 1 to topsoil and subsoil lab Tempe 
unripped treatments with parameter 95 % confidence interval. 
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Topsoil field ripped 
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Appendix Al b 

W R C parameters from fitting VG2 to topsoil and subsoil lab Tempe, field ripped and field 
unripped treatments with parameter 9 5 % confidence interval. 
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Appendix Al c 1 
W R C parameters from fitting B C (Mualem using R E T C ) to topsoil and subsoil lab Tempe, field 
ripped and field unripped treatments with parameter 95 % confidence interval. 
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Appendix Al d 

W R C parameters from fitting Campbell (using B C with 0r=i) in rete) to topsoil and subsoil lab 
tempe, field ripped and field unripped treatments with parameter 9 5 % confidence interval. 
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Appendix Al e 

W R C parameters from fitting Campbell (regression of W R C using only the 20-100cm section and 
using the whole curve) to topsoil and subsoil lab tempe, field ripped and field unripped treatments. 
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Appendix A2 a 

Topsoil and Subsoil Lab Tempe measured h(6) points for each 
and BC W R C models 
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Appendix A2 b 

Topsoil and Subsoil Field ripped measured h(9) points for each replicate W R C fitted to VGI, VG2 
and BC W R C models 
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Appendix A2 c 

Topsoil and Subsoil Field unripped measured h(0) points for each replicate W R C fitted to VGI, 
VG2 and BC W R C models 
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Appendix A2 d 

Topsoil and Subsoil Lab Tempe, Field ripped and Field unripped measured h($) points for each replicate 

W R C fitted to Campbell (RETC 6M». 
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Appendix B 

B1: Measurement of saturated Hydraulic conductivity: ponded ring experiments 

B2: Measurement of unsaturated hydraulic conductivity: disc permeameter 
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Appendix Bl 

Measurement of saturated hydraulic conductivity: ponded 

Equations used: 

Qs = r/G (KSH + <j>m) + n r
2Ks 

Ge = 0.316(d/r)+0.184 

<j)m = O.55S
2/(0s-einit) 

Ring Radius = 152.5 m m 

Ring height = 55 m m 

Some initial water content taken from the site T D R 

Ponded R ing 
Head depth 
H (mm) d (mm) 

QMr2 S 0S 

mmhr'1 mmhr"1/2 

e 

ring experiments 

init Ge (j>m Ks 

May - 8/5/96 

1 13 
2 13 
3 12 
4 10 
5 10 

Geometric mean 
Average 
Std dev 

Std error 

20 20 
21 15 
22 10 
23 12 

Geometric mean 
Average 
Std dev 
Std error 

10 15 
11 12 
12 10 
13 8 

Geometric mean 
Average 
Std dev 
Std error 

30 10 

31 4 
32 10 

Geometric mean 
Average 
Std dev 
Std error 

42 
42 
43 
45 
45 

35 
40 
45 
43 

40 
43 
45 
47 

45 
51 
45 

Topsoil nonripped 

62.2 17.2 
93.2 25.5 

52.9 12.9 

46.9 8.4 

48.2 14.3 

60.7 15.7 

19.1 6.4 

Topsoil ripped 

117.5 36.7 

108.4 39.2 

90.4 35.6 

62.9 15.1 

94.8 31.7 

24.1 11.1 

Subsoil nonrippec 

118.1 27.2 

111.8 28.9 

170.6 33.6 

111.8 25.2 

128.1 28.7 

28.5 3.6 

Subsoil ripped 

411.0 34.6 

186.8 13.6 

267.7 22.6 

288.5 23.6 

113.5 10.5 

0.27 

0.29 

0.24 

0.32 

0.31 

0.3 
0.0 

0.27 

0.30 

0.32 

0.33 

0.3 
0.0 

I 
0.31 

0.32 

0.35 

0.34 

0.3 
0.0 

0.34 

0.31 

0.32 

0.3 
0.0 

0.03 

0.02 

0.03 

0.02 

0.03 

0.0 
0.0 

0.03 

0.02 

0.02 

0.02 

0.0 
0.0 

0.03 

0.03 

0.02 

0.02 

0.0 
0.0 

0.02 

0.03 

0.03 

0.0 
0.0 

0.271 672.4 

0.271 1344.5 

0.273 425.7 

0.277 128.1 

0.277 398.8 

593.9 

461.8 

0.257 3023.6 

0.267 3040.1 

0.277 2331.3 

0.273 405.8 

2200.2 

1241.0 

0.267 1453.3 

0.273 1551.9 

0.277 1898.9 

0.281 1094.9 

1499.7 

330.7 

0.277 2064.1 

0.290 364.6 

0.277 939.5 

1122.7 

864.4 

51.8 

75.3 

45.5 

42.7 

42.0 

50.2 

51.5 

13.9 

6.2 

79.9 

75.7 

67.7 

54.8 

68.8 

69.5 

11.1 

5.5 

95.5 

91.5 

145.4 

97.9 

105.6 

107.6 

25.3 

12.7 

367.8 

179.0 

242.4 

251.8 

263.1 

96.1 

55.5 
1 
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Ponded 
Head 
H (mm) 

Ring 
depth 
d (mm) 

Q/ur2 S es 

m m hr"1 mmhr"1/2 

June - 25/06/96 

e init Ge <|>m Ks 

Topsoil non ripped 

1 
2 
3 
4 

Geometric mean 

Average 

Std dev 

Std error 
• • . • 

11 
12 
13 

Geometric mean 

Average 

Std dev 

Std error 

1 
2 
3 

Geometric mean 

Average 

Std dev 

Std error 

• • ' • ' • 

1 
2 
3 

Geometric mean 

Average 

Std dev 

Std error 

1 
2 
3 

Geometric mean 

Average 

Std dev 

Std error 

1 
2 
3 

Geometric mean 

Average 

Std dev 

Std error 

20 
20 
20 
20 

• •':... i.•:•••:• 

30 
10 
20 

15 
15 
15 

15 
15 
15 

; ; ; : • ; . - ; - • . • • • ; • 

15 
15 
15 

15 
15 
15 

35 
35 
35 
35 

25 
45 
35 

„..„„,.. 

40 
40 
40 

• 
- 40 

40 
40 

40 
40 
40 

40 
40 
40 

155.6 

45.1 

76.7 

261.2 

134.7 

96.3 

27.7 

6.9 
34.5 

44.8 

28.5 

16.0 

Topsoil ripped 

233.6 

514.6 

245.6 

331.3 

158.9 

24.4 

30.3 

20.6 

25.1 

4.9 

Topsoil ripped 

169.3 

94.0 

256.1 

173.1 

81.1 

Topsoil 

143.7 

387.2 

216.8 

249.2 

124.9 

Subsoil n< 

163.3 

157.7 

114.2 

145.1 

26.9 

Subsoil 

136.9 

119.9 

86.2 

114.3 

25.8 

20.0 

20.2 

64.4 

34.9 

25.6 

ripped 

16.8 

24.6 

16.5 

19.3 

4.6 

unripped 

31.3 

28.4 

20.7 

26.8 

5.5 

ripped 

29.1 

23.0 

22.9 

25.0 

3.6 

0.35 

0.32 

0.34 

0.39 

0.4 
0.0 

0.36 

0.34 

0.37 

0.4 
0.0 

0.30 

0.31 

0.32 

0.3 
0.0 

0.32 

0.33 

0.32 

0.3 
0.0 

0.27 

0.28 

0.28 

0.3 
0.0 

• • 

0.30 

0.27 

0.29 

0.3 
0.0 

0.06 

0.06 

0.06 

0.06 

0.1 
0.0 

0.06 

0.06 

0.06 

0.1 
0.0 

0.09 

0.09 

0.09 

0.1 
0.0 

0.257 1455.2 

0.257 100.7 

0.257 2338.0 

0.257 3345.1 

1809.7 

1376.3 

0.236 1091.5 

0.277 1803.4 

0.257 765.2 

1220.0 

530.9 

0.267 1047.6 

0.267 1020.1 

0.267 9917.6 

3995.1 

5129.0 

HER 

0.09 

0.09 

0.09 

0.1 
0.0 

0.11 

0.11 

0.11 

0.1 
0.0 

' ; • - • 

0.11 

0.11 

0.11 

0.1 
0.0 

0.267 674.9 

0.267 1416.3 

0.267 653.9 

915.0 

434.3 

0.267 3432.0 

0.267 2688.5 

0.267 1378.2 

2499.6 

1039.9 

0.267 2517.5 

0.267 1877.1 

0.267 1611.3 

2002.0 

465.8 

123.6 

38.1 

49.6 

201.2 

82.8 

103.1 

75.6 

37.8 

176.9 

465.9 

205.9 

257.0 

282.9 

159.2 

91.8 

144.2 

77.0 

159.8 

121.1 

127.0 

44.0 

25.4 

123.9 

336.6 

189.5 

199.2 

216.7 

108.9 

62.9 

122.1 

122.3 

92.6 

111.4 

112.3 

17.1 

9.9 

104.9 

94.2 

65.9 

86.7 

88.3 

20.2 

11.6 



Ponded 

Head 
H (mm) 

1 
2 
3 
4 
5 

Geometric mean 
Average 
Std dev 

Std error 

Geometric 

Average 

Std dev 

Std error 

' 

Geometric 

Average 

Std dev 

Std error 

1 
2 
3 
4 
5 

mean 

1 
2 
3 
4 
5 

mean 

20 
15 
15 
15 
15 

20 
20 
20 
20 
20 

20 
20 
20 
20 
20 

Ring 
depth 
d (mm) 

35 
40 
40 
40 
40 

35 
35 
35 
35 
35 

35 
35 
35 
35 
35 

QMr2 ! 

m m hr'1 i 

August 
Topsoil 
245.5 

452.3 

325.2 

522.0 

592.0 

427.4 

141.6 

3 e£ 

nmhr-172 

e 

- 22/08/96 
nonripped 

18.6 

33.7 

30.3 

43.8 

37.1 

32.7 

9.3 

Topsoil ripped 
178.0 

418.0 

415.0 

339.0 

341.0 

338.2 

97.4 

Subsoil 

423.0 

290.0 

50.0 

49.6 

77.2 

58.9 

15.8 

11.8 

27.0 

27.0 

27.0 

21.9 

22.9 

6.6 

nonripped 
30.4 

27.0 

6.9 
7.8 
14.5 

9.7 
4.2 

0.30 

0.30 

0.30 

0.30 

0.30 

0.3 
0.0 

0.30 

0.30 

0.30 

0.30 

0.30 

0.3 
0.0 

0.30 

0.30 

0.30 

0.30 

0.30 

0.3 
0.0 

init 

0.11 

0.11 

0.11 

0.11 

0.11 

0.1 
0.0 

0.11 

0.11 

0.11 

0.11 

0.11 

0.1 
0.0 

0.13 

0.13 

0.13 

0.13 

0.13 

0.1 
0.0 

Ge 

0.257 

0.267 

<t>m 

1001.5 

3287.5 

0.267 2657.6 

0.267 5553.4 

0.267 3988.6 

0.257 

3297.7 

1676.9 

403.1 

0.257 2110.3 

0.257 2110.3 

0.257 2110.3 

0.257 

0.257 

0.257 

0.257 

0.257 

0.257 

1388.3 

1624.4 

750.9 

2904.5 

2291.1 

149.6 

191.2 

660.8 

333.9 

283.9 

Ks 

204.1 

381.8 

272.5 

428.3 

501.9 

340.3 

357.7 

119.6 

53.5 

150.3 

344.7 

342.1 

276.8 

283.6 

268.3 

279.5 

78.9 

35.3 

343.5 

233.4 

42.0 

41.3 

61.8 

47.5 

48.3 

11.6 

6,7 
Subsoil ripped 

Geometric 

Average 

Std dev 

Std error 

1 
2 
3 
4 
5 

mean 

20 
20 
20 
20 
20 

35 
35 
35 
35 
35 

83.6 

45.7 

71.6 

33.6 

73.1 

61.5 

20.9 

15.1 

18.8 

22.2 

10.4 

22.1 

17.7 

5.0 

0.30 

0.30 

0.30 

0.30 

0.30 

0.3 
0.0 

0.13 

0.13 

0.13 

0.13 

0.13 

0.1 
0.0 

0.257 

0.257 

0.257 

0.257 

0.257 

716.6 

1110.8 

1548.9 

339.9 

1535.0 

1050.3 

525.2 

66.9 

31.5 

50.7 

26.5 

52.1 

43.1 

45.6 

16.5 

7.4 

**did not use as plant roots caused macropore flow 
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Appendix B2 

Measurement of unsaturated hydraulic conductivity : disc permeameter 
Equations: 

Q/7ir2 - K + 2.2SA2/7ir2A9 
Radius 52 m m 
Some contact problems gave strange results and may not have been at equilibrium to measure 
K for subsurface 

Tension 0 injt 
mm 
mm 

unripped -20 

-20 
ripped -20 

-20 
Geometric mean 

Average 

Std deviation 

Std Error 

ripped -60 
-60 

unripped -60 
-60 

Geometric mean 

Average 

Std deviation 

Std Error 

unripped -20 

ripped -20 
T* " 

Geometric mean 

Average 

Std deviation 

Std Error 

ripped -60 

unripped -60 

Geometric mean 

Average 

Std deviation 

Std Error 

0 

0.08 

0.08 

0.08 

0.08 

0.08 

0 

0.08 

0.08 

0.08 

0.08 

0.08 

0 

.', -

0.057 

0.057 

0.057 

0.057 

0.057 

0 

0.057 

0.057 

0.057 

0.057 

0.057 

0 

2 
final Q/TCr 

July 
Topsoil 

0.13 

0.16 

0.152 

0.151 

0.148 

0.011 

0.151 

0.143 

0.127 

0.13 

0.138 

0.01 

Subsoil 

0.085 

0.087 

0.085 

0.087 

0.086 

0.001 

0.099 

0.089 

0.099 

0.089 

0.094 

0.005 

S 

68.2 

86.1 

64.4 

48.3 

66.8 

13,4 

30 
19.3 

27.8 

20.9 

24.5 

4.5 

15 
10.7 

37.3 

10.9 

18.5 

11.0 

15.8 

10 
3.3 

3.7 

8.2 

5.1 

Time 
taken 
min 

21.4 

38.1 

33 
19.1 

27.9 

7,9 

19.1 

14.6 

18.8 

15.9 

17.1 

1.9 

7.7 
4.4 
10.9 

5.5 

7.1 
2.5 

1.9 
1.93 

1.9 

1.18 

1.73 
0.32 

K 

65 
45 
32 
22 

23 
25 
60 
50 

'ft*'}.?:;* 

23 
24 
21 
28 

18 
18 
22 
38 

mmh"1 

65.8 
81.4 
60.5 
47.0 
62.5 
63.7 
11.0 

5.5 

28.7 

18.4 
25.9 
19.6 

22.7 

23.1 

4.9 
2.5 

14.5 

10.5 
36.2 

10.6 

15.6 

18.0 

12.3 

6.1 

15.8 

10.0 
3.3 

3.7 

7.5 

8.18 
5.13 
2 5 C-.^J 
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Appendix C 

C 1 : Binary exchange isotherms for Moora topsoil at 50 mmolcL"1 total charge 

concentration.Cl: 

C2 : Binary exchange isotherms for Moora subsoil at 50 mmolcL" total charge 

concentration 

C3 : Binary exchange isotherms for Moora Topsoil at 200 mmolcL"1 total charge 

concentration 

C4 : Table 9.4 Binary exchange isotherms for Moora subsoil at 200 mmolcL" total 

charge concentration 
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Appendix C 1 

Binary exchange isotherms for Moora topsoil at 50 mmolcL" total charge 

concentration. 

Ca-K 

Solution Exchange 
concentration concentration 

Ca K Ca K 

mmol L"1 mmolckg"1 

25.6 0.2 2.76 0.03 

24.0 5.2 2.61 0.18 

21.0 9.8 2.65 0.37 

19.1 14.5 2.26 0.50 

16.1 19.7 2.28 0.74 

14.0 24.4 2.16 0.91 

11.4 29.1 1.92 1.03 

8.7 33.8 1.84 1.23 

6.0 36.9 1.56 1.38 

4.1 46.3 1.24 1.52 

Ca-Na 

Solution Exchange 
concentration concentration 

Ca Na Ca Na 

mmol L"1 mmolckg"1 

19.7 0.0 2.54 0.01 

18.5 7.9 2.25 0.23 

16.6 20.1 2.07 0.43 

15.1 32.3 1.99 0.66 

12.9 38.3 1.57 0.81 

11.1 41.3 1.46 1.02 

9.3 55.2 1.12 1.10 

7.4 61.4 0.99 1.56 

5.3 63.6 0.72 1.82 

3.3 81.0 0.42 1.83 

Ca-Mg 

Solution Exchange 
concentration concentration 

Ca M g Ca M g 

mmol L"1 mmolckg" 

21.8 0.5 3.35 0.01 

20.1 2.7 3.28 0.21 

18.0 5.3 3.08 0.42 

16.0 8.6 2.86 0.72 

14.1 10.9 2.71 0.92 

11.9 13.6 2.19 1.14 

10.1 15.4 2.03 1.32 

7.9 17.5 1.51 1.44 

6.1 19.6 1.53 1.98 

3.7 22.7 0.97 2.39 



271 

Appendix C2 

Binary exchange isotherms for Moora subsoil at 50 mmolcL"1 total charge 
concentration 

Ca-K 

Solution Exchange 
concentration concentration 

Ca K Ca K 

mmol L"1 mmolckg"1 

26.9 0.04 5.4 0.08 

24.0 5.2 4.5 0.44 

20.4 10.9 4.2 0.35 

17.8 16.0 3.9 0.50 

15.0 22.0 3.4 0.65 

12.7 27.8 2.6 0.68 

10.1 32.6 2.4 0.83 

7.4 37.9 1.7 0.93 

4.6 42.9 1.4 1.13 

2.5 48.0 0.8 1.13 

Ca-Na 

Solution Exchange 
concentration concentration 

Ca Na Ca Na 

mmol L"1 molckg"1 

21.3 0.0 0.90 0.0 

19.6 7.9 0.89 0.05 

17.5 20.1 0.86 0.15 

15.2 32.3 0.80 0.29 

12.8 38.3 0.60 0.32 

10.6 41.3 0.54 0.48 

8.8 55.2 0.46 0.54 

6.5 61.4 0.37 0.62 

4.4 63.6 0.25 0.79 

2.4 81.0 0.11 0.83 

Ca-Mg 

Solution Exchange 
concentration concentration 

Ca M g Ca M g 

mmol L"1 mmolckg"1 

21.5 1.7 1.58 0.0 

19.6 2.9 1.33 0.15 

17.7 5.5 1.32 0.35 

15.7 9.6 0.91 0.46 

13.5 11.3 0.82 0.60 

11.2 12.8 0.69 0.71 

9.2 15.1 0.61 0.92 

7.2 17.3 0.44 1.08 

4.8 19.9 0.28 1.27 

2.6 23.4 0.12 1.39 
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Appendix C3 

Binary exchange isotherms for Moora Topsoil at 200 mmolcL'1 total charge 
concentration 

Ca-K 

Solution Exchange 
Concentration Concentration 

Ca K Ca K 

mmol L"1 mmolckg"1 

93.5 0.4 3.08 0.00 

83.3 21.2 2.82 0.42 

71.2 41.1 2.60 0.88 

63.4 61.4 2.73 1.28 

54.0 82.2 3.50 1.81 

45.3 105.8 2.86 1.92 

37.2 125.5 2.71 2.50 

29.0 145.5 1.22 2.48 

19.6 164.9 0.86 2.90 

10.6 184.6 0.57 3.99 

Ca-Na 

Solution Exchange 
Concentration Concentration 

Ca Na Ca Na 

1 -t 

mmol m" mmo]ckg" 

98.4 0.6 5.77 0.0 

88.4 15.5 5.31 0.58 

77.7 36.8 4.67 1.20 

71.4 54.3 3.96 1.26 

58.3 70.2 3.20 1.45 

51.1 94.4 3.24 1.97 

38.1 103.3 2.47 2.16 

31.1 132.0 2.04 2.49 

21.0 139.4 1.74 2.91 

11.3 154.2 0.78 2.76 

Ca-Mg 

Solution Exchange 
Concentration Concentration 

Ca M g Ca M g 

1 1 

mmol L" molckg" 

86.3 2.7 4.12 0.0 

76.5 10.5 3.75 0.44 

75.3 19.3 3.19 0.82 

63.9 29.2 3.08 1.32 

47.5 45.8 2.77 1.71 

45.3 53.7 2.41 1.52 

34.6 65.8 2.13 2.51 

26.7 81.8 1.74 2.68 

20.7 85.9 1.22 3.24 

12.8 96.6 0.60 4.00 



Appendix C4 

Table 9.4 Binary exchange isotherms for Moora subsoil at 200 mmolcL'1 total 
charge concentration 

Ca-K 

Solution Exchange 
Concentration Concentration 

Ca K Ca K 

mmol L"1 mmolckg"1 

95.1 1.8 3.20 0.0 

86.8 23.8 3.20 0.62 

78.4 44.1 3.07 1.22 

68.2 65.1 2.72 1.81 

58.3 87.2 2.12 2.16 

48.4 104.4 2.05 2.91 

39.7 126.8 1.33 2.87 

30.3 147.0 1.12 3.52 

19.9 169.4 0.77 4.20 

10.4 189.3 0.78 10.8 

Ca-Na 

Solution Exchange 
Concentration Concentration 

Ca Na Ca Na 

mmol L"1 mmolckg"1 

97.1 0.0 4.2 0.0 

87.8 18.5 3.7 0.53 

77.3 36.7 3.0 0.80 

69.8 55.6 2.8 1.12 

57.9 71.1 2.4 1.33 

50.9 95.2 2.1 1.58 

38.4 113.2 1.8 1.87 

30.0 126.2 1.4 2.07 

19.5 134.9 1.2 2.63 

10.4 163.4 0.6 2.57 

Ca-Mg 

Solution Exchange 
Concentration Concentration 

Ca M g Ca M g 

mmol L"1 mmolckg"1 

85.1 2.5 3.09 0.0 

74.0 9.5 3.18 0.44 

72.4 18.5 2.94 0.91 

50.0 31.2 2.56 1.41 

41.6 43.6 2.16 1.58 

41.8 49.7 2.04 1.77 

31.8 65.8 1.17 2.28 

23.8 72.8 1.15 2.73 

18.3 83.7 0.68 3.21 

10.8 103.2 0.23 3.45 

I 


