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ABSTRACT

Anicn movement in soil was studied both in the laboratory
and in the field, using structured ''undisturbed'" soil and sieved
aggregates. The movement of chloride, bromide and phosphorus was
investigated. Chloride and bromide being non-reactive in soil, were
used to indicate whether the flow was more uniform or preferential,
while phosphorus was used to indicate the behaviour of strongly

adsorbed anions.

Experiments involving the movement of chloride and phosphorus
through columns of 0.5-1 mm soil aggregates provided data on phosphate
adsorption during miscible displacement. Chloride breakthrough curves
were described well by conventional convective-dispersive theory. For
phosphorus, linear adsorption isotherms were determined independently,
using solution concentrations and equilibrium times similar to those
pertaining in the aggregate columns. Conventional theory using these
data predicted reasonably well the early part of the breakthrough
curves, but did not predict the observed ''tailing' of phosphorus

breakthrough curves.

The movement of anions through artificial soil channels and planar
cracks was studied. The breakthrough curves showed the movement of
both chloride and phosphorus was highly preferential through 0.5 mm
diameter channels and 0.17 mm wide planar cracks. The results agreed

quite well with model predictions.

The movement of anions through 2.4 litre ''undisturbed" soil -cores
was also studied. Under saturated conditions, both chloride and phosphorus
moved preferentially. Dye studies indicated the major pathways were
worm channels, root channels, and soil cracks. Under unsaturated
conditions when the pressure potential was maintained at -0.02 bar
(at which channels larger than0.15mm diameter and cracks wider than
0.07mm would be drained), the breakthrough curves for bromide were much
less preferential than under saturated conditions. The experimental

set-up for this experiment was designed so that the blockage of natural



iii

tflow paths was minimized and the cffects of porous plates at either

end of the cores were avoided.

Two ficld experiments were conducted at a mole-tile drained site
on Tokemaru silt loam (a Fragiaqualf). One experiment investigated the
movement of chloride and phosphorus solution ponded on the soil surface.
The breakthrough curves for both chloride and phosphorus percolating
from the surface to the mole-drains indicated the movement was very
preferential, both anions reaching the mole-drains located at 400 mm
depth within a minute of their application to the soil surface. Dye
staining indicated the movement occurred mostly through worm channels

and plant root channels associated with planar cracks.

The other field experiment investigated the leaching of bromide
under both ponded water and natural rainfall conditions. When the same
amount of water was considered, lcaching by rainfall was more cffective
than by ponding. However, under both water treatments, relatively large
amounts of applied bromide remained unleached near the soil surface, while
some bromide moved deep into the soil profile. Interception and stem flow
appeared to be important factors causing non-uniform leaching under
pasture by natural rainfall. Very considerable variation in bromide
concentration between replicate soil samples was found, with a log-normal
rather than normal distribution. Quite different leaching patterns were
found in soil under pasture and in a soil which had been cultivated and

cropped.
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CHAPTER 1

GENERAL INTRODUCTION



1.1 IMPORTANCE CF SOLUTE MOVEMENT IN SOILS

An important problem in agriculture, horticulture and forestry
is the loss of fertilizers, herbicides, pesticides, and soil nutrients
in leaching water draining below the root zone. Leached fertilizers
and chemicals may ultimately contaminate ground water, streams and lakes,
causing cutrophication of water sources. Leaching usually occurs when
soil is relatively wet during autumn, winter and spring (Alison, 1968;
McLean, 1977; Cameron et al., 1978). However leaching has also been
observed to occur at other times after a large rainstorm or irrigation,
particularly immediately after fertilizer application (Aylmore and Karim,
1968; Johnston ct al., 1905; Balasubramanian et al., 1973; Kissel et al.,

1974) .

Significant less of nitrogen fertilizer by leaching under natural
field conditions has been reported by several investigators, including
Wetselaar (1962), Johrston et al. (1965), Wild (1972), Calvert (1975),
Cameron et al. (1978), Gast et al. (1974). In New 7ealand, where
rainfall intensity and distribution is relatively high, particularly
during winter, Shuarpley and Syers (1979b) observed a nitrogen loss in
mole-tile drainage ecqualling approximately 2% of the @mount applied within 4
weeks ot application to Tokomaru silt loam soil under pasture. ‘This percentage
of nitrogen fertilizer lost was greater than that measured in similar studies over-
scas by Bolton et al. (1970) and Mcek et al. (1969). Also in Tokomurusilt loam,
but under cultivation, Gandar and Gregg (1979) found nitrate losses equal

to 60% of the fertilizer applied in the drainage water over a year.

Although phcsphorus is a very strongly adsorbed anion in soils, a
significant amount of leaching has been found in sandy soils (Spencer,
1957; tlumphrey and Prichett, 1971; Calvert, 1975), and organic soils
(Black, 1968; Duxbury and Peverly, 1978). Leached phosphorus im natural
subsurface drainagc and artificial drains was observed to be a cignificant
constituent of stream flow by Minshall (1969), Jackson et al. (1973),
Burwell et al. (1975), and Sharpley and Syers (1979 a and b). Sharpley and
Syers (1979 a) reported that in the watershed area near Massey University,
approximately 67% and 28% of phcsphorus in the stream flow are contributed

from natural subsurface drainiage and mole-tile drainage, respectively.



Leaching of phosphorus may occur rapidly. Kanchanasut et al. (1978)
have reported that a significant increcase in phosphorus concentration
in mole-tile drainage was observed over-night, after 10 mm rainfall

following fertilizer application.

Herbicides and pesticides are usually considered immobile in soil,
due to strong adsorption and fast degradation, however significant
amounts have been observed in groundwater as reported by LaFleur, et al.

(1972), LaFleur et al. (1974), lall and Hartwit (1978).

It is very important to understand and be able to predict the
movement of these solutes in soils, particularly under field conditions
and under different water management patterns. This thesis attempts

to make a contribution in this regard.
1.2 MOVEMENT OF SOLUTES IN SOILS

1.2.1 Differential Equations Used to Describe Solutc Movement

The two main processes which are involved in solute movement in
soils are: (1) molecular diffusion in response to a concentration gradient,
and (2) convection due to mass flow of the soil solution. When molecular
diffusion and convection occur simultaneously, they interact to cause
enhanced dispersion. Under steady state conditions, the longitudinal
transport of solute in a uniform soil has usually been described by the

following partial differential cquation (Biggar and Niclscn, 1962)

3¢ _ . d%C 3C :
3% - Eger - Vo (1.1)
where C = solution concentration (M L %)
E = dispersion coefficient (L2T ')
v = average pore velocity (L T '), obtained from q/6 where

q is the Darcy flux density (L T ') and 6 the volumetric
water content (ﬁ L™
z = distance in dircction of v (L)

and t = time (T).



This equation, which forms the basis of conventional miscible
displacement theory in soils, will be referred to as the convective-

dispersive equation in the thesis.

When the flow velocity is sufficiently high that the direct effects
of molecular diffusion can be neglected, transport of solute may be
described by a simpler equation, derived for dispersion about a moving

reference plane, as (Nielsen and Biggar, 1962; Gardner, 1965)

aC _ g 3% (1.2)
at 0Z°
where Z = z-vt.

1.2.2 Solutions of Transport Equations

1.2.2.1 Miscible displacement research  Miscible displacement

is the process that occurs when one fluid mixes with and displaces another
fluid. Day (1956), Biggar and Nielsen (1962, 1963, 1967), Nielsen and
Biggar (1961, 1962), and Gardner (1965) were among the first to use
miscible dicsplacement theory to study solute transport in soils. Much
miscible displacement rescarch has concentrated on observing and analysing
breakthrough curves, which are graphs of the ratio Ce/ci versus the number
of pore volumes of effluent collected (V/Vo), where C.1 and Ce are the
concentraticn of displacing and displaced solution respectively, V is

the cumulative volume of effluent and V0 the volume of pores occupied

by fluid. The position and shape of the breakthrough curves give infor-
mation abcut the pore configuration in the porous media. Nielsen and
Biggar (1961, 1962) and Biggar and Nielsen (1963) described generélized
breakthrough curves for flow through various pore geometries in relation

to flow velocity and water content.

The convective-dispersive equation (1.1) has been used extensively
to predict non-reactive solute movement in soil. The deriviation of the

analytical soiution under the initial and boundary conditions



C(z,t) = 0 for z>0andt =0

Cl@,8) = Ci for z=0and t >0 (1.3)
lim C(z,t) = 0 fort >0
Z*)(O

is given by Nielsen and Biggar (1962) and Kirkham and Powers (1972).

The solution is

= 1 e{-2°Vt .} . X A
c/c, = Y(erfel (4Ef7¥} exp (g § erfc{ {4Et}q})
(1.4)

This solution is often used to describe the breakthrough curves from a
column of finite length (d) with the exit concentration (CC) approximated

d, and V/Vo found as vt/d. When plotted, equation (1.4)

as C at z =

yields an approximately S-shaped curve, symmetrical about one pore volume.

The value of E may be obtained cither directly from the slope of the
experimental breakthrough curves (Kirkham and Powers, 1972) or by the
log-normal distribution method suggested by Rose and Passioura (1971a).

1.2.2.2 Distribution of solute in the soil procfile after

leaching a thin surface layer of non-reactive solute may be described by

Leaching

equation (1.2), assuming a constant flow velocity and dispersion coefficient.
The analytical solution for stcady state conditions was given by Day (1956),

as

@ = IEA (4rEt) "% exp (-(z-vt)?2/4Et) (1.5)

where Z5 is the initial depth of solute near the soil surface, and CO
the initial concentration there. Equation (1.5) gives bell-shaped

distribution curves, which get deeper and flatter with increasing time.

Gardner (1965) found
for nitrate leaching
leaching under field

conditions. Bresler

attempted to describe

with unsteady flow.

Hanks (1969) assumed

this solution adequately described some field data
under natural rainfall conditions. However,
conditions usually occurs under unsteady flow
and Hanks (1969) and Warrick et al. (1971) have
chloride movement in the field soil profile
To avoid complicated computations, Bresler and

the contribution to flow from diffusion negligible



in comparison with convective flow, while Warrick et al. (1971) assumed

constant E.

1.2.3 Transport Models for Reactive Solutes

Solutes moving through soil often undergo adsorption-desorption
reactions with solid surfaces. Solutes usually considered non-reactive
with soil are nitrate, chloride, bromide, and tritium. However, adsorp-
tion or exclusion of these solutes 1in soil systems has been observed to
some extent, depending on soil chemical properties (Biggar and Nielsen,

1962; Thomas and Swoboda, 1970; Krupp et al., 1972).

Phosphorus, most pesticides and herbicides, and potassium are
examples of recactive solutes which are frequently used in agriculture.
To account for adsorption-desorption reactions during movement, it is
necessary to add an additional term to the convective-dispersive equation
(1.1), giving (Cho et al., 1970; Davidson and McDougal, 1973;
van Genuchten et al., 1974; Selim et al., 1974; Mansell et al., 1977)

oC 9=C aC b 23S
3% - B3z - Ve, - @ %t (1.6)

where S is the amount of solute adsorbed per unit mass of soil solids
(M M™Y) and eY is the soil bulk density (M L™ ?). The expression 3S/9t,
which represents the rate of adsorption by soil, has been described in

a number of ways, some of which are given below.

a. Equilibrium adsorption isotherms  The Freundlich equation is

the most commonly used to describe adsorption of phosphorus in equation
(1.6) (Cho et al., 1970; Selim et al., 1974; Mansell et al.,1976). It

may be written as:

S = kC (1.7)
3 _1
where k is the solution distribution coefficient (L M ) and N is a
constant, which is usually less than unity, determined by regression
analysis from isotherm data. When N = 1, the relationship becomes linear.

Differentiation of equation (1.7) with respect to times gives



3S _ ds aC N-1 3C

% " e T kNC 3t (1.8)

Substitution of equation (1.8) in equation (1.6) and rearranging:gives

3C . 970 aC
g S - Al
UI+R5g = BEgz - v 5 (1.9)
Pb L oN-1 Pb :
where R = 5 kNC . When N =1, R = ?Y-k. The analytical solution for

equation (1.9) when N = 1 is equation (1.4) with E replaced by E/(1 + R)
and v by v/(1 + R). A positive value for R moves the breakthrough curve
to the right of one pore volume. For other N values, numerical solutions

must be found.

Using an equilibrium adsorption model in the convective-dispersive
equation nsually results in an over-estimate of the amount of adsorption
occurring during miscible displacement (Kay and Elrick, 1968; Davidson
and Chang, 1972; Mansell et al. 1977). Davidson and Chang (1972) have
shown that eauilibrium adsorption would not occur over a wide range of
pore-water velocities. Equilibrium adsorption models can only give the

upper bound for adsorption during the movement of reactive solutes.

b. Kinetic adsorption models Phosphorus adsorption by soil is in

reality a kinetic process. The rate of adsorption is initially rapid,
followed by a slower sorption reaction which may continue for a long
period of time (Barrow, 1974; Ryden et al., 1977). Lapidus and Amundson
(1952) introduced an equation for first order, reversible, kinetic

sorption reactions which may be written

R R kp (12— C - ) (1.10)

b k,"b
where k; and k; are adsorption and desorption rate coefficients (T‘l),
respectively. The numerical solution of equation (1.10) with équation
(1.6) has generally described experimental data well at low pore-water
velocities (Davidson and McDougal, 1973; van Genuchten et al., 1974).
However, Mansell et al. (1977) found that this model did not adequately
describe phosphate movement through cores of a sandy soil, the desorption

rate constant (k2) appearing to change when pore-water velocity changed.



c. Combination model Selim et al. (1976) and Cameron and Klute

(1977) have development a two-site adsorption-desorption model for use
in describing transport of reactive solutes. The two sites are those
which appear to adsorb or react with solutes effectively instantaneously,
and those which appear to adsorb morce slowly, resulting in a kinetic
reaction. This division is probably fairly arbitrary, and the physico-
chemical signitficance of the two sites is not clear (Syers et al. 1973;

Ryden et al., 1977; Bowden et al. 1980).

The two-site linear adsorption model can be expressed as:

25
I 3G
= * k, 5 (1.11)
aS
11 0 , .
ol B;'k3L - kS (1.12)

where SI and Sll arc the amounts of solute adsorbed on site I and site Il
respectively, kI is the solution distribution coefficient for site I,

and k3 and k, the adsorption and desorption rate coefficients respectively

for site II. The differential cquation resulting when these expressions

are substituted into equation (1.6) is

aC . 3%C ac . P
(1 + RI) H = E W ~ W E - (ksC - "‘é'— quI]) (1.13)
Pb
where RI - TT-kI- This adsorption model is more comprehensive than

the ones described earlier. However, it is difficult to determine
independently the appropriate adsorption-desortion parameters, hence they
arec usually estimated by curve-fitting to the experimental breakthrough
data. Solving equation (1.13) numerically, de Camargo et al. (1979) found
that pore-water velocity had a large influence on the adsorption and
desorption rate coefficients (ki and ku) needed to describe phosphorus
movement through columns containing sieved soil. For pesticide ‘'movement,
Rao et al. (1979) also found that two sets of k values were required to

predict the breakthrough curves at two different input concentrations.

In general, if non-linear and/or kinetic adsorption reactions are
assumed, solution of the resulting modified convective-dispersive cquation
must be found numerically using a computer, as analytical solutions are

not available.



1.3 FAILURES OF CONVENTIONAL THEORY

Nearly 100 years ago, Lawes et al. (1882) wrote that '"A large
part of water added to soil profiles moves immediately through channels
and interacts slightly with water in the soil itself'. In New Zealand,
Taylor (1956) stated that, "It has often been assumed that the moisture
spreads evenly through the soils, whereas what happens is far more complex.
Soil water percolated down cracks and through spaces between the struc-

tural surfaces and is adsorbed laterally into the soil aggregates'.

The concept of rapid movement of infiltrating water described by
Lawes et al. (1882) has been ignored until recently. For decades, soil
physicists and soil scientists have treated soil as a uniform porous
medium and applied the theory described in the preceding sections to
predict water and solute movement. For example, disturbed, homogenised
and repacked soil has been uscd extensively in miscible displacement
experiments studying the movement of solutes (Davidson et al., 1968;
Linstrom and Boesma, 1971; Davidson and Chang, 1972; Rao et al.,1979).
However, some miscible displacement cxperiments using natural soil cores
have been carried out. The resulting breakthrough curves from saturated
soil cores usually show an earlier, and initially steeper, breakthrough
than for packed uniform soil columns (Elrick and French, 1966; Kissel
et al., 1973; Cassel et al., 1974; McMahon and Thomas, 1974). The
differences have been attributed to different pore connecting patterns.
In undisturbed cores the movement predominantly occurs through larger
continuous channels, while in the more homogeneous repacked columns the
movement is more uniform, and can be described by the convective-dispersive
equation. Anderson and Bouma (1977a) and Bouma and Wosten (1979) have
shown that the shape of the breakthrough curves is very sensitive to any
differences in flow paths, either among the replicate cores of the same

soil structure, or among different soil structural types.

Very often also it has been found that the distribution of surface applied solute
after leaching in the soil profile is not bell-shaped, as would be predicted
by convective-dispersive theory (Zimmerman et al., 1967; Boswell and
Anderson, 1970; Wild, 1972; Shuford et al.,1977; Cameron et al.,1977;

Wild and Babiker, 1976). The pronounced asymmetry of the ‘leaching pattern
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commonly observed has been attributed to non-uniform movement of

soil water and solutes. This has been confirmed using dye staining
techniques by Ritchie et al. (1972), Anderson and Bouma (1973),

Bouman et al. (1977b); Bouma and Dekker (1978), Omoti and Wild (1979).

This kind of breakthrough curve or leaching pattern is referred
to as '"preferential flow'" in this study. The evidence for its occurrence,
and its importance in soil and ground water discharge and solute move-

ment have recently been reviewed by Thomas and Phillips (1979).

As well as in undisturbed soil, deviations from convective-dispersive
theory have also been observed in packed soil columns containing large
aggregates (Biggar and Nielsen, 1962; Green et al.,1972; van Genuchten
et al., 1974; van Genuchten and Wierenga, 1977). The microscopic flow
velocities in media with complex pore geometries vary from point to
point in both magnitude and direction. The velocity in a pore is at a
maximum at the centre of the pore, whereas the fluid adjacent to the pore
wall does not move. Also the velocity through larger pores exceeds the
flow through smaller pores. Biggar and Nielsen (1962) have shown that
when aggregate size is increased,the range of microscopic flow velocities
increasess and most of the flow will occur through macropores between
aggregates. Also, as the distances between macropores increase, molecular
diffusion is much less effective in dissipating concentration gradients
between the soil solution in the macropores and within the aggregates.
Thus the mixing in the columns becomes less complete and affects the
slope of the breakthrough curves. Solute moving through macropores
is responsible for an early brecakthrough, while slow solute movement
through micropores within the aggregates is responsible for a long tail

section in the breakthrough curves.

Non-uniform flow becomes more evident when reactive solutes- are
used. Davidson and McDougal (1973) suggested that in media with complex
porc goemetry, the observed tailing of the breakthrough curves could be
due to both slow diffusion of solutes into the micropores, and to
kinetic adsorption processes. Transport models including the effects

of pore geometry will be discussed in the following section.
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1.4 MODIFIED SOLUTE TRANSPORT MODELS
Recent advances in predicting solute transport in soils include
efforts to incorporate the effects of pore geometry on flow velocity

distribution in the transport models. Some of the models are:

a. Convective-Dispersive Model with Lateral Diffusion

In columns of saturated soil aggregates, soil pores can be parti-
tioned into macropores, which are pores between aggregates and micro-
pores which are pores inside aggregates. Convective viscous flow is
assumed to occur only in the macropores or mobile regions, while
diffusion occurs inside the aggregates or immobile regions. The
convective-dispersive equation was modified to include lateral
diffusion by Coats and Smith (1964) and van Genuchten and Wierenga

(1976). The equation for non-reactive solute transport may be written:

8C, 8C, azcm I
8m at * 8im ot - Bmh 0z° . vmem 9z (115

and the exchange between mobile and immobile regions given by

aC.
im

eim ot

= a(C_ - Cg) (1.15)

In thesc equations em and eim are the fractions of soil volume filled
with mobile and stagnant liquid respectively, Cm and Cim are the concen-
trations of solute in the mobile and immobile regions respectively,

Vo is the average pore water velocity in the mobile liquid, and a is a
diffusional transfer coefficient (T_l). Passioura (1971) derived and

solved analytically an equation similar to equation (1.14).

Van Genuchten and Wierenga (1976a) included the effect of-adsorp-
tion-desorption in equation (1.14) and (1.15). Analytical solutions
of equation (1.14) and (1.15) with linear adsorption (N = 1) are given
by van Genuchten and Wierenga (1976a), while for N # 1 a numerical

solution is given by van Genuchten and Wierenga (1976b).
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The diffusional transfer coefficient (a) has a large influence
on the shape of the breakthrough curves. For non-reactive solutes,
Rao et al. (1980) obsecrved the diffusion into spherical aggregates
and found the a values were dependent upon aggregate size, volumetric
water content in the aggregate (Bim), molecular diffusion in the
aggregate, the fraction of water content in the mobile region (em),
and diffusion time. For reactive solutes, a was found to depend on flow
velocity (van Genuchten and Wierenga, 1977), and input concentration
(Rao et al., 1979). Thus treating a as a constant, as is usual, is

not very satisfactory.

b. Viscous Flow with Lateral Diffusion

A model was developed by Scotter (1978) based on the assumption
of viscous solution flow down vertical cylindrical channels or planar
cracks, with simultaneous molecular diffusion of solute into the
surrounding soil. The theory and related computations are given in
Appendix C. He assumed the movement occurred through channels of the
same size and uniformly distributed across the cross section of soil.
The resulting breakthrough curves for strongly adsorbed solute did not
differ significantly from for the non-reactive solute breakthrough curves,

when channel diameter and planar crack width were greater than 0.2 and

0.1 mm respectively.

1.5 GENERAL OBJECTIVES

The work described in the following chapters aimed at investigating
the characteristics of chloride, bromide and phosphorus movement.in soil
with different pore geometries under both laboratory and field conditions.
It also aimed at assessing the usefulness of some of the theory outlined
above to describe the observed solute movement, which occurred mostly

under preferential flow conditions.



CHAPTER 2

ACCOUNTING FOR ADSORPTION DURING PHOSPHORUS MOVEMENT IN SOIL
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2.1 INTRODUCTION

Phosphorus movement in soil is usually quite limited, as it is
retarded by soil-phosphorus interaction. The interaction phenomenon
is generally described by an adsorption-desorption isotherm, which is
usually non-linear and time dependent (Fox and Kamprath, 1970; White
and Taylor, 1977; Ryden et al., 1977). These isotherms are usually
determined by the 'batch method', which involves shaking suspensions of
soil in various phosphorus solutions and measuring the amounts of
phosphorus coming into or out of solution. The adsorption occurs rapidly
in the first few hours, and then continues to occur slowly over a long
period of time. Adsorption and desorption processes of phosphorus are
not singular, and some of the adsorption reactions are irreversible,
due to precipitation and chemisorption with high adsorption energy
(Ryden et al., 1973; Barrow and Shaw, 1975; White and Taylor, 1977).
Common adsorption-desorption models for phosphorus have been described

in Chapter 1.

Phosphorus transport through soils has often been studied using
miscible displacement techniques (e.g. Cho et al., 1970; Selim et al.,
1974; de Camargo et al., 1979). The resulting breakthrough curves are
not as would be expected from conventional convective-dispersive theory,
as the curves are usually asymmetrical with significant ''tailing".

Many attempts have been made to quantify the influences of adsorption-
desorption processes on breakthrough curves (e.g. Davidson and Chang,
1972; Davidson and McDougal, 1973; Kay and Elrick, 1967; van Genuchten
et al., 1974; Mansell et al., 1977).

As phosphorus adsorption is time dependent, using equilibrium
adsorption isotherms to account for adsorption during miscible displace-
ment in soil often results in the predicted curves diverging from the
experimental data (Selim et al., 1974; Mansell et al., 1977). The
equilibrium adsorption isotherm can only give the upper bound of the
amount of adsorption of reactive solute in soil (Davidson and McDougal,
1973; van Genuchten et al., 1974), and when used with the convective-
dispersive equation is unable to predict correctly the shape of the
breakthrough curves in packed soil columns (Davidson and Chang, 1972;

Mansell et al.,1977).
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For reactive solutes, the interaction between pore water velocity
and adsorption has been studied by Linstrom and Boesma (1971), Selim
et al. (1974), Mansell et al. (1977), and de Camargo et al. (1979).
‘They found more adsorption occurred when pore-water velocity was
decreased. This suggests that the usc of adsorption isotherms obtained
using equilibration times similar to the contact times for phosphorus
in the soil column might be useful in predicting the breakthrough curves.

This idea is investigated in this chapter.

Adsorption isotherm determinations usually aim to measure equilibrium
adsorption, therefore the soil-phosphorus solution suspension is shaken
until the adsorption rate is negligibly small. Little attention has been
paid to the equilibration methods and times adopted in adsorption isotherm
determinations, carried out for use in models of adsorption during miscible
displacement. For example, Mansell etal. (1977) used adsorption isotherms
determined after shaking 1:5 soil to phosphorus solution suspension for
7 days to predict phosphorus movement in short sand columns in which the
displacement occurred in less than an hour. Similarly, de Camargo et al.
(1979) used isotherms obtained from shaking a 1:20 soil to solution
suspension intermittently for 24 hours to predict phosphorus movement in
columns of < 2 and < 1 mm soil aggregate in which the displacement occurred

within about 12 hours.

As stated carlier, the distribution and adsorption of phosphorus
and other reactive solutes are affected by soil pore geometry or soil
structure. The movement of solutes into stagnant pores, or micropores
within soil aggregates and soil structural units, is considered to occur
by molecular diffusion alone, while in the macropores between soil aggre-
gates convection and hydrodynamic dispersion, induced by viscous flow,
are the major transport mechanisms (Passioura, 1971; Skopp and Warrick,
1974; van Genuchten and Wierengua, 1970). The adsorption on soil-
aggregate surfaces, or onto the walls of macropores, would reach
equilibrium faster than on soil surfaces within the aggregates. Therefore,
cven non-equilibrium adsorption isotherms determined using conventional
methods, may be of limited use for describing adsorption during miscible

displacement.
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2.2 OBJECTIVES

The experiments described in this chapter aimed to compare the
adsorption isotherms obtained from the conventional batch method and
from leaching columns. Then to determine the feasibility of using
isotherms obtained at appropriate equilibrium times and concentrations

for predicting phosphorus movement through columns of soil aggregates.

2.3 MATERIALS AND METHODS

2.3.1 Conventional Batch Method Adsorption Isotherms

Phosphorus adsorption isotherms were obtained using a 1:40 soil
to solution ratio. One gram of < 2 mm seived, air-dried soil (Tokomaru
silt loam, A horizon) was shaken gently in an end-over-end shaker with
39 ml of 100 pg/ml chloride as potassium chloride solution (KCl). One
ml of the appropriate concentration of phosphorus solution as potassium
dihydrogen phosphate (KH;PO,) was added to the soil suspension at various
times between 6 and 29 hours after commencing to shake the samples.
This method, proposed by Ryden et al. (1977), kept the shaking time
constant while allowing the time for equilibration to vary from 1 to
24 hours. Pre-shaking was needed because some aggregates were not broken
down before 6 hours shaking. After 30 hours shaking, the soil suspension
was centrifuged, filtered and a phosphorus determination was made on the

clear supernatant using the method of Murphy and Riley (1962).

In addition, phosphorus adsorption by various soil aggregate size
fractions (< 0.2, 0.2-0.5, 0.5-1.0, and <2 mm) was determined at 10 hour
equilibration time in 28.5 nug/ml phosphorus and 100 ug/ml chloride
solution. As the aggregates were broken down during shaking, this
allowed any differences in adsorption of different aggregate sizes,
conceivably due to different clay or organic matter contents, to be

assessed.

In all cases potassium chloride solution was added to obtain the
same total ionic strength as in the leaching method descrjibed below
(Section 2.3.2), and in the soil aggregate columns (Section 2.3.3).

Three replicate determinations were made at each concentration level.
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2.3.2 Continuous-Leaching Method Isotherms

A miscible displacement tcechnique was also used to determine the
phosphorus adsorption isotherm. A small plastic tube 18 mm in inside
diameter and 40 mm long was packed with 5 g of < 2 mm seived, air-dried
soil, and was set-up vertically. The soil in the column was initially
saturated with distilled water. Phosphorus solution was then percolated
upwards through the soil column at 0.5 ml/min. The three concentrations
used were 1, 5, and 10 pg/m! phosphorus as potassiumdihydrogen phosphate.
The effluent was collected at regular time intervals by an automatic
fraction collector. One hundred pg/ml of chloride as potassium chloride
was mixed with the phosphorus solution to act as a marker. The experiment
was continued until the concentration of the effluent was the same as the

influent concentration, within the limits of measurement.

The relative concentration of the cffluent solution (Ce/ci) was
plotted against the volume of the cffluent, and the area between the
chloride and phosphorus breakthrough curves was obtained by integration
using Simpson's rule. This area was considered to represent the amount

of phosphorus adsorption.

2.3.3 Phosphorus and Chloride Movement in Columns of Soil Aggregates

Seived, air dried soil aggregates, 0.5-1 mm in effective diameter,
were uniformly packed into 30 mm inside diameter, 90 mm long perspex
tubing. These soil columns were set-up vertically, with the input
solution entering the lower end, and the effluent solution collected from
the top of the column through the out-flow tube located on the side of the

column (Fig. 2.1).

"Dead space' at the base of the soil column was minimized by using
a single layer of nylon mesh (60 um) instead of a porous plate at the
lower end of the soil column. At the top, the effluent solution was
collected through the small outflow-tube, minimizing ''dead space' there
also. The volume of effluent in the outflow-tube was negligible in

comparison with soil pore volume (less than 0.04%).
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The soil column was saturated slowly from below with a solution
containing 293 pg/ml potassium nitrate (KNO3) and was leached with the
same solution for at least 14 hours to ensure the soil in the column
was completely saturated. Potassium nitrate was used to equalise the
density of the displaced solution and the displacing solutions, so that
there was no gravity scgregation effect during the displacement
(Rose and Passioura, 1971b; Starr and Parlange, 1976). The displacing
solution, containing 20 upg/ml phosphorus as potassium dihydrogen phosphate
and 100 pg/ml chloride as potassium chloride, was applied to the column
after the previous solution in the chamber underneath the nylon mesh had
been flushed out. The flux density (q) of the displacing solution was
maintained by a peristaltic pump at 9 x 10 ® or 4.7 x 10°° m s ',

The higher flux density was approximately half of the saturated hydraulic
conductivity of the aggregates. Duplicate experiments were conducted at
each flux density. Effluent aliquots were taken at appropriate time-
intervals and analysed for chloride and phosphorus concentration. A

chloride selective-ion clectrode was used to measure chloride in the solution.
2.4 RESULTS AND DISCUSSION

2.4.1 Conventional Batch-Method Adsorption Isotherms

Phosphorus adéorption data obtained using the conventional batch
method at 3 and 10 hour equilibrution times are shown in Fig. 2.2.
The adsorption isotherms are non-linear and described fairly well by
the Freundlich equation, equation (1.7). The Freundlich constants
(k and N) for the five equilibration times used are given in Table 2.1.
Also given are the correlation coefficients (r). Phosphorus adsorption
was strongly time-dependent, as can be seen from Fig. 2.3. The curves
in this figure were obtained using a power-curve fitting procedure.
The data indicate a large part of the adsorption occurred during ‘the
first hour, perhaps almost instantaneously. The rate of adsorption

decreased markedly as the equilibration time lengthened.
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forced through the Freundlich isotherms at 7 and 20 ug/ml.
They were used to obtain solution distribution coefficients

(k) for predicting phosphorus movement in the soil columns.
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concentration and the concentration after adsorption,

respectively.



21.

Table 2.1 Freundlich constants for batch method isotherms.

Equilibration Time k N T
(hr) (ml/g)
1 17.3 0.589 0.978
28.0 0.531 0.979
6 28.9 0.568 0.983
10 31.9 0.615 0.996
24 52.8 0.504 0.992

The amount of phosphorus adsorbed by different aggregate size
fractions was checked, and the results are presented in Table 2.2.
The fractions, 0.2-0.5 and 0.5-1 mm adsorbed significantly morec
phosphorus after 10 hour equilibration than the other two fractions
(differences significant at the 95% confidence limit using a t-test).
The soil aggregates were obtained by grinding and seiving the soil
samples, and they must therefore have been bonded strongly enough to
resist the force involved. The aggregate cementing materials usually
observed in soil include clay minerals, colloidal oxides of iron and
manganese and colloidal organic matter (Foth, 1978). These cementing
materials are presented in this soil, as shown in Tables A.1, A.2 and
A.3 in Appendix A, and are known to be strong phosphorus adsorbers
(Hsu, 1964; John, 1972). The fraction < 0.2 mm, which consisted mostly
of single grain particles, adsorbed the least phosphorus, while the
fraction < 2 mm, which consisted mainly of fine material, also adsorbed

less than two aggregate fractions.

Table 2.2 Phosphorus adsorption data for different soil aggregate

size fractions after 10 hr equilibration.

Aggregate SoluFlon phosphorgs.concgn- Adsorbed phosphorus
fraction tration after equilibration
(mm) (ug/ml) (ug/g soil)
<0.2 23.4 206
0.2-0.5 22.2 252
0.5-1.0 22.4 245
<2.0 23.0 222
L
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2.4.2 Continuous-Leaching Method Isotherms

Phosphorus and chloride breakthrough curves for continuous
leaching experiments are shown in Fig. 2.4. Only one replicate is
shown, however amounts of phosphorus adsorption were obtained from
the average of the 4 replicates. The chloride curves indicate the
displacement by the influent solution was completed in less than one
hour. Adsorption of phosphorus occurred rapidly in the first few
hours, then the adsorption ratec became slow after the relative concen-
tration of the effluent reached 0.8. The time required until adsorption
approached equilibrium depended on the influent concentration. It took
7.5 * 1.4 hours or approximately 12 pore volumes when the influent con-
centration contained 10 pg/ml phosphorus, while it took 25 * 10.4

hours or approximately 36 pore volumes when the influent concentration

was 1 pg/ml.

The actual maximum adsorption could not be obtained using this
cxperimental technique, due to the very slow adsorption occurring at
long times, when the relative concentration was near unity. The long
tailing observed was probably influenced by both slow kinetic adsorption-

desorption reactions and slow diffusion into soil aggregates.

As the diffusion ot phosphorus is slow in comparison to the flow
velocity, the effluent concentration measured might not be the same as
the soil solution concentration within the aggregates. In contrast,
using the batch method the solution concentration is uniform, due to the
shaking and breakdown of the soil aggregates. Couchat et al. (1980)
have pointed out that the leaching method for measuring adsorption gives

erroneous results if the reaction of solute and soil is very slow.

The adsorption isotherms found after 6 and 10 hours of leaching
are presented in Fig. 2.5. Also shown for comparison are the results
obtained from the batch method at the same times. The amount of
adsorption obtained from the leaching method was lower than from the
batch method at both times, however the results from the two methods
seem to diverge less at 6 hours than at 10 hours. The differences

between the results obtained by the two methods may be attributed to:-
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a. Soil structure differences  Soil samples in the leaching columns

consisted of some aggregates, in which adsorption rate was limited by
slow diffusion. Soil aggregates in the batch method had been broken

down by shaking the soil suspension, so that adsorption would occur
mostly directly onto the primary particles. The adsorption rate for the
leaching method would depend on both the kinetic adsorption reactions and
the diffusion rate into the soil aggregates, while for the batch method

the adsorption rate would depend only on the kinetic reaction rate.

Diffusion of phosphorus into soil aggregates has been studied by
Gunary (1964) and Evan and Syers (1971), using radiographic methods.
The rate of diffusion observed was very slow, but varied from soil to
soil. Table 2.3 shows calculated times for chloride and phosphorus
diffusion into spherical soil-aggregates with constant concentration at
the surface. Details relating to the calculations are given in Appendix
B. It takes only 3 minutes for the average chloride concentration inside
the largest aggregates (2 mm) to rcach 80% of the concentration at infinite
time, while it takes as long as 7 hours for phosphorus at 10 pg/ml surface
solution concentration. The solution distribution coefficients (k)
obtained from the linear Freundlich isotherms were used in these

calculations.

Table 2.3 Calculated times for chloride and phosphorus to diffuse into
spherical soil aggregates, assuming a linear adsorption

isotherm for phosphorus (see Appendix B for details).

Time for 80% replacement of
so0il solution (min)
Aggregate diameter (mm)
0.5 0.75 1.0 2.0
Chloride 0.2 0.5 0.8 3.2
Phosphorus
Concentration k
(ng/ml) (ml/g)
1.0 36.0 69 137 274 , 1096
5.0 17.6 34 67 134 536
7.0 15.4 30 60 120 479
10.0 13.2 25 50 100 420
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b. Phosphorus addition methods Phosphorus was applied gradually

to the soil at a constant rate in the leaching method, while in the batch
method, as adsorption occurred phosphorus was removed from solution and
not replaced. Thus in the leaching method, the solution concentration
increased while adsorption was taking place, but the concentration
decreased in the batch method (see Fig. 2.3). As phosphorus adsorption
and desorption are hysteretic, this would lead to more adsorption relative
to the final solution concentration in the batch method. Also Barrow

and Shaw (1975) found that adsorption of phosphorus was slightly less

when small portions of phosphorus were repeatedly added to soil than

when the total amount was added at once. This was attributed to blocking

of some of the adsorption sites by the previous additions.

2.4.3 Phosphorus and Chloride Movement in Columns of Soil Aggregates

Breakthrough data for phosphorus and chloride through columns of
0.5-1 mm soil aggregates are shown in Figs 2.6 and 2.7 for 9.2 x 1078
and 4.7 x 10°°> m s ! flux density respectively. The physical data for
each column are given in Table 2.4. Chloride breakthrough appeared earlier
than expected at the lower flux density, with Ce/ci reaching 0.5 after
approximately 0.8 pore volumes. Early solute breakthrough has been
variously attributed to anion cxclusion from the negatively charged clay
surfaces (Biggar and Nielsen, 1967; Krupp et al., 1972; Thomas and Swoboda,
1970), incomplete mixing in the stagnant pores (Biggar and Nielsen, 1962),
and preferential flow between the soil aggregates (Biggar and Nielsen,
1962; van Genuchten and Wierenga, 1977; Green et al., 1972). If anion
exclusion had occurred, the area under the breakthrough curves would be
less than one pore volume. The arca under the breakthrough curves was
obtained by integration using Simpson's rule. In fact, the areas obtained
for the lower flux density experiment (Core 1 and Core 2) were 0.98 and
0.92, suggesting anion exclusion was not a significant factor. .Also if
it was important, it would be expected to affect the results at both

flux densities.
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When the flux density was increased approximately 5 times, the
resulting breakthrough curves of chloride shifted to the right and
hecame somewhat flatter, with the effluent concentration reaching
(IC/Ci = 0.5 at 0.95 pore volumes (IFig. 2.73). The areas under the
curves for the faster flux density cxperiment were 1.03 and 1.05 pore
volumes (Core 3 and Core 4, respectively). The slight deviations from
onc pore volume in the area measured at both flux densities were probably

due to experimental crror.

Phosphorus appeared in the effluent much later than chloride. It
appecared after 5 pore volumes, or 9 hours after application to the
soil columns at the lower flux density, and after 2 pore volumes or
0.7 hours in the higher flux density columns. The concentration in the
cttluent also rose reclatively more quickly from the higher flux density
columns, Ce/ci reaching 0.5 after 8.5 pore volumes, compared to 11 pore
volumes for the lower flux density columns. The differences in position
and shape of phosphorus breakthrough curves at the different flux
densities indicate more adsorption occurred when residence time increased.
This behaviour is 1n agreement with previous studies reported by Selim
et al., (1974) and de Camargo et al. (1979) for phosphorus movement in

soil columns.

The slope of the phosphorus breakthrough curves decrecased markedly
after Ce/Ci reached 0.75. The tailing of the breakthrough curves was
probably influenced by an interaction between slow kinetic adsorption
and diftusion in the complex soil pore geometry in the aggregate soil
columns (Davidson and McDougal, 1971; Skopp and Warrick, 1974;

van Genuchten and Wierenga, 1976).

2.4.4 Modelling of Phosphorus Movement in Soil Columns

No attempt was made to simulate in detail the experimental break-
through data; only a simple, approximate model was used. The movement
of phosphorus through the soil aggregate column was described using
equation (1.9), for which an analytical solution is available (see
Chapter 1). Use of this equation meant phosphorus adsorption was

assumed to follow a linear Freundlich isotherm.
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4 Physical data for column experiments using 0.5-1 mm

aggregates .
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. E Time for
v P Column gl Lne nomd
; Experiment -5 -3 . |lenpth| 6 (10 8 P vV /V
| (10_ (kg m 7) 2 5—1) volume ¢ o
o 1); (mm) (hr)
Column 1 1.35 871 88 0.681 4.58 1.81 0.80 | 32.5
Column 2 i 1.34 855 90 0.685 3.72 1.86 0.86 |37.8
Column 3 6.86 877 . 88 0.687 23.3 0.36 0.95 |27.3
, i
Column 4 6.61 860 ! 90 0.713 29.5 0.38 0.95 |21.2
|
B = Brenner number
% = the fluid average velocity given by the flux density (q)
divided by the water filled porosity (0)
“Cl = dispersion coefficient for chloride
Ve = volume of the effluent when relative concentration is 0.5,
(L)
V, = pore volume (L)
Ph = bulk density (M L™ %)
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As phosphorus adsorption is very dependent on time and the initial
solution concentraticn, the linear solution distribution coefficients
(k) used in the model were obtained from the batch method adsorption
isotherms so that the equilibration times and solution concentrations
were similar to the contact times and effluent concentrations in the
soil columns. Two solution concentrations were used to calculated k
values. One was the influent concentration (20 pg/ml), and the other
(7 pg/ml) was approximately half the final concentration of phosphorus
in the effluent. Equilibration times were estimated as half the time
required for Ce/Ci to reach 0.5 in the soil columns. Thus k values for
the slow flux density column (Column 1 and 2) were obtained from the
adsorption isotherm at 10 hours, while for the fast flux density columns
(Column 3 and 4) 3 hour isotherm data were used. For comparison, isotherm
data after 6 hours cquilibration time, with 20 pg/ml solution concentration,
(R = 10.1) were also used in the model. The corresponding retardation

factors (R) are given in Table 2.5.

Table 2.5 Retardation factor values (R) at 7 (R7) and 20 (RZO)
pg/ml solution concentration, obtained from batch method

isotherms, for use in modelling movement through soil

columns.

Egperimcnt Equilibration time R7 R20

simulated (hr)

Column 1 10 19.7 12.5
6 10.1

Column 2 10 19.1 12.2
6 9.9

Column 3 3 14.1 8.3
6 10.1

Column 4 3 13.3 7.9
6 9.5
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The experimental chloride breakthrough data were used to determine
dispersion coefficients (ECI)’ using equation (1.1) and the method
of analysis proposed by Rose and Passioura (1971a). An adjustment was
made to account for Ce/ci reaching 0.5 before one pore volume. This
was accomplished by replacing the pore volume (Vo) by an effective pore
volume (Ve) in the calculations. The parameter Ve is the volume of the
effluent corresponding to a relative concentration of 0.5. This method
of adjustment was suggested by Rose and Passioura (1971a) and has been
used by Cassel et al. (1975), Cagauan et al. (1962), and Selim et al.
(1974). The resulting Brenner numbers (B = vd/E) and E values are given
in Table 2.4. The predicted curves for chloride agree well with the

experimental data, as shown in Figs. 2.6a and 2.7a.

The shape of the predicted phosphorus breakthrough curves does not
agree so well with the experimental data, as might be expected (Figs.
2.6b and 2.7b). 1In all of the predicted curves, phosphorus appears in
the effluent later than was found experihentally, and then the predicted

concentration rises more steeply than the experimental data.

In Fig. 2.6b, the curve using k at 6 hour equilibration time and
20 pug/ml solution concentration isotherm (R = 10.1) gives the best
approximation of the experimental breakthrough data, while the curve
using k at 10 hour and 7 pg/ml concentration (R = 19.7) appears much
later. However, k at 10 hour and 20 pg/ml concentration (R = 12.5)
is also reasonably close to the experimental data. For the fast flux
density columns, k at 3 hour and 20 pg/ml (R = 8.3) gives the best
prediction (Fig. 2.7b). The results indicate the importance of equili-
bration time when adsorption isotherms are used for predicting the

movement of reactive solutes in soil.

A problem arises if the simple model used here is to be used
predictively. The phosphorus adsorption parameters were obtained
independently of the miscible displacement experiment (differing
from most other work in this regard), but the appropriate equilibration
times for these parameters were inferred from the phosphorus break-
through data. However, equilibration times can also be estimated,

without amry breakthrough information, using a simple iterative procedure.
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Knowing the mass of soil in the column and the rate at which
phosphorus will be added, and using initially say the 24 hour adsorp-
tion value at the solution concentration to be applied (in this case
243 ug P/g soil), the time needed for enough phosphorus to enter the
column to satisfy the adsorption demand and replace the soil solution
is calculated. Half of this time is then used as an estimate of the
average time phcsphorus will have to equilibrate in the column during
miscible displacement. This equilibration time is used to find a new
adsorption value from the batch method data, and the whole calculation
is repeated. After 3 iterations, the equilibration time estimates for
the column experiment were found as 13 and 1.5 hours for the low and
high flux density columns respectively. These times result in R values
(for 20 pg/ml solution concentration) of 13 and 7. These values are
very similar to the values inferred from the breakthrough data of 12
and 8 (Table 2.5) and would result in similar predicted breakthrough

curves to the ones in Figs. 2.6band 2.7b.
2.5 GENERAL DISCUSSION

The results show the usefulness of using linear adsorption
isotherms, obtained atappropriate equilibration times, for predicting
when phosphorus will appear in the effluent from soil columns. The

calculations involved can be done simply using a pocket calculator.

The same approach could be used to describe phosphorus movement
under field conditions, when the flow through the soil is uniform
enough for conventional convective-dispersive theory to apply and for
a dispersion coefficient to be found. However, as will be shown in
the following chapters, if preferential flow is dominant, convective-
dispersive theory is of no use, and in fact adsorption has little effect
on phosphorus movement. The various conditions determining whether
flow tends to bc uniform or preferential are discussed later in the

thesis.
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2.6 CONCLUSIONS

1. More phosphorus adsorption occurred using the conventional
"batch'" method than the leaching column method at comparable equili-

bration times, particularly at longer equilibration times,

2P Chloride breakthrough curves, used as an indicator of
water movement in both leaching columns and soil aggregate columns,
indicated the displacement in the soil columns occurred relatively
uniform. The curves for the soil aggregate columns were described

well by the convective-dispersive equation.

3. Phosphorus breakthrough curves were asymmetrical with ''tailing".
The shape of the breakthrough curves could not be described adequately
using convective-dispersive theory with a simple linear-adsorption
isotherm. However, this theory, using distribution coefficients (k)
determined independently at appropriate solution concentrations
and equilibration times, predicted fairly well the position of the
breakthrough curves, and so the time delay between phosphorus and

chloride breakthrough.

4. Phosphorus adsorption, and the resulting shape of the break-
through curves, were influenced by the contact time of phosphorus in
the soil columns. Increasing flux density decreased the amount of

phosphorus adsorption.

5). Tailing of phosphorus breakthrough curves was probably due
to slow diffusion of phosphorus into the aggregates, coupled with

kinetic sorption reactions.



CHAPTER 3

ANION MOVEMENT THROUGH ARTIFICIAL SOIL CHANNELS AND PLANAR
CRACKS
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3.1 INTRODUCTION

Several workers have suggested that water and solute movement in
natural soils often occurs preferentially through large soil pores
such as worm channels (Williams and Allman, 1969; Ehlers, 1973;

Bouma et al., 1977a), fissures or planar cracks (Ritchie et al.,
1972; Blake et al., 1973), worm channels and cracks (Wild, 1972;
Bouma and Dekker, 1978; Omoti and Wild, 1979), and root channels
(Wwild, 1972; Williams and Allman, 1969). Such preferential flow has
been usually thought to occur in relatively large channels. Williams
and Allman (1969) refer to channels 2-10 mm in diameter while Bouma
and Dekker (1978) and Omoti and Wild (1979) suggest cracks greater
than 2 mm wide are resposible. Such large pores would only be
effective in conducting water when the soil is effectively saturated.
Jongerious (1957) and Brewer (1964) indicated that worm channels

are only effective in saturated soil. However, most cracks are closed

by swelling once the soil is saturated.

Flow in the smaller pores becomes significant in the absence of
large pores, or when the large pores are empty. Omoti and Wild (1979)
observed planar cracks about 0.05-0.1 mm wide conducting water in a
weakly structured loamy sand in which no cracks were apparent to the
unaided eye. Bouma et al. (1977b), using dye tracer and morphometric
techniques, observed cores of medium, subangular blocky, structured
soils. The conducting pores observed included mostly channels and
vughsl 0.1-1 mm in diameter, 0.1-1 mm wide cracks, and a few pores

greater than 1 mm in diameter.

Anderson and Bouma (1977a), using chloride as a tracer, fouﬁd
preferential flow in saturated soil cores similar in structure to
those studied by Bouma et al. (1977b). In a subsequent paper, Anderson
and Bouma (1977b) used a thin crust at the soil surface to obtain a
matric potential of -250 mm under the crust and unsaturated flow in the
top part of the cores. Presumably free water flowed out the base of
the cores, the chloride breakthrough curves from these cores showed

much less evidence of preferential flow than the saturated cores.

! relatively large voids, usually irregular and not normally interconnected
with other voids of comparable size (Brewer, 1964).
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At a matric potential of -250 mm, cyclindrical pores greatef than

0.12 mm in diameter and cracks greater than 0.06 mm wide would be
air-filled. Thus their work indicated that such pores larger than
this were responsible for most of the preferential flow. However,
chloride still appeared in the effluent somewhat earlier than expected
even under partially unsaturated conditions, probably due partly to
saturated flow near the bottom of the cores and possibly also anion

exclusion.

Comparable differences between saturated and unsaturated break-
through curves were also obtained by Elrick and French (1966) and
Kissel et al. (1973) in natural undisturbed soil cores, and by Bouma
and Anderson (1977) in artificial soil columns containing vertical
channels 5 mm in diameter. However, the porous plates or crusts,
which were used in all the unsaturated flow experiments, would reduce
the effects of any preferential solute movement through the soil.
Thus the breakthrough curves obtained, for example by Anderson and .
Bouma (1977b), would be influenced to some extent by the hydrodynamic

dispersion in the crust on the top of the cores.

While many works have attributed the early appearance of applied
solutes in the effluent to preferential flow through larger soil pores,
no experimental work indicating the minimum size of pore allowing
preferential flow appears to have been done. A theoretical model
developed by Scotter (1978), using a simplified pore geometry, suggests
that vertical channels 0.3mm in diameter and cracks 0.1 mm wide are
the minimum size of conducting pores for both reactive and non-reactive
solute movement to occur preferentially. Unfortunately, due to the
regular shape of channel and crack assumed in the theory and the
irregular pore shape in real soil, the results of the model predictions

cannot be quantitatively compared with experiments using natural soil.
3.2 OBJECTIVE

The experiments described in this chapter aimed to observe the
movement of sorbed and non-sorbed anions through soil columns containing

artificial vertical channels and planar cracks of regular’ shape.
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3.3 MATERIALS AND METHODS

The soil was taken from the Ah2 horizon (approximately 150 mm
depth) of Tokomaru silt loam (Appendix A). Soil samples were air-dried
and passed through a 2 mm sieve. Soil cylinders containing anartificial
channel, approximately 47 mm in diameter and 50 mm long, were made by
casting a soil slurry around a length of nylon line 0.3 mm in diameter.
The soil slurry was made by mixing air-dried soil with 330 npg/ml
calcium nitrate solution (Ca(NO3),). After pouring, the casts were
air-dried and then oven-dried at 105C. The presence of calcium ions
and oven-drying, stabilised the soil structure. The cast was then
slowly rewet to a small positive pressure potential and the nylon
line was then removed. The side and most of the bottom of some casts
was coated with paraffin wax. Other casts were coated all over except
for a 5 mm uncoated annulus around the entry and exit of the channel.
Soil casts containing a single planar slit were prepared in a similar
manner using brass shim 0.15 mm thick and 12 mm wide, and the side and

most of the bottom of these casts was also coated with wax.

Each soil cast was saturated slowly from below with a solution
containing 164 pg/ml calcium nitrate, and 100 pg/ml sodium azide
(NaN3) to control microbial growth. It was then leached with the same
solution until the flux was approximately constant. Next the Mariotte
supply was removed, and as soon as free solution had disappeared from
the soil surface, the displacing solution, containing 10 pg/ml phosphorus
as potassium dihydrogen phosphate (KH,PO4,), 350 pg/ml chloride as
potassium chloride (NC1), 115 pg/ml calcium nitrate, and 100 pg/ml
sodium azide, was applied and effluent aliquots taken at suitable time
intervals. The calcium nitrate concentration in the displacing solution
was chosen so that the displaced and displacing solution had the same
density. The analysis method of Murphy and Riley (1962) was used for
phosphorus, and titration with silver nitrate (Bower and Wilcox, 1965)

or a specific ion electrode, for chloride.
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3.4 COMPUTATIONS

Breakthrough curves for chloride and phosphorus were computed
assuming viscous flow of solution down vertical c}lindrical channels
and planar cracks, with simultaneous molecular diffusion of solutes
into the surrounding soil. Details of the theory are given by Scotter
(1978) and are presented in Appendix C (Section C.1) with a typical
CSMP programme (gection C.3) -

The retardation factor (R) for phosphorus was arbitrarily selected
by fitting the calculated curves from the model to the experimental
data for phosphorus movement through packed aggregate columns containing
the same soil materials (Kanchanasut et al.,1978). The channel size
in the aggregate soil columns was estimated from the retentivity curves.

The R values used were 69 for phosphorus and zero for chloride.

As some slight swelling and shrinkage was unavoidable during pre-
paration of the casts, the actual effective diameters of the channels
and widths of the slits were calculated from the flow rates, using

equations (1) and (6) in Appendix C.1, respectively.
3.5 RESULTS AND DISCUSSION

Physical data for the soil casts are given in Table 3.1. The break-
through data for chloride and phosphorus in the soil casts containing
channels arec shown in Fig. 3.1. Blocking the channels at the conclusion
of the experiment typically reduced the flow to 1% of its previous value,
indicating nearly all of the flow was through the channel rather than
uniformly through the soil. The movement of a rhodamine B dye-water
mixture subsequently applied to the casts also supported this conclusion,
with only the channel wall or planar crack wall, and less than 1 mm
thickness of the surrounding soil matrix being affected by dye, as

shown in Fig. 3.2.
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Movement of Rhodamine B dye solution in the soil casts
containing artificial (a) vertical channel, and

(b) planar crack.
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Table 3.1 Physical data for soil casts containing a channel or crack.
K Time for Pressure
=15 one pore k potential
(10 =0 .
£ s h volume |(ml g °) Ito drain
T (min.) \ (mm)
|
Channel 1 0. 35 16. " - 63
|
1T 1. 22 17. - 55
11 1. 23 15. - 58
Crack Iv 3. 10 20. - 86
\ 2. 11 24. - 92
Pb = bulk density
K = hydraulic conductivity
k = adsorption distribution coefficient of phosphorus
0 = volumetric water content.

Fig. 3.1b shows the breakthrough data for chloride and phosphorus

in the soil cast completely wax-coated, except for just around the

channel. The exit concentrations of both chloride and phosphorus rose

steeply with relative concentration (Ce/Ci) reaching unity in less than

2 minutes.

using the simple theory in Appendix C.1.

This was in good agreement with breakthrough curves computed

In Fig. 3.1a are shown the data for two casts with slightly

different channel sizes and without wax coating on the surface. The

chloride concentration did not rise as rapidly as in Fig. 3.1b, although

the relative concentration of both casts still reached 0.5 in less than

a minute, after only a small fraction of a pore volume had percolated,
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indicating preferential movement down the channel. However, as nearly
all the flow was down a single channel, reference to the number of pore
volumes has little significance. The phosphorus concentration also rose
rapidly, indicating preferential movement, and in 10 min. reached a
relative concentration of approximately 0.84. A correction discussed

in Appendix C was included in the computer programme to account for
diffusion across the surface from the ponded solution as well as radial
diffusion out of the channel. The difference between Figs.3.la and b

shows the effect of diffusion across the surface of the casts.

Breakthrough data for chloride and phosphorus in the duplicate
casts containing planar cracks are shown in Fig. 3.3. The computed
theoretical curves take approximate account of diffusion across the
surface of the casts, in the manner already referred to. Again,
pronounced preferential movement of chloride and phosphorus occurred

and the theoretical and experimental data are in reasonable agreement.

The breakthrough data for the duplicate casts with slightly
different sized channels or cracks indicate the sensitivity of flow
to the size of conducting pore. Scotter (1978) has shown the predicted
breakthrough curves for different channel and crack sizes in Figs. 2,3,
and 4 in Appendix C. The shape of the curve is strongly dependent on

pore size.

The value of R used gave phosphorus breakthrough curves in
reasonable agreement with the experimental data. The values of the
adsorggion distribution coefficient (k) for each cast were calculated
(R = 5 k, sce Section 1.2.3), in order to compare them with the values
obtained from the adsorption isotherm experiments described in Chapter 2.
The k values obtained are given in Table 3.1. They are all somewhat
higher than the measured isotherm v~lues at 6 and 10 hour equilibration
times, which were 10.7 and 13.2 ml g~ ! at 10 ug/ml phosphorus concentration,
respectively (Fig. 2.5). k values smaller than the measured isotherm
values might be expected, due to the time dependence of phosphorus
adsorption, and the phosphorus movement through the channels and cracks
occurring within a few minutes after application. However, soils in

the casts had been mixed with calcium ions during preparation of the
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casts, which would increase the adsorption capacity for phosphorus

(John, 1972). The relatively small difference between the chloride
and phosphorus breakthrough curves when preferential flow occurs
(Figs.3.1 and 3.3) indicates however that the actual k values chosen

are of little importance.

The results of this experiment support the theory proposed by
Scotter (1978). It was found that solute adsorption has little
effect on preferential flow through channels at least 0.47 mm in

diameter and cracks at least 0.17 mm wide.

While the movement through channels or cracks closer to the
critical size could not be studied, it 1is reasonable to assume that
the theory will still be valid for such flows. Table 3.1, and Tables
1 and 2 in Appendix C.1, show the pressure potentials needed to drain
channels and cracks of a range of sizes. The pressurec potential
needed to drain the critical sized pores is -200 mm, thus preferential
flow would only be expected to occur in soil close to or at saturation,

and not in soil at 'field capacity" or drier.

Channels larger than 0.2 mm in diameter and cracks wider than
0.1 mm are probably quite common in natural soil, as many roots,
planar cracks or fissures, and soil organisms are of these magnitudes
or larger. If such soil pores are water-filled, and continuous Or
interconnecting with other large pores, preferential flow would be

expected.

3.6 CONCLUSIONS

1. Chloride and phosphorus moved almost instantaneously through
cast soil columns approximately 50 mm long containing a single channel
about 0.5 mm in diameter, or crack about 0.17 mm by 12 mm. The
effluent concentration of both anions reached 50% of the influent
concentration less than a minute after their application to the
surface. Dye patterns confirmed that almost all of the solution moved

through these pores rather than uniformly through the soil.
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2. Experimental breakthrough data for both chloride and phosphorus
are in general agreement with model predictions, assuming all the
viscous flow is down the channel or crack, while molecular diffusion
transports solute into the soil around the channel or crack. The
model implies that preferential flow will occur only if vertical,
continuous, water-filled channels at least 0.2 mm in diameter and/or

cracks 0.1 mm wide are present in soil.



CHAPTER 4

ANION MOVEMENT IN SOIL CORES
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4.1 INTRODUCTION

Miscible displacement experiments carried out in the laboratory
usually involve using soil columns of disturbed and repacked soils
(e.g. Davidson and Chang, 1972; Thomas and Swoboda, 1970; van Genuchten
et al. 1974). The pore geometry in such repacked soil columns 1is
very different to soil under field conditions, and the extrapolation
of the results obtained to ficld situations may lead to large errors.
Differences in solute movement in packed soil columns and relatively
undisturbed soil cores have been shown by Elrick and French (1966),
Kissel et al. (1973), McMahon and Thomas (1974) and Cassel et al.
(1974). The breakthrough curves for chloride obtained from the undis-
turbed soil cores showed chloride appearing earlier, and the relative
concentration in the effluent rising more rapidly than in the repacked
columns, for which the classical '"S-shaped'" breakthrough curves were

found.

The rapid movement of solutes through undisturbed soil cores has
been attributed to the viscous flow occurring predominantly through only
a few relatively large continuous pores. This has been confirmed using
dye-tracing techniques by Ritchie et al. (1972), Omoti and Wild (1979)

and Anderson and Bouma (1973).

Information on soil pore geometry and connecting patterns within
a soil can be inferred from the breakthrough curves. Anderson and
Bouma (1977a} found different breakthrough curve shapes for soil cores
with blocky structure and those with prismatic structure. The rapid
movement of chloride through the block-structured soil indicated more
continuity of the conducting pores than in the prismatic structured
soil. However, distinct differences between similar structured soils
and replicate cores were observed by Anderson and Bouma (1977a) -and
Bouma and Wosten (1979), and even between replicates with similar
volumetric water contents and hydraulic conductivities by Elrick
and French (1966). The differences were attributed to soil hetero-
geneity caused by cracks, root channels, worm channels and

disturbances caused by agricultural practices.
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To minimize the effects of soil heterogeneity, Ritchie et al. (1972)
suggested the use of large cylindrical soil cores with the diameter
larger than the length, in order to reduce the effects of discontinuities
in conducting pores caused by the core walls. Althoughonlysmall differences
in hydraulic conductivity were observed in cores of different lengths,break-
through curves for chloride shown by Kissel et al. (1975) were signifi-
cantly different. More pronounced preferential flow occurred through

the shorter core (64 mm long) than the longer core (600 mm long).

Observed breakthrough curves for unsaturated solute flow through
undisturbed soil cores have been less variable than for saturated cores.
When soil is unsaturated large conducting pores d;é drained, and the
movement of water and solutes is through the smaller pores, with a
narrower size range. The movement is thus slower and more uniform.

At a soil pressure potential of about -300 mm (-30 mbar), Elrick and
French (1966) found chloride movement occurred relatively uniformly

and results for replicate cores were in close agreement, in contrast to

the saturated flow data referred to above.

Using the same soil cores as in the previously described saturated
flow experiments (Anderson and Bouma, 1977a), Anderson and Bouma (1977b)
observed the movement of chloride became less preferential when
unsaturated flow was induced by a surface gypsum crust 5 mm thick.

The corresponding pressure potentials were about -250 and -350 mm for
blocky and prismatic structured soil respectively. At these pressure
potentials, channels at least 0.12 mm in diameter and cracks at least
0.06 mm wide would be drained. These sizes are slightly less than the
critical sizes for preferential flow proposed by Scotter (1978).
However, the resulting breakthrough curves still indicated significant
preferential flow, probably due partly to the experimental method used,
as discussed in Section 3.1. Using amuchhigher pressure potential of
-50 mm (at which channels greater than 0.5 mm in diameter would be
drained), Bouma and Wosten (1979) still observed a significant shift
to the right of the chloride breakthrough curves for saturated undis-

turbed cores,
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Conducting pores in the undisturbed Tokomaru silt loam soil have
been investigated using dye tracing techniques. Corker (1977) and
McAulifte (1978) applied dye solution to saturated soil cores after
hydraulic conductivity measurements and observed worm channels, plant
roots, and cracks were the major pathways for water movement. The
hydraulic conductivity of these soil was greatly influenced by worm
activities. McAuliffe (1978) observed changes in flow paths and

hydraulic conductivity with time due to worm activity.

4.2 OBJECTIVES

The work described in this chapter aimed to study the saturated
and unsaturated movement ot anions through relatively large undisturbed
s01l cores. The etffect of anion sorption on preferential flow under
saturated conditions was investigated. Unsaturated flow was investigated
to test whether the critical sizes of cylindrical channels and cracks
for preferential flow proposcd by Scetter (1978) were valid in natural
soil cores. Improved techniques for unsaturated miscible displacement
were aimed for,providing a uniform matric potential throughout a fairly
large core, and avoiding the effects of porous plates at either end of

the core.
4,35 MATERIALS AND METHODS

4.3.1 Lxperimental Sct-up

Miscible displacement of anions was 1nvestigated using "undisturbed"
soil cores under both saturated and unsaturated flow conditions. The
equipment used 1s 1llustrated in Fig. 4.1. It was operated so that there
was a steady state flux within the soil and the gravitational potential
was the major driving force. Such conditions imply an hydraulic gradient
close to unity and a near constant pressure potential throughout the

soil during steady flow.

Cylindrical cores were obtained during winter 1979 from the top
150 mm of Tokomaru silt loam (Horizon A) in thenon-tile drained area
growing pasture in Dairy Farm No.4, Massey University, Pdlmerston North.
The arec is adjacent to the other experimental sites described in

Sections 5.3 and 6.3. Cylindrical aluminium corers, 143 mm in inside
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diameter and 170 mm long with a bevelled cutting edge, were forced into
the soil to the desired depth. "The wall thickness of the cores was 2.5 mm,
giving an area ratio' of 0.07, and the corer could then be defined as a
thin wall sampler (area ratio less than 0.2, Loveday, 1974). Soil water
content when the cores were taken was approximately at field capacity.

To minimise disturbance of soil structure, excavation of the soil cores
was carefully made by removing the soil around each core to slightly
deeper than the soil core depth and then breaking off the soil core.

The excess soil was removed from the base of the core by gently chipping
off the aggregates along the natural fracture planes when the soil was

partly dry, to prevent smearing and so sealing off water conducting pores.

A fine nylon mesh with an effective pore diameter of 60 um was used

to seal the bottom of the cores. It was found more satisfactory than a
porous plate, as it had a higher permeability and a considerably smaller
pore volume. The pore volume of a fritted-glass plate of porosity 3

and 4.6 mm thick was found to be 0.14 ml/cm? which would be approximately
% of the pore volume of the soil core used in this experiment. The
use of such a plate would tend to mask the actual solute breakthrough
from the soil core, especially if preferential flow occurs. The nylon
mesh was placed across the column base and sealed to the edge of the
core using silicone rubber sealant. Tensiometers with water manometers
were installed and sealed into the soil core, 25 mm from both ends.
Fritted glass filter sticks, 10 mm in diameter, were employed as the

tensiometer sensors.

4.3.2 Saturated Flow Experiment

Soil columns were initially saturated with a solution containing
109 ug/ml potassium nitrate (KNO3) and 100 pg/ml sodium azide, and then
leached with the same solution which was supplied by a peristaltic pump.
A head of approximately 10 mm was maintained on the soil surface. When
the flux was constant and the hydraulic gradient was approximately unity
as indicated by the tensiometers, the influent solution containing
100 ug/ml chloride as potassium chloride, 20 ug/ml phosphorus as potassium
dihydrogen phosphate and 100 ug/ml sodium azide was applied to the soil

as soon as the previous solution had disappeared from the- soil surface.

1 area of annulus of displaced soil

area ratio v =——eeeeeeo — ——
areaz of the sample at the tutting edge
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The effluent solution was collected at appropriate time intervals
using an automatic fraction collector until approximately 2 pore
volumes of the effluent were obtained. The effluent aliquots were
analysed for chloride and phosphorus using a specific ion electrode

and the Murphy and Riley method (1962), respectively.

Methylene blue dye solution (0.1% by weight aqueous solution) was
subsequently applied to the soil core and leached for approximately
2 pore volumes. The saturated soil cores were then weighed to allow

the pore volume to be determined later.

4.3.3 Unsaturated Flow Experiment

Desaturation of the soil core was then achieved by applying a
positive air pressure to the closed chamber above the soil surface
and reducing the inflow rate. The air pressure was maintained at
0.02 bar (200 = 10 mm of water) and the corresponding pressure potentials
inside the soil cores as indicated by the tensiometers were - 200 & 10
mm of water at both ends. When a new steady state had been reached,
the influent solution was changed to a solution containing 500 pg/ml
of bromide as potassium bromide (KBr), 100 pg/ml sodium azide and 1%
by weight rhodamine B dye. This solution was introduced into the soil
cores through a manifold with 5 small outlets which allowed it to be
fairly uniformly distributed over the soil surface. Effluent aliquots
were collected and analysed for bromide until 2 pore volumes were

obtained. No rhodamine B dye was visible in any of the aliquots.

At the conclusion of the experiment, the unsaturated soil cores
were weighed and then oven-dried to constant mass at 105C. The
saturated and unsaturated liquid-filled pore volumes were determined

gravimetrically from the wet and dry mass and the density of water.

4.4 RESULTS AND DISCUSSION

4.4.1 §aturated Flow BExperiment

Physical data for the duplicate soil cores are given'in Table 4.1.
Breakthrough curves for chloride and phosphorus obtained from the

saturated soil cores are presented in Fig. 4.2. Both chloride and



Physical data for saturated and unsaturated flow.

Table 4.1
Saturated Flow

K Time for

(10«5 o one pore

m s_l) volume
(hr)
Core 1 2.44 0.562 0.90
Core 11 1.67 0.558 1.3

Unsaturated Flow
: - |

| Ko T;me for E_ 1
G TR T B Rl R IS T I
- s7h volume n? shl)
i {hr)
L —
| 1.03 | 0.535 | 215 1.80

|
! 1.56 | 0.531 | 137 0.58
" |

-
|

D
i

hydraulic conductivity
volumetric water content

dispersion coefficient
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phosphorus appeared in the effluent almost immediately after application
to the soil surface of both cores, indicating very pronounced
preferential movement of solutes occurring during the displacement
process. The breakthrough curves obtained are similar to

the ones obtained from small '"undisturbed" soil cores (54 mm

in diameter and 60 mm long) containing a worm channel by
Kanchanasut et al. (1978) and from the artificial soil cores
containing a channel or slit described in Chapter 3 (section 3.5)
using the same soil. In Fig. 4.2, breakthrough curves for the
duplicate cores are slightly different; Ce/ci of chloride and phos-
phorus was 0.6 and 0.42 at 0.1 pore volume respectively for core I

5 1

with an hydraulic conductivity of 2.44 x 10 > m s ', while the

corresponding values were 0.4 and 0.14 for core II with the slightly
slower hydraulic conductivity of 1.67 x 107> ms . The relatively

large size soil cores used in this experiment provided a relatively
narrow range of measured hydraulic conductivity values. The mean and standard
error for 5 cores was (2.42 F 0.5) x 107° m s ', For smaller, wax

coated cores 76 mm in diameter and length collected at the same site,

Corker (1977) found lower, but more variable conductivity values.

5 1

His values were (1.5 1 1.14) x 100> m s * for 10 core samples obtained
from 0-75 mm depth and (9.44 ¥ 3.3) x 100 m s™ ! for5 core samples

obtained from 100-175 mm depth.

The differences in the measured hydraulic conductivity values
could be due to differences in field water status and soill organism
actlivities when core samples were taken, rather than the different
core volumes. Also in small soil cores, compression during sampling

is more likely.

Methylene blue dye, which was employed to show the dominant flow
paths, revealed that the movement of solutes predominantly occurred in
the large pores consisting of worm channels, decayed root channels, the
space between roots and the soil matrix, and fracture planes. Cross-
sections of one of the soil cores are shown in Fig. 4.3. Blue-stained
worm channels are obvious, particularly near the soil surface. Blue-
stained fracture planes, roots and worm channels were observed in
vertical sections of the soil core (Fig. 4.4). The evidénce from
Fig. 4.4 indicates that the movement occurred in large interconnected
pores of all types. Worm channels did not necessarily have to reach

the surface to be effective in conducting water and solutes, provided
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(a)

20 mm below the
soil surface

(b)

20 mm above the
bottom end of
the soil core

Fig. 4.3 Cross sections 143 mm in diameter of a soil core. The
blue colour indicates the dominant pathways for saturated
flow and the pink colour indicates the dominant pathways
for unsaturated flow at -200 mm pressurc potential.

W = worm channel, R = root channel, C = planar crack.
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(a)

20 mm below
the soil surface

'__29__.4]1““

(b)

20 mm above the
bottom end of
the soil core

20

. {4 mm
| pee————

Fig. 4.4 Vertical sections of a soil core. The blue colour
indicates the dominant pathways of saturated flow and
the pink colour indicates the dominant pathways of
unsaturated flow at -200 mm pressure potential.

W = worm channel, R = root channel, C = planar crack.
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they were connected with other somewhat smaller conducting channels,

planar cracks and/or roots which did reach the surface. The size of

worm channels varied; the largest size observed near the soil surface
was 3mmand near the bottom of the core was 2 mm. Only a few worm

channels near the bottom end of the soil core were blue-stained.

If a single vertical cylindrical channel of 1 mm in diameter went
from the soil surface to the bottom of the soil core, the hydraulic
conductivity due to that channel alone calculated from the llagen-Poiscuille
equation (Appendix D) would have been 10 times greater than the value
measured, so there were obviously no continuous vertical worm channels
through the cores. Some conducting channels were cut off by the core-
wall, causing blue staining on the side of the soil core, but there
was no indication of solution leaking down between the soil and the
corer. Due to the very strong adsorption of methylene blue by soil,
the colour observed only shows the pathways of highly preferential
solute movement. Only those channels large enough for the viscous
flow of solute in them to be grcater than the transient diffusion into
the surrounding soil will be stained to any depth. The pathways of
phosphorus movement, which is also very strongly adsorbed, would be
expected to be similar to methylene blue. The movement of non-adsorbed

ions such as chloride, would be expected to occur through a larger soil

volume than that indicated by methylene blue staining.

4.4.2 Unsaturated Flow Experiment

Breakthrough data for bromide from the unsaturated soil cores at
-200 mm pressure potential are shown in Fig. 4.2, along with the
saturated flow data discussed above. Note that pore volumes were
determined from the liquid-filled pore volumes. The unsaturated
hydraulic conductivities and volumetric water contents for both cores
arc given in Table 4.1. The -200 mm pressure potential in the soil
cores implies that cylindrical channels of minimum diameter 0.15 mm,
and planar cracks of minimum width 0.07 mm, would be air-filled and
so ineffective in conducting water or solutes. The applied bromide
solution would have to move through pores of smaller size. Scotter

(1978), assuming a very idealized soil pore geometry, concluded that

solute movement would not be preferential in soil when the pressure
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potential is less than -200 mm (-0.02 bar). The experimental data
are in fact similar to the classical "S-shaped''breakthrough curves,
often reported in the literature (e.g. Nielsen and Biggar, 1962) and
are quite different to the saturated breakthrough curves for the same
soil cores. However, the bromide appeared in the effluent earlier
than expected from ''classical theory', the relative concentration
rcaching 0.5 after 0.8 and 0.7 porce volume had flowed through the
duplicate cores, rather than after one pore volume. The possible

reasons for this are discussed later.

Rhodamine B dye was used to mark the preferential pathways in
the unsaturated soil cores. Fig. 4.3 shows the pink colour is
concentrated in certain areas of the soil core cross-section, suggesting
some preferential movement. However the breakthrough data indicate
movement of the bromide solution took place over a much wider area
than that showing the pink colour of rhodamine B dye, which is a very
strongly adsorbed substance. The method of solution application on
the natural soil surface, using a manifold of 5 point sources, may
have been a factor inducing the non-uniformity of pink colour near
the soil surface. However, both Fig. 4.3a and Fig. 4.4a show the
pink colour around the blue-walled larger channels, suggesting the
movement of rhodamine B dye occurred to some extent in the same
pathways as methylene blue. Such flow may perhaps be explained by
the effect of short pore constrictions or pore necks near the surface,
which allow some of the larger pores to remain water-filled and so

still able to conduct liquid in the unsaturated soil.

To investigate this possibility, the lagen-Poiseuille equation
was solved for gravity-induced flow of liquid through a vertical
cylindrical channel with a short constriction at the top. For example,

if a constriction 0.15 mm in diameter and 2 mm long is connected. to

8 1

a 3 mm in diameter channel 148 mm long, a flow rate of 9.17 x 10 °m s
will result. This 1s 75 times greater than the flow conducted by a
uniform channel 0.15 mm in diameter, however both channels would
drain at a pressure potential of -200mm, (Details are given in
Appendix D). This type of pore geometry 1is probably one of the
factors allowing some preferential solute movement to occur in

unsaturated soil.
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Other possibilities that might cause unsaturated flow to occur
in the adjacent pathways to saturated flow, are associations of
large and small pores. Plant roots have been observed to grow and
extend preferentially into the places where soil is less compact,
such as in the old worm channels, and planar cracks (Scott-Russell,
1977), thus larger and smaller preferential channels may tend to occur

together.

Anion exclusion might be another possible reason for early break-
through. Bromide exclusion has been observed by Smith and David (1974)
in soil columns with high cation exchange capacity. The soil properties
of Tokomaru silt loam given in Appendix A do not suggest the soil would

cause much anion exclusion howcver.

4.4.3 Computatlons

4.4.3.1 Convective-dispersive model

Unsaturated flow of bromide in the undisturbed soil cores was fitted
to the convective-dispersive equation (1.1) using the method proposed by
Rose and Passioura (1971a). This equation assumes uniform flow occurring
through the soil and that the average pore-water velocity represents
the flow velocity in the porous medium. An adjustment was made to
account for displacement to the left of the breakthrough curves, as

discussed earlier in Section 2.4.4.

The resulting predicted curves shown in Fig. 4.5 are in approximate
agreement with the experimental data. The Brenner numbers obtained from
solving equation (7) given by Rose and Passioura (1971) were 1.6 and 7.4
for core I and II respectively. However, their procedure is strictly
valid only for Brenner numbers ranging from 16-640. The deviation from
a straight line when the relative concentration of the effluent was
plotted against 1n (V/VO) on probability paper was indicated by correla-
tion coefficients of 0.973 and 0.997 for core I and core II respectively.
Such deviations, particularly for core I, may indicate non-uniform flow
occurring in the soil core. Theexperimental results discussed earlier
in Section 4.4.2 suggested some preferential flow and/dr anion

exclusion occurred during displacement through the soil cores.
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The calculated dispersion coefficients for both cores are given
in Table 4.1. These values, however, are somewhat in error, for the

reasons discussed above.

4.4.3.2 Viscous flow with lateral diffusion model

The computation method developed by Scotter (1978) for predicting
the movement of solute through uniform vertical cylindrical channels
was also employed. His theory and the CSMP computer programme used,
are given in detail in Appendix C. The two channel diameters assumed
were 0.15 and 0.1 mm, which would be drained at -200 and -300 mm
pressure potential respectively. Themolecular diffusion coefficient of bromide
in soil was takenas 7.5 x 10_10m25_1(Robinson and Stokes, 1959) assuming
a tortuosity-transmission factor of 0.4 (Scotter, 1978). The number
of channels, and the spacing between them needed to give the measured
unsaturated hydraulic conductivity values, are given in Table 4.2.

A uniform channel spacing is assumed. The computed breakthrough curves

are shown together with the experimental data in Fig. 4.2.

Table 4.2 Channel sizes assumed and the spacing between them.

T
Hydraulic \ Channel . Spacing between Number of
conductivity diameter ! channels channels
ms 1) (mm) (mm) /m?
!
1.56 x 1077 0.1 § 7.0 6465
0.15 15.8 1277
1.03 x 107 0.1 8.6 4271
0.15 19.3 844

The actual geometry of the pores responsible for most of the flow
in the unsaturated soil is of course much more complex than that assumed
in the simple model. Thus close agreement between the measured and the
calculated breakthrough curves cannot be expected. However, the computed
curves do show how sensitive dispersion is to small differences in the
size of the conducting pores in soil with the same hydraulic conductivity.
This makes the differences between the results for the duplicate cores

more understandable.
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For approximately the first pore volume, the computed curves
envelope the experimental curves, but after that the experimental
relative concentration values tend to be higher than the computed ones.
This could be due in part at least to the non-uniform channel diameter
referred to earlier and the random, or even clumped, distribution of
the larger conducting channels in the soil, rather than the regular
shaped channels and uniform distribution assumed in the computations.
The results of a random or clumped distribution would be for certain
scections of the cores to more quickly approach concentration equilibrium
with the percolating solution, causing higher relative concentration
values in the effluent at intermediate times than would be the case

with a uniform spacing.
4.5 GENERAL DISCUSSION

The experimental set-up used in this study allowed saturated
and unsaturated miscible displacement experiments to be conducted on
the same core. Published laboratory studies of unsaturateé miscible
displacement have usually involved placing disturbed soil, or in a
few cases a soil core, between two porous plates. The problems of
contact between the soil and the plates and dispersion within the
plates then arise. Here the use of gravity-induced flow, with no
porous material on top of the core, and nylon mesh at the base,
virtually eliminated these problems. Also the experimental set-up
and the sampling procedure, minimized disturbance of pore continuity
at both ends of the core. The precautions taken would seem to be
necessary if realistic breakthrough data are to be obtained, particularly

if any preferential flow occurs in soil.
4.6 CONCLUSIONS

1. Under saturated conditions, both chloride and phosphorus
moved preferentially through 2.4 litre soil cores from the A horizon

of a Fragiaqualf under permanent pasture.

2. Methylene blue dye, which was used to mark the pathways of
saturated flow, indicated the movement predominantly occurred in the
larger soil pores consisting of worm channels, decayed root channels,

the spaces between roots and the soil matrix, and natural fracture
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planes. Networks of interconncected pores of different types seemed

to provide the flow paths, rather than flow down a single channel.

3. Under unsaturated conditions, when -0.02 bar (-200 mm of water)
pressure potential was maintained within the soil cores during miscible
displacement, bromide movement was more uniform, the breakthrough curves
tending toward the classical '"S-shape'". However, the flow was still

to some extent preferential.

4. The pathways of preferential movement in the unsaturated soil
were visually indicated by rhodamine B dye. The rhodamine B dye staining
around the large blue-walled channels indicated the preferential movement
tended to occur along the same pathways as saturated flow. It is likely
short constrictions near the top of larger channels keeps some channels
from draining, and so they remain as preferential conducting pathways

in unsaturated soil.

5. 'The colour observed from both dyes only shows the preferential
pathways of water and solute movement, due to the strong adsorption of

dye used by the soil.

6. Computed breakthrough curves for soil containing uniformly
spaced, vertical, cylindrical channels 0.1 and 0.15 mm in diameter
enveloped the experimental unsaturated miscible displacement data up
to nearly one pore volume, and showed how sensitive the breakthrough

curves are to small changes in channel size within this size range.



CHAPTER 5

WATER AND ANLTON MOVEMENT TO MOLE DRAINS
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5.1 INTRODUCTION

Mole-tile drainage systems are widely used to remove excess water
from the root zone in New Zealand (Hudson et al., 1962; Bowler, 1980).
In the poorly drained Tokomaru silt loam, where a compact silt loam
fragipan exists below 780 mm depth, mole-tile drains are often installed
in the clay loam B horizon to alleviate waterlogging problems. Mole-
tile drainage systems have often been found to remain effective over a
fairly long period of time. Under favourable conditions, they may
remain operative for 10 to 25 years under pasture (Bowler, 1980). Mole
drainage can greatly enhance the hydraulic conductivity of the B horizon,
as Scotter et al. (1979a) showed. They reported peak drainage flows
equivalent to 25 mm/day water movement to the soil, while in situ saturated
hydraulic conductivity measurements in the B horizon at adjacent undrained

sites ranged from 0.02 to 0.6 mm/day.

Unlike the flow net of drainage water to the drain pipe in a sand
tank or in homogeneous soil, in which the streamlines are regular and
perpendicular to equipotential lines (Kirkham and Powers, 1972), the
flow of water to mole drains is believed to occur mostly along the cracks
caused by the passage of the mole plough (Hudson et al., 1962; Bowler,
1980). Bowler (1980) has described the action of the mole plough in the
soil. When the plough is being pulled through the soil, its movement
is accompanied by heaving, which causes cracking extending to about 0.3 m
each side of the plough and may reach the surface in pasture land.

The cracks created by the plough occur largely along the natural planes
of weakness. In the summer following the pulling, the cracks widen due
to shrinkage, providing gaps for plant roots to penetrate deeper into
the soil profile. Scotter et al. (1979a) observed a lucerne (Medicago
sativa L.) root, and the other fine roots, growing in the mole-drains
and where the slit left by the mole plough had been 18 months earlier

in Tokomaru silt loam. As such roots shrink and decay, the remaining
cavities could provide pathways for rapid water movement into the mole
drains. Scetter et al. (1979a) also refer briefly to dye movement studies
indicating preferential flow through pathways directly above the mole
drains, often involving structural cracks, and worm and root channels.

The disturbance caused by the mole plough appeared to alld@ roots, humus

and worms to better penetrate the B horizon above the mole.
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Mole-tile discharge as a percentage of rainfall 1s greatest when
the soil above the drains 1s at field capacity or wetter prior to a rain-
fall event. However, even if the soil is initially quite dry, the drains
can still sometimes flow. Bowler (1980) pointed out that the accentuated
soil cracking associated with moling and summer drying could cause flow
to occur under a rainfall intensity of 30 mm in 8 hours, while an intensity
of 10 mm in 10-12 hours would cause flow only when the soil above the

moles had rewet to field capacity.

Significant losses of applied fertilizer in the mole-tile drainage
from Tokomaru silt loam soil have been reported by Turner et al. (1976),
Sharpley and Syers (1979a) and Gandar and Gregg (1979). No fixed pattern
of nitrogen and phosphorus leaching was observed by Turner et al. (1976),
but a seasonal trend in the concentration of the drailnage water appeared,
with the highest concentration in the early drainage events, then rapidly
decreasing concentration during successive flow events. The high concen-
trations observed in early drainage events were probably due to the rapid
leaching of nutrients already present in or adjacent to the conducting
channels. However, the results quoted were obtained by intermittent
sampling of the discharge from 0.125 ha plots. Nearby, Sharpley and
Syers (1979a) found mole-tile drains contributed 27% of the stream flow
in a small catchment, and 22% of the dissolved inorganic phosphate in the

stream flow.

Published research related to mole-tile drainage has reported water

z (Macgregor et al.,

and nutrient yields from areas of at least 1000 m
1975; Rennes et al., 1976; Turner et al., 1976; Sharpley and Syers, 1979a;
Gandar and Gregg, 1979). However no one appears to have studied the
behaviour of an individual mole drain,and the soil it is in, on a smaller
scale, or to have looked in detail at the actual flow paths in the soil
from the surface to the mole. To understand the large scale results,

smaller scale investigation is necessary and such an investigation 1is

described in this Chapter.



70.

5.2 OBJECTIVES

The experiment described aimed to study the flow paths in a mole-
tile drained soil profile, and the movement of sorbed and non-sorbed

anions from the soil surface to the drainage system.
5.3 MATERIALS AND METHODS

The field experiment was conducted in the area near to where the
undisturbed soil cores described in Chapter 4 were collected (Section 4.3).
Tokomaru silt loam is classified as an Aeric Fragiaqualf (Soil Survey
Staff, 1975) and as a gleyed yellow-grey earth (New Zealand Soil Bureau
Staff, 1963). The soil profile has been described in detail by Pollok
(1975), and his description 1s given in Appendix A. At the site, the
soil consists of a silt loam A horizon extending to approximately 250 mm,
a clay loam B horizon to 780 mm, then a very compact silt loam fragipan
C horizon extending to 1100 mm and underlain by a somewhat less compact
silt loam (Scotter et al., 1979a). The experimental area was growing
ryegrass-white clover pasture and had been mole-tile drained approximately
6 years prior to the commencement of this study. The mole drains were
pulled at 2 m spacing in the B horizon at approximately 450 mm depth on
a gradient of 1%. The tile drains were installed perpendicular to the

moles at approximately 750 mm depth on a minimum gradient of 0.4%.

The general experimental set-up for this study is illustrated in
Fig. 5.1. An infiltrometer ring, 380 mm in diameter, was installed to
approximately 100 mm depth above a mole line. The influent solution was
ponded in the ring, and the effluent, which percolated through the soil
profile, was collected from the mole in a pit located adjacent to the

infiltrometer ring.

The experiment was carried during late autumn and winter when the
soil was at 'field capacity'. It was conducted in a similar manner to
the laboratory experiment using saturated soil columns. The influent
solution, containing 100 ug/ml chloride as potassium chloride and
40 ug/ml phosphorus as potassium dihydrogen phosphate, was ponded in
the infiltrometer ring at a nearly constant head of 20-25"mm above the

soil surface. The effluent solution was collected manually at 0.5 or
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Ponded water Infiltrometer ring

5.1 Experimental set-up for the miscible displacement

experiment above the mole drain. The infiltrometer
ring was 380 mm in diameter and the mole channel

located at 400 mm depth.



I minute time intervals until approximately one pore volume had passed
through the soil above the mole. To prevent drainage from sources other
than that applied to the infiltrometer ring, the experiment was carried

out on a fine day when no natural mole-tile drainage was occurring. The
soil surrounding infiltrometer ring was wet at the start of the experiment
to minimize lateral flow. Water was then ponded in the ring until the
infiltration rate and the mole drain flow were nearly equal. At this
stage, water movement was assumed to occur within the soil cylinder

below the ring to the mole depth, from which the pore volume was estimated.

The ponded water was then replaced with the chloride and phosphorus solution.

At the end of the experiment, approximately one pore volume of 0.1%
methylene blue dye solution was applied to the soil. The soil was
allowed to drain for 2 days, then the profile was exposed and the dye

movement pathways were observed.
Ho4 RESULTS AND DISCUSSTON

Breakthrough data showing the chloride and phosphorus concentration
in the effluent from the mole channel are presented in Fig. 5.2. Both
chloride and phosphorus appeared in the mole effluent almost immediately
after application to the soil surface, indicating highly pronounced
preferential flow occurred in the saturated soil above the mole. During
Experiment [, which was conducted in late autumn (15 April, 1979), the
steady state infiltration rate was 6.75 x 107 m s™*. The effluent
to influent solution ratio (Ce/Ci) of both anions rose quickly to approx-
imately 0.8 after only 5 minutes or 0.1 pore volumes of the solution
had been applied to the soil, but subsequently continued to rise enly

very slowly.

Both chloride and phosphorus appeared later in absolute time when
the experiment was repeated at an adjacent site at the end of winter
(28 August, 1979) (Experiment [I). The infiltrability observed (6.39
x 10 % m 5“1) was an order of magnitude less than in Experiment I.
Preferential movement of both anions was however still very pronounced.
CO/Ci reached 0.49 for chloride and 0.27 for phosphorus within 62 minutes
or 0.1 pore volume of the application of the ions to the surface. In

both experiments, the concentration of phosphorus increased more slowly
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than chloride. The curves shown are similar to those obtained from
the soil columns containing artificial channels or planar cracks
(Section 4.4), the saturated soil cores (Section 4.4.1), and those
predicted by the simple preferential flow theory proposed by Scotter
(1978) (Appendix C.1).

It was not possible to quantify the size and number of the conducting
channels from the breakthrough data. However, it can be inferred that
relatively large continuous channels were responsible for most of the
flow in experiment I, while smaller or fewer large channels were
effective during experiment II, which showed less pronounced preferential

flow.

The application of methylene blue to the soil after experiment II
showed that the dye solution moved into the soil through large pores,
such as gaps between roots and the surrounding soil, decayed root
channels, worm channels, soil cracks and the incipient fracture planes
between structural units. Grass root channels and worm channels appeared
to be the major pathways for water intake into the soil profile.
Relatively fewer blue-stained roots and worm channels were observed in
the subsurface horizon than in the surface horizon. Fig. 5.3 shows some
of the preferential pathways observed in the soil profile. Some conduc-
ting worm channels extended from the soil surface nearly to mole depth.
Grass roots were very extensive particularly near the soil surface, and
extended down to mole depth and beyond. Some roots were found penetrating
the mole cavity itself (Fig. 5.4), and also in old worm channels. The
methylene blue-staining tended to be concentrated in the area directly
above the mole where the soil had been disturbed at the time the mole was
pulled (Figs.5.4a and b). This was also observed in an earlier pilot

study described by Scotter et al. (1979).

Staining of large fracture planes was also observed quite commonly.
Fig. 5.5a shows such a blue stained natural fracture plane with associated
plant roots and worm channels. The presence of preferential root growth
between soil structural units would provide continuous channels for rapid
water movement as discussed earlier. Pollok (1975) and Soil Survey
Staff (1975) observed extensive root growth between the structural soil

units in the fragipan, and suggested also that the cavities left by these
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(a)

Preferential pathways
in the soil profile
directly above the
mole.

100
mm

MOLE DRAIN 2

(b)

Conducting worm
channels and root
channels.

50

Fig. 5.3 Preferential pathways observed in the soil profile above

the mole drain, as indicated by methylene blue staining.

W = worm channel, R = root channel.
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loam soil in Dairy Farm No.4 near Massey University.

Grass roots penetrating into the mole were commonly

observed.
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roots would allow some water to move through the fragipan. Preferential
flow through a combination of conducting worm channels and cracks is

shown in Fig. 5.5b.

The conducting pores in the soil profile were usually a combination
of grass root channels with worm channels (Figs.5.3a and b), worm channels
with cracks (Fig. 5.5b) or a combination of root channels, worm channels
and cracks (Fig. 5.5a). The size and frequency of these channels presum-
ably vary markedly with season, due to root and worm activity and struc-
tural cracking induced by drying (Corker, 1977; Bowler, 1980). The
largest size of the conducting worm channel observed during this experi-
ment was approximately 3 mm in diameter. The width of soil cracks was
not measured, but they were probably wider in autumn when experiment I
was conducted, due to shrinkage during summer of clay minerals and

organic matter.

The results of this experiment would not be necessarily apply
under natural rainfall. The hydraulic conductivities observed (243 and
23 mm/hour) were considerably higher than common rainfall intensities.
Thus, with effective mole-tile drainage, surface ponding is only observed
at this site after sustained, heavy rain. However, the results support
and explain the observation made by Macgregor and Gregg on the same site,
and reported by Kanchanasut et al. (1978). MacGregor found urea and
coliforms in the mole-tile drainage less than 2 hours after the spray
application of dairy-shed waste at 10 mm hr~' in early spring, when the
soil was at field capacity. Gregg found that when superphosphate was
applied to the soil surface, the drainage discharge caused by 10 mm of
rainfall the following night showed a 10 fold increase (from 0.1 to
1.0 pg/ml) in dissolved inorganic phosphate over the preceding drainage

event.
5.5 PRACTICAL IMPLICATIONS

The results presented in this chapter suggest a number of practical
implications. Firstly, if any effluent is applied to mole-tile drained
soils under ponded conditions, virtually untreated effluent can appear
in the drainage system within minutes. Whether or not the pollutants
in the effluent are capable of absorption by, or reaction with, the
soil matrix is of little importance, as the effluent 'sees' very little

of the soil in its travel along preferential pathways.
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Secondly, the drainage from heavy rainfall inducing ponding may
result in relatively little leaching from the soil matrix, as the
preferential flow pattern will allow for little interaction with the
soil solution. In general, drainage from light or intermittent rain
could be expected to leach more nutrients than the same amount of

drainage from heavy rain.

Thirdly, as biologically induced channels appear responsible for
most of the flow to the mole drains, it would seem important to maintain
good growth and a high worm population for moles toremain effective.

Fewer roots and worm channels, as well as compaction due to wheel traffic,
could be responsible for any observed deterioration in soil permeability
and mole drain performance when a change in land use from pasture to
cropping occurs. Conversely, improved pasture growth, however induced,

is likely to enhance mole drain performance.

5.6 CONCLUSIONS

(1) The observed breakthrough data for chloride and phosphorus
indicate that most of the solute movement occurred preferentially through
the saturated soil profile to the mole drains. More pronounced prefer-

ential flow was observed in late autumn than in late winter.

(2) Dye tracer studies indicated the pathways which conducted
water preferentially were mostly directly above the mole drain, close
to where the mole blade had been earlier. The effective conducting
pathways include worm channels, root channels, and soil cracks. Any
particular preferential flow path from the soil surface to the mole was

usually a combination of at least two of these pathways.

(3) Grass roots and worm channels were the most evident pathways near
the soil surface, while soil cracks were the most evident conducting

pathways 1in the B horizon.



CHAPTER 6

BROMIDE LEACHING UNDER FIELD CONDITIONS
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6.1 INTRODUCTION

Results from Chapter 5 indicate that when water was ponded on
pasture, it moved preferentially through the soil below and reached
the mole drains in minutes, without displacing most of the solution
in the soil matrix. Therefore, little leaching of surface applied
fertilizer from that soil would be expected, while applied effluent
would move straight through. However, with pasture and an effective
mole drain system, ponding is unlikely under natural rainfall conditions.
In contrast, localised ponding may occur under natural rainfall on a
cultivated soil, due to slower saturated hydraulic conductivity induced
by repeated tillage, which breaks down soil structure and biopores
(such as worm channels and root channels) near the surface and also
may induce a compacted layer or plough pan. This chapter looks at
leaching of bromide under ponded conditions in mole-drained soil
profiles under pasture and crops, and under natural rainfall in soil

under pasture.

Fig. 6.1 illustrates various possible leaching patterns for a
slugof solute initially at the soil surface. Curve (b) shows '"piston
flow'" when there is only convection, with negligible dispersion. If
dispersion occurs, ''classical'" theory predicts a distribution shown
as curve (d) on the Figure, which is the solution of equation (1.5).
However several studies have shown that under natural rainfall
the leaching of surface applied solutes can result in an asymmetrical
vertical distribution of solutes with a ''leading tail' (Olsen et al.,
1970; Bosewell and Anderson, 1970; Cassel, 1971; Wild, 1972; Kissel
et al., 1973; Burns, 1974; Wild and Babiker, 1976; Cameron et al., 1979)
(Fig. 6.1, curve (c)). However leaching surface applied solutes in
packed soil columns of sand or disturbedsoil does result in a normal
distribution, as would be expected from convective-dispersive theory
(Biggar and Nielsen, 1962; Levin, 1964; Corey et al., 1967; Evans and
Levin, 1969; Ghuma et al., 1975; Kirda et al., 1973) (Fig. 6.1, curve
(d)). The peaks of concentration in natural soil profiles have often
been observed at shallower depths than expected. For example, Wild
and Babiker (1976) observed the peak of nitrate and chloride concentration
at approximately half the expected depth, with tailing to at least

800 mm depth after 50 mm of water was applied (Fig. 6.1, curve (c)).
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Such asvmmetrical distribution patterns of solutes in the soil profile
suggest uneven downward movement of water, including preferential flow
down large channels and cracks (Wild, 1972; Rao et al., 1974; Wild and
Babiker, 1976; Cameron ct al., 1979; Shuford et al., 19Y7). Similar
asymmetrical distribution patterns with a "leading tail" have been
obtained for chloride and tritiated water movement into soil, as
reported by Quisenberry and Phillips (1976), Blake et al. (1973), and

Quisenberry and Phillips (1978).

Many attempts have been made to predict solute movement in the soil
profile using convective-dispersive theory, both under steady-state
conditions (Gardner, 1965), and under unsteady-state conditions
(Bresler and Hanks, 1969; Warrick et al., 1971; Shuford et al., 1977).
Gardner (1965) used an cquation derived by Day (1956) (equation 1.5)
to predict nitrate leaching under natural rainfall, assuming a constant
f'low velocity and dispersion cocfficient. le found the equation adequately
described the leaching in a barce, uniform ' soil, using data published by
Wetscelaar (1962). However, Gardner perceptively commented that 1f the
soll 1s inhomogencous with a few channels carrying most of water downward,
then it would be difficult to apply the convective-dispersive theory to
a natural soil profile. Bresler and Hanks (1969) and Warrick et al.
(1971) developed equations using a time dependent water flow velocity
and dispersion coefficient to describe chloride movement in the soil
profile. They obscrved solute moved deeper in the ficld than the
theory predicted.  The greater Teaching depth was attributed to the

influence of large pores, and cracks.

Biggar and Nielsen (1967) suggested that leaching soil at water
contents below saturation could produce more efficient leaching, and
thereby reduce the amount of water required to move undesirable salts
from the soil profile. They also suggested that leaching by rainfall
is often more efficient than by ponding. A number of field experiment
have indicated that leaching by intermittent ponding or sprinkling is
more cffective than leaching by continuous ponding (Biggar and Nielsen,

1967,

>

Miller et al., 1965; Talsma, 1967; Oster ct al., 1972; Wilson ¢t

al ., 1961). This 1s because under intermittent water application or

3
Light rainfall, leaching occurs in unsaturated soil at a slow rate which
allows greater exchange by diffusion of solutes between reglions of

varying velocity. ‘The differcences in solute movement under saturated
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and unsaturated flow conditions in the soil cores of Tokomaru silt
loam have been discussed in Chapter 4. Desaturation of the soil to
-200 mm pressurc potential resulted in much more uniform miscible
displacement than under saturated conditions when flow was very
preferential. This suggests even a small change in pressure potential

from 0 to -200 mm would lead to more cfficient leaching.

6.2 OBJECTIVES

The experiment described in this chapter aimed to study the leaching
patterns of bromide in mole-drained Tokomaru silt loam under field
conditions, as affected by the methods of water application (i.e.
continuous ponding and winter rainfall), and to interpret the results

in terms of the cxperiments and theory already outlined.

6.3 MATERIALS AND METHODS

6.3.1 Experimental Design

Two water application methods were employed to leach bromide in the

field. They were:

1. Continuous ponding

2. Natural rainfall.

6.3.1.1 Continuous ponding experiment

A double ring infiltrometer was employed in this experiment.

An outer-ring, 780 mm in diameter, was used to provide a buffer area
around the inner-ring which was 380 mm in diameter. Before ponding,
2 mm of 5000 pg/ml bromide solution as calcium bromide (CaBrz.H.0)
was applied to the soil surface in both rings as a fine spray. The
quantity of bromide solution used was arbitrarily chosen to be large
enough to apply uniformly, but little enough so it remained initially
near the soil surface. Five soil core samples were taken from the
outer-ring to establish the initial bromide distribution, using an
open-sided soil corer with a cutting diameter of 18 mm and an outside

diameter of 25 mm. Then 50 mm of water was ponded in both inner and
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outer rings and the infiltration rate was measured for a period of 1
hour. After the ponded water had disappeared from the soil surface,
which took place after 20 to 44 hours, 13 soil cores were removed from
inside the inner-ring. The cores were sectioned and bromide content

determined, as described in Section 6.3.2.

The ponding experiment was conducted at two locations. The soil at

both sites was Tokomaru silt loam, but different management practices

had been imposed. One set of cxperiments was conducted in the same area

as the anion movement to a mole experiment (Section 5.3), which was under
permanent pasture. The other site was approximately 1 km away on the
Tiritea Research Area, and had been cultivated and double-cropped contin-
uously with winter oats, and summer maize or barley for five years. The 'kt
experiments were conducted during winter of 1979 when the oat crop was

approximately 300 mm high.
6.3.1.2 Natural rainfall experiment

This experiment was conducted also during winter of 1979, in the
same area as the continuous ponding experiment under pasture. During
this time evapotranspiration was small relative to the rainfall. The
plot dimension were 1.6 x5.0 m with a surrounding 0.2 m buffer area.

The plot was divided into 6 sub-plots, giving randomly arranged duplicate
subplots for sampling at three different times. Each subplot was 0.5 x

1.6 m and lay across the mole line.

The same depth and concentration of bromide solution as used in the
previous experiment was applied. Application of solution to the soil
surface was carefully made using a watering-can, so that bromide would
be distributed as uniformly as possible on the plot and the surrounding
buffer area. The initial bromide distribution was measured by soil
sampling on the day after application. Twenty five solil cores were
randomly removed from each of two sub-plots to 50 mm depth and sectioned.
The bromide concentration in each segment was determined in the laboratory

as described in Section 6.3.2.

The resulting bromide distribution in the soil profile was measured
twice, after 46 mm, and again atter 182 mm of rainfall in excess of
evapotranspiration had infiltrated into the soil profile. Soil samples

were taken in the manner described previously in Section 6.3.1.1.
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Twenty cores were removed randomly from each of the two sub-plots to

300 and 600 mm depth, after 46 and 182 mm excess rainfall, respectively.

The excess rainfall was obtained as the difference between the
rainfall and the evapotranspiration. Surface run-off in the flat mole-
tile drained pasture area was assumed negligible. Evapotranspiration
was estimated using Priestley and Taylor's method (1972) as described
by Scotter et al. (1979b). The rainfall data and estimated evapotrans-

piration during the period of experimentation are presented in Fig. 6.2.

6.3.2 Bromide Retention by Soil

Bromide adsorption by soil was investigated using undisturbed
soil cores. Cores 20 mm deep and 73 mm in diameter, taken from 0-20 mm
and 100-120 mm profile depths, were used. The cores were placed in
individual beakers and 8.4 ml (equivalent to 2 mm depth) of 5000 ug/ml
bromide solution was dripped onto the surfaceof the soil uniformly. The
samples were then left at room temperature in closed beakers for
equilibration. After 18 hours, the samples were oven-dried, extracted

with 500 ml distilled water and analysed for bromide.

6.3.3 Bromide Retention by Plants

To analyse bromide retention by the pasture, the aerial parts of
all plants growing in both sub-plots were removed after the soil had
been leached by 182 mm of excess rainfall, and analysed for bromide,

as described in the following section.

6.3.4 Bromide Determination

6.3.4.1 Soil samples

Soil samples obtained from the field were weighed, oven-dried at
105C for 12-24 hours, weighed again, and the gravimetric water content
determined. Bromide was then extracted from the oven-dried samples by
distilled water with 2% by volume ISA (Ionic Strength Adjuster, 5 M
sodium nitrate), using a soil: water ratio of approximately 1:5.

Aggregates were broken down and the suspension left at room temperature
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for about 3 hours, with occasionally stirring. A bromide selective
electrode (Orion Solid state bromide electrode) and reference electrode,
connected to a meter (Orion Rescarch Microprocessor Ionalyzer 901)

were used to measure bromide concentration. The electrodes were immersed
into the clear supernatant above the soil suspension. The reading was
recorded when the number displayed had stabilised, usually after 1
minutes. A similar procedure for bromide extraction and measurement

in soil was found satisfactorily by Abdalla and Lear (1975).
6.3.4.2 Plant tissues

To determine bromide in plant tissues, plant samples were oven-
dried at 105C for 15 hours, then ground finely. One gram of dried
plant sample was mixed with 50 ml distilled water containing 2% of
ISA solution in a plastic container with a tightly fitted 1id. The
samples were thoroughly shaken and then placed in an ultrasonic bath
for 10 minutes. The supernatant was then filtered and bromide determin-
ation was made on the filtrate using the bromide selective electrode.
The methods of extraction and measurement were, in general, the same

as those proposed by Abdalla and Lear (1975).

6.3.5 Leaching of Dyec under Natural Rainfall

Rhodamine B dye was employed to mark the pathways of preferential
movement under natural rainfall conditions, especially near the soil
surface. Two rings, 143 mm in diameter, were pushed into the soill to
150 mm depth and then S mm of 1% rhodamine B dye in aqueous solution
was ponded on the soil surface. Later,after receiving 65 mm of excess
rainfall, the rings and soil enclosed were removed and brought to the
laboratory. The soil cores were sectioned vertically at field moisture
content and the dye pattern observed. This experiment was conducted
during November and Dccember when the soil was somewhat drier than field
capacity most of the time. HMost of the dye movement probably occurred
on two individual days when 27 mm and 58 mm of rain fell. However,
ponding probably did not occur, due to the relatively dry antecedent

water contents.



6.3.6 Soil Bulk Density

Six soil cores, 50 mm long and 50 mm in diameter were taken
from cach profile depth to mcasurc bulk density, using techniques
described by Loveday (1974). Bulk densities at the two locations

are shown in Fig. 6.3.

6.4 RESULTS AND DISCUSSION

6.4.1 Continuous Ponding Experiment

As alrcady indicated, this experiment was conducted at two locations,
onc under permanent pasture and the other under cultivation. Fig. 6.4
shows the results of three replicates (a, b, and c) obtained from the
location under pasture and IFig. 6.5 shows the results of 2 replicates
(a and b) from the location under cultivation. Data presented in the
figures arc the mean values, the individual bromide concentration mcasure-

ments are given in Appendix E.

6.4.1.1 Pre-leaching measurcment

The bromide tound in samples taken approximately 3 hours after
application to the soil surtace had moved deeper into the soil profile
than expected. The 2 mm of bromide solution appliedwould have been
uniformly distributed within the top 4 mm if the movement had occurred
as piston flow, assuming a saturated volumetric water content of 0.5.
Whilc the concentration ot bromide observed was highest in the top 10 mm,
a significant amount ot bromide was found below this depth. However
nearly all of the bromide remained in the top 50 mm, as shown in Fig. 6.4
and Fig, 6.5. Table 6.1, giving the recovery percentages of applied
bromide, indicates only small amounts of bromide being recovered below
50 mm depth. tHowever, relatively low recovery percentages (averaging
40%) were observed at both locations. ‘The possible reasons for this

will be discussed later in Section 6.4.5.
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Table 6.1 Recovery percentages of applied bromide from the soil

profiles.
Depth (mm)
Experiments
0-50 0-100 0-300 0-600
Surface ponding
Under pasture:
(a) Pre-lecaching 18 49 - -
Post-1leaching 31 36 46 S
(b) Pre-leaching 43 43 - S
Post-leaching 32 48 78 S
(c) Pre-leaching 40 40 - s
Post-leaching 35 47 66 -
Under cultivation:
(a) Pre-leaching 40 40 - -
Post-leaching 62 66 84 =
(b) Pre-leaching 57 57 - -
Post-leaching a1 87 86 -
Natural Rainfall
Pre-leaching 31 - = S
After 46 mm excess
rainfall 15 24 59 -
After 182 mm excess ¢
rainfall 10 13 = 41
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6.4.1.2 Post-leaching mecasurements

The results obtained in Chapter 4 (Section 4.4.1) indicated that,
under saturated flow, the movement of chloride and phosphorus occurred
preferentially through undisturbed soil cores from 0-150 mm depth.

Thus the movement of bromide in a natural soill profile of the same soil
under ponded conditions might also be expected to be preferential. The
results show ponding of 50 mm of water caused bromide to move to at

least 300 mm depth in all experiments (Fig. 6.4 and 6.5). If leaching
had occurred as piston flow, and a volumetric water content of 0.5 assumed,
the ponded water would have leached the bromide as a narrow band to
approximately 100 mm depth (Fig. 6.1, curve (b)). If leaching had
occurred in the way described by the commonly used convective-dispersive
equation (Gardner, 1965), the pcak of bromide concentration would have
appeared near 100 mm depth with a symmetrical "bell-shaped" concentration

distribution (Fig. 6.1, curve (d)).

In contrast with the above however, a relatively high concentration
of bromide was observed remaining near the soil surface at both locations.
The concentration of bromide was at a maximum in the top 20 mm in all
experiments. The distributions of bromide under pasture obtained from
the 3 replicates shown in Fig. 6.4 are similar, with an approximately

exponential decrease with depth.

The distribution of bromide concentration in the cultivated soil
profile was somewhat different. Fig. 6.5 shows the concentration of
bromide decrcased with depth from the soil surface to a minimum at
100-140 mm depth, then increased with a second peak of concentration
appearing at 200-250 mm depth. In the layer where the concentration
of bromide was at minimum, the soil bulk density was 1400 kg m-s,
higher than the soil above and below (Fig. 6.3). This layer of compac-
tion was probably a plough pan. A larger variation in bromide concen-
tration was observed in replicate samples taken from this layer than
from other depths in the profile (Appendix E). The concentration
ranged from 1 to 54 ug/ml in one experiment and O to 238 ug/ml in the
other experiment. Only a few core samples contained a high bromide

concentration. This suggests the movement had occurred through only a

few larger channels or cracks in the compacted layer, perhaps in
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association with plant roots. The few high concentration samples
significantly increased the mean values. Fig 6.5b shows the mean
concentration distribution for all 13 cores, and for 12 cores omitting
the one containing an unusually high bromide concentration (Core 5,
Table E.2, Appendix E). The two curves are quite different at around
the depth of the compacted layer. The presence or absence of such
cores also affects the recovery percentage. If only one more core like
Core 5 had been included in the sampling, the recovery percentages of

bromide obtained would have increased 10%.

Plant roots tend to grow preferentially into cracks in compacted
soil, as discussed by Scott-Russell (1977) and found by Pollok (1975)
in the fragipan of this soil. So cracks, roots, and solute flow might
be expected to occur together. The distribution of the conducting pores
in the soil profile under cultivation is probably somewhat similar to
the distribution of plant roots illustrated by Taylor and Ashcroft
(1972) in their Fig. 11.9. Their photograph shows root growth was

abundant above and below, but sparse within a compact plough layer.

The second peak of bromide distribution appeared below the
compacted layer in both replicates. This peak indicates the movement
of bromide below the compacted layer occurred relatively uniformly.
It is similar in shape to the bell-shaped distribution predicted by
"classical" theory shown as curve (d) in Fig. 6.1. It is probable that
the soil immediately below the compacted layer had a higher saturated
hydraulic conductivity than the compacted layer itself, thus unsaturated
flow conditions would always prevail there. As indicated in Chapter 4,

preferential flow i1s much reduced under unsaturated flow conditions.

The "field capacity' volumetric water contents prior to, and after,
leaching, are presented in Fig. 6.6. Also shown 1s the total porosity,
calculated from the bulk and particle density using particle density
data for this soil given by Scotter et al. (1979a). A number of
interesting features are evident. Firstly both the total and the air-
filled porosity are much higher under pasture than under cultivation.
Secondly, when sampled the compacted layer was close to saturation,

indicating only a small volume of macropores (> 0.06 mm digmeter)
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draining at ''field capacity', while the soil below is unsaturated.
In fact, a perched water-table was observed after ponding in one of the
replicates. This supports the argument for the throttling effect of

the compacted layer proposed above.

Surprisingly, the infiltration rates during the first hour of
ponding into the cultivated and non-cultivated soil were fairly similar.
This was perhaps due to a few very large pores or cracks, induced by the
cultivation, compensating for thc lower volume of macropores in the
cultivated soil. The 50 mm of ponded water soaked in in less than 20 hours
on two of the pasture plots, but took 2 days to soak into the third

pasture plot and the two cultivated plots.

The bromide concentration remaining in the top 20 mm of soil was
more than 240 ug/ml in the cultivated area, while appoximately 150 pg/ml
was found in the pasture area. The finding of unleached bromide near
the soil surface indicates preferential movement occurred during
leaching. Leaching of bromide was less in the cultivated area, where
the crop row spacing was 150 mm, than in the pasture area where pasture
plants were more uniformly distributed on the soil surface. The
conducting pores associated with plant roots in the cultivated area
would have been widely spaced and also clumped within the rows. Bromide
which was located between the crop rows would tend to move relatively
slowly down the profile and would move e@en more slowly if this exposed
soil had deteriorated in structure due to cultivation and rainfall
impact. However the root-related conducting pores in the pasture area
would be more closely spaced and uniformly distributed, which would allow

bromide to be leached more effectively.

6.4.2 Natural Rainfall Experiments

The leaching of bromide under natural rainfall was under transient
flow conditions. Fig. 6.7 shows the mean values of bromide concentration

found in the soil profile.
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6.4.2.1 Pre-lecaching measurements

The initial distribution of applied bromide was measured on the
day after application when the soil water content was at ''field
capacity'". The maximum concentration was in the top 10 mm segment,
the concentration then decreased sharply in the succeeding depths.
‘The average concentration was 42 pg/ml in the 40-50 mm depth segment,
suggesting the movement of some bromide below this depth. This was
probably one reason for the low recovery percentage of applied bromide
in the top 50 mm depth. Some unusually high bromide concentrations were
observed at 40-50 mm depth (218, 240, and 417 npg/ml), and variation
of bromide concentration in the replicate samples was quite considerable.

This will be discussed later in Section 6.4.3 and 6.4.5.
6.4.2.2 Post-leaching measurements
Distribution of bromide concentration with depth was measured after
46 mm and 182 mm of excess rainfall over evapotranspiration had infiltrated

into the soil profile.

a. First sampling Daily rainfall records before the first sampling

indicate rainfall was light and relatively uniformly distributed over
that period (Fig. 6.2). The maximum daily rainfall during this period
was 11 mm, probably not cnough to causc saturation or surface run-off.
l.caching of bromide thus probably occurred under unsaturated conditions
most of the time. The movement under these conditions would be more
uniform than under ponding conditions, as was shown in the laboratory
experiment described in Chapter 4. The soil moisture profile at this
sampling time is shown in Fig. 6.8. It indicates the water contents
near the soil surface (0 to 50 mm depth) were slightly lower than under
the ponded conditions (Fig. 6.6) while they were similar below 50 mm.
llowever the water contents during leaching under natural rainfall would
have varied from time to time, according to rainfall intensity and

distribution.

MASSEY UNIVERSITY
L1BRARY
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The results however suggest preferential flow did occur to some
extent, as indicated by the high concentration of bromide remaining
in the top segment (Fig. 6.7). The average concentration of bromide
in the top 20 mm was 71 pg/ml, which was the maximum throughout the
profile. The average concentration in the succeeding depth dropped
to 38 pg/ml, almost half of the above. Then the concentration increased
slightly below this depth and a second peak of bromide concentration
(47 pg/ml) appeared at about 130 mm depth. Such double peaks of concen-
tration were also observed by Cameron et al. (1979) for nitrogen and
chloride leaching in bare clay loam soil, and by Saffigna et al. (1977)
in a sandy loam profile under potatoes. The 32 pg/ml average concentra-
tion measured at 250-300 mm depth suggests some bromide was leached

below 300 mm depth.

The appearance of a second concentration peak, although a very
flat one, suggests more uniform than preferential leaching, presumably
due to unsaturated flow conditions. If the soil water content is
approximately constant in time and space, simple leaching models predict
the depth of the peak to be i/6 where i is the equivalent depth of water
moving through the soil and 6 is the volumetric water content (Gardner,
1965). Assuming water for evapotranspiration is removed from at or near
the soil surface, i may be found as the excess of rainfall over evapo-
transpiration for the period in question. Dayananda et al. (1980) treat
more complicated cases. Taking 6 as 0.42 (the average value over the
sampling depth, Fig. 6.8), and finding i from Fig. 6.2, the predicted
depth of the concentration peak at the time of the first sampling is

110 mm, slightly shallower than the observed depth of 130 mm.

Bromide remaining in the top 50 mm of soil after leaching by natural
rainfall was approximately half that remaining after leaching by a
comparable amount of continuously ponded water, as indicated in Table 6.1.
Higher efficiency of leaching by natural light rainfall rather than

continuous ponding was also found by Wilson et al. (1961).
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b. Second sampling  There were a few heavy rainstorms between
the first and second sampling, as indicated by the rainfall data in

Fig. 6.2. The heavy rainfalls of 33 and 20 mm da)f1 were probably large
enough to cause mole discharge and localised surface ponding. Leaching

of bromide would then be partly under saturated conditions, during which
much of the flow would be preferentially through the larger channels.

Some of the bromide apparently moved below 600 mm depth, and presumably
some was  carried away with the mole drains at 400 mm depth. The soil
water content below 300 mm depth was near saturation (Fig. 6.8), indicating

the moles were susceptible to drainage at that time. The total bromide

recovered to the sampling depth was 41% (Table 6.1).

The first 46 mm of excess rainfall was much more effective in
leaching bromide out of the surface soil than the next 136 mm, as can be
seen from Fig. 6.7. The lighter rainfall events before the first sampling
probably caused unsaturated and more uniform flow through the soil.

Also the bromide remaining in the top 50 mm of soil after the first
sampling was probably located within soil aggregates and in places removed

from the flow pathways, and so was less prone to leaching.

After 182 mm of excess rainfall, the second peak of bromide concen-
tration had moved to approximately 450 mm depth and flattened out almost
completely. The simple leaching theory described above predicts a
depth of 430 mm for the concentration peak at the time of the second
sampling. Due to the presence of the mole drains at this depth, and
the poor soil structure in the B horizon, the agreement between the

observed and calculated depths is probably largely fortuitious.

6.4.3 Variability in Bromide Distribution

In this experiment, some unusually high bromide concentrations were
found in several samples from every depth, as shown in Appendix E for
the continuous ponding experiment, and in the histograms showing the
frequency distribution of bromide in the soil profile for the experiment
under natural rainfall in Fig. 6.%9a. Presumably these samples included
preferential pathways. Some cores tended to have high bromide concen-

tration at all depths. However other cores had high values only at certain



40

(a)

Pre-leaching

0-100 mx
20 |
ok I\ =
200 400 600 800
w
= 40 ’ )
< re-leaching
£ 30-40 mm
&
g 20
(3]
o
=
) 1 MMl = et F=
= 100 200 300 400
2460
& ;
7 Post-leaching
2 50 0-50 mm
: .-r\r.-rﬂhrm
z
2 ) | A0 N m
E 10 20 30 40 50 60 70 80
AOW
Post-leaching
400-500 mm
20 }
0 \ =
10 20 30 40 50
C (ug/ml)
Fig. 6.9

Histograms showing frequency distributions of bromide concentration

(b)

Pre-leaching
0-100 mm

2.0 2.5 ) 3.0

Pre-leaching
30-40 mm

0 1.0 2.0 3.0

Post-leaching
0-50 mm

—r 4 [ ]

1.0 1.5 2.0

Post-leaching
400-500 mm

0.5 1.0 1.5

In C (ug/ml)

and after leaching by 182 mm of excess rainfall.

(a) Frequency distribution of C,

(b) Frequencv distribution of 1n C.

(C) in soil before

“e0r1



(x-%)

In C
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6
2 T T T T Bl T T T T T Tj
(a) Pre-leaching (c) Pre-leaching -0 9%A .
0-20 mm 30-40 m . r=0, ;..
DU ..
- o L] -
3 Mean = 413 wg/ml i £° © .7 :
Mode = 346 ug/ml .l'
Median = 389 ug/ml I
0} - 8 \ . 7
>
Mean = 45 ug/ml
r=0.808 e Mode = 5.4 wg/ml
o® "
-1 = § s T I Median = 22.2 pg/ml h
DD I. g L ]
o r=0.975 > e .
-2 1 o 1 11 1 ia — 1 | 1 /) - L L
0 100 200 300 400 500 600 700 800 0 100 200 300
G (&
In C In C
0 2 3 4 5 6 7 8 1 2 3 4
2 3 T | I T T T T L T T . T Y
(b) Post-leaching . o (d) Post-leaching r=0.985 = o
0-50 mm r=0.987 L o 400-500 mm L o
L] o e o
. o
Lip o © ° - o‘ﬁij 1
of
d"'P. ff
0t ‘, 8 4
Mean = 30.5 aug/ml I Mean = 14.3 pg/ml
I Mode = 22.3 mg/ml . N Mode = 11.9 ng/ml
| , y Median = 27.4 wg/ml ! . | Median = 13.4 sug/ml
- o L]
o L] o [ ]
[ ° o .
L ] L]
r=0.923 ° T r=0.934
-2 1a 1 . i 1 " 1 1 1 g Im 1 1 1 1
0 10 20 30 ° 40 50 60 70 80 0 10 20 30
(&
Fig. 6.10

Fractile diagrams showing the relationship of probability units ((x-x)/s) and bromide
concentration in soil (C or 1n C), where x=C (O) or 1In C (m), x mean values, s = standard

deviﬂtion, and r = correlation coefficient. Post leaching data shown were after 182 mm

excess rainfall.

“v01



105.

depths, suggesting non-vertical preferential pathways had been

intercepted.

The frequency distributions of bromide under natural rainfall
were asymmetric, as seen from Fig. 6.9a. The frequency distributions in
Fig. 6.9awere transformed to logarithmic distributions and these are shown in
Fig. 6.9b. Thehistograms, cach of which includes at lcast 40 mcasurements
indicate bromide concentration variability in the soil profile was more log-
normal ly than normally distributed. Fractile diagrams, which have been used
by Biggar and Nielsen (1976) as an indicator of normal or log-normal distribution,
were also constructed. The details for construction of fractile diagrams,
tfollowing Biggar and Nielsen's procedurc, are given in Appendix F.
Examples of fractile diagrams are shown in Fig. 6.10, with the
corresponding linear correlation coefficient values (r). The
probability units ((x - x)/s) werc more linearly related to In C
than C, as indicated by the r values, also suggesting a log-normal
distribution. The results of fractile diagram construction for
observations under natural rainfall leaching, both pre-leaching and
after 182 mm excess rainfall, given in Table F.1, indicate the r
values for the relationships of probability units and 1ln C are

consistently greater than the relationship with C.

The mean, mode, and median values, obtained from fractile diagrams
and shown in Fig. 6.10 and Table F.1, are different. Mean values are
higher than modal and median values in all cases. Data for the continuous
ponding experiment are not presented as frequency distributions, as not

enough replicates were taken to allow the data to be analysed this way.

The indicator of the variability in bromide concentration at any
depth in the soil profile is given by the exponential of the standard
deviation of In C (written as exp sL), and the coefficient of variation

L
sixteenth and eighty-fourth percentiles of the log-normal distribution

(C.v.), where C.V. = 100 SL/;L , and x, 1is the mean of In C. The

can be estimated as exp (?L - SL) and exp (;L + sL) respectively
(Rokoski, 1972). The C.V. values for the ponded water experiments were
calculated assuming log-normal distributions, and the values are shown
in Table E.1 and E.2 in Appendix E. These C.V. values for the ponding

experiments are much greater than for thc experiment under natural rainfall
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conditions (Appendix F), probably due to more preferential flow
occurring under ponded conditions, and also perhaps less redistribution
time being allowed before taking pre-leaching samples (3 hours compared
to 24 hours in the natural rainfall experiment). The C.V. values tend to
increase with soil depth, except under cultivation, where the C.V. is
greatest at the depth of the compacted layer (Table E.2). In the
natural rainfall experiment, the C.V. values for the first sampling
(Table F.2) are smaller than for the second sampling (Table F.1).

The smaller C.V. values for the first sampling are probably due to the
light rainfall prior to sampling, while preferential flow induced by
heavy rain would cause larger variabilities in the second sampling

measurements.

Distributions of saturated hydraulic conductivity in the field have
been observed to be log-normal by Mason et al. (1957), Rokoski (1972),
Nielsen et al. (1973), and Baker (1978). Thus leaching, which is
related to flow velocity, might be expected to result in log-normal
distributions of solute concentration in the soil profile. Biggar and
Nielsen (1976) and Van der Pol et al. (1979), presenting field leaching
data in terms of flow velocities and dispersion coefficients, found
these leaching parameters were log-normally distributed. Large varia-
bility in hydraulic conductivity data has been reported within a soil
series. However the data have usually been obtained from a fairly
large area, e.g. Nielsen et al. (1973) measured the soil hydraulic
conductivity in twenty 6.5 m? plots distributed over 150 ha. The
variability in bromide concentration reported here is on a much smaller
scale, over 40 samples being taken from an area as small as 0.16 m?.
This raises interesting questions as to the scale of variability in
the field. Perhaps the largest variability in soil occurs over distances
related to parameters such as plant spacing, structure unit size,and

the spacing between large biopores.

6.4.4 Leaching Flow Pathways under Natural Rainfall

Plant interception and stem flow, soil micro-relief or micro-
depressions caused by animal pugging and large pores open to the soil

surface, cause non-uniform entry of rain into the soil surface.
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A subsidiary experiment was conducted to observe the leaching
pathways under natural raintall in the tfield, as described in
Section 6.3.3. Rhodamine B dye was used as a tracer to mark the
pathways. Fig. 6.11 shows the movement of dye tended to be concentrated
in the arca around and dircctly under the plant stems. The dye stain
seems to be associated with roots (Fig. 6.11a and c), worm channels
(Fig. 6.11b and c¢), and cracks (Fig. 6.11c). The accumulation of dye
near the basc of plants was probably caused by stem-flow, which had been
initiated by the collection of rain by the aerial parts of a plant. The
stem-flow would deliver it to the soil at the base of the plant, where it
infiltrates jn an amount considerably greater than in adjacent areas.
Thus the interception of rain by foliage prevented water reaching the
soil surface at some spots beneath the plants, but tended to funnel
water straight down the stem into the soil. The reported examples of
stem flow have usually referred to trees, large shrubs or large-leaved
plants (Glover and Gwynne, 1962; Saffigna et al. 1976), however Glover
et al. (1962) found that it was an important phenomenon in grassland.
The intercepted water might also drip from the leaf tips directly to

the soil, causing point sources of water infiltration.

Soil micro-relief or small depressions may cause localised surface
ponding. Cameron et al. (1979) have discussed the effects of soil
micro-relief on non-uniform leaching of chloride and nitrate into soil
under natural rainfall. Surface run off into small depressions meant
more infiltration, and so solutes moved deeper there than they did in
the surrounding soil. Much variation in micro-relief was observed
in the experimental area, as well as many small depressions caused by
sheep pugging. Soil micro-depressions, in association with open .
channels to the soil surface, would cause non-uniform flow only if
enough rain occurred to cause ponding in the hollows. However, if the
whole surface was ponded, these depression areas might conduct water
at a slower rate than the surrounding soil, due to lower saturated

hydraulic conductivity of the compacted soil.

The non-uniformity of incoming water due to plants and micro-relief
has often been neglected in leaching studies. Most experiments have
been conducted in bare soil with a disturbed and levelled soil surface,
such as reported by Wild and Babiker (1972), Wetselaar (1962), Miller
et al. (1965), Biggar and Nielsen (1976), Van De Pol et al. (1977).
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(b)

Fig. 6.11
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(c)

Fig. 6.11 Photographs indicating stem-flow responsible for
non uniformity of water intake at the soil surface
under natural rainfall.

W = worm channel, R = root, C = Crack
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6.4.5 Possible Factors Tending to Cause Low Bromide Recovery

Percentages
A relatively low recovery percentage of bromide, ranging from
40 to 86%, was obtained (Table 6.1). Some possible reasons for tnis are

discussed below:-

a. Retention of bromide in soil Nearly complete recovery of applied

bromide from soil was reported by Abdalla and Lear (1975), using water
extraction and a bromide selective ion electrode for analysis. To check
their results under the conditions in this study, the subsidiary labora-
tory experiment described in Section 6.3.2 was carried out. It inves-
tigated short-term (18 hour equilibration) bromide retention in soil
under similar conditions in the field experiment. The results werc 94%
and 99% recovery from 0-20 mm and 100-120 mm core depths, respectively.
The higher retention in the top layer was probably due to a higher
organic matter content and so more anion adsorption, and/or plant uptake.
Retention of bromide in soil in this experiment was therefore not a

major factor.

b. Retention of bromide by plants Bromide uptake by plants was

measured 99 days after its application to the soil surface. During this
period 113 mm of evapotranspiration had occurred. The amounts of bromide
measured from the two sub-plots were 13.5% and 11.5% of the applied
amount. The rate of plant uptake was probably related to the transpir-
ation rate and the amount of bromide available in soil. The amount of
bromide uptake by plants at the time of the first sampling was probably

much less, as only 27 mm of evapotranspiration had occurred by them.

c. Non-uniform bromide application Bromide solution was

applied on the soil surface using a watering can at the start of the

experiment under natural rainfall, and using an atomizer in the ponded
water experiments. Several practice runs were made with the watering
can prior to the actual application, in order to produce as uniform a
distribution as possible. However, some non-uniformity of application

in both experiments was unavoidable.
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d. Rptontion of bromide on plants The concentration of bromide

solution used was relatively high and the amount applied relatively
low, so that the droplets of solution remaining on the plants would
contain a significant amount of bromide which would not be recovered

in the pre-leaching sampling.

e. Soil sampling method The soil corer used in this experiment

was relatively small in comparison with the plant size and spacing.
For ease of sampling, the soil samples tended not to include plant
crowns and the soil directly under them. Thus, given the discussion
in Section 6.4.4 concerning interception and stem flow, an unconcious
bias probably occurred in the soil sampling, and this was probably

the main reason for the low percentage recovery of bromide.

6.4.6 Computations

Leaching of solute from a thin surface layer into the soil profile
beneath,under saturated conditions,was modelled numerically using CSMP.
The computer programme used was similar to that used for modelling
preferential solute movement by Scotter (1978) (see Appendix C.1) . The
preferential flow was idealized as occurring in uniformly spaced, vertical,
cylindrical channels. Viscous laminar flow, following the Hagen-Poiseulle

equation, was assumed. An example of the computer programme for bromide

leaching is given in Appendix C.4.

Bromide was assumed initially to be present only in the top 10 mm
of the soil profile. Continuous leaching for 20 hours was simulated,
and in that time 50 mm of leaching water had passed through the soil,

' (i.e.

assuming a saturated hydraulic conductivity of 6.94 x 10 'm s~
the measured field infiltration rate of 2.5 mm hr '). During the
leaching process, bromide in the soil matrix in the top 10 mm of .soil
diffused towards the channels, and was then translocated down into

the profile with the viscous flow in the channels. Below 10 mm depth,
bromide from the channels then diffused back into the surrounding soil

matrix, due to the reversal in concentration gradient.
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In the simulation of soil containing large channels, the viscous
flow in the channels was much faster than the radial diffusion into or
out of the surrounding soil. Thus relatively little bromide would be
leached trom the top 10 mm soil, but the small amount leached would
penetrate quite deeply into the soil profile. The converse would hold

for smaller channels.

The soil profile modelled was 300 mm deep and was divided into 6
layers of thickness 10, 10, 20, 40, 80 and 140 mm, the thickest laycr
being the deepest. The concentration of bromide in each soil layer,
and in the effluent solution at 300 mm depth,were computed as a function
of time. Three channel sizes were considered, with different spacings
between them so as to give the same hydraulic conductivity. The channel
sizes and related data are given in Table 6.2. The soil porosity

assumed was 0.52, the average value pertaining in the field.

Table 6.2 Channel size and related data -assuming hydraulic conductivity

of 6.94 x 100" m s !

Diameter of Maximum Pressure potential
channels diffusion radius to drain
(mm) (mm) (mm)
0.10 2.81 -300
0.15 6.32 -200
0.20 13.28 -150

The results of the computations are shown in Figs. 6.12 and 6.13.
The movement of solute through 0.2 mm diameter channels was found to be
preferential by Scotter (1978), thus the shape of the concentration
distribution curve appearing in Fig. 6.12 for the soil containing 0.2 mm
channels is the result of leaching under preferential flow. A high
concentration of bromide remains in the top 10 mm soil, and a negligibly
small concentration, too low to appear on the graph, occurs in the profile
below. Most of the bromide that is leached from the top layer moves

below 300 mm depth. Fig. 6.13 shows the relative concentration (C/CO)
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of bromide in the effluent increased quickly to 0.0116 after 10 minutes,
and then dropped slowly to 0.009 after 20 hours. The total amount of
bromide leached below 300 mm depth was 12% of the amount initially present
in the top soil layer. In the field, continuous channels 0.2 mm in
diameter or greater would constitute a ''short circuit'" to the mole-tile

drainage system, but would cause relatively little leaching.

The concentration distribution of bromide in the soil containing
0.15 mm diameter channels indicates relatively less preferential flow
occurring during leaching (Fig. 6.12). The concentration of bromide
in the effluent increased steadily with time and reached 0.013 C/CO
after 20 hours (Fig. 6.13). Slightly less bromide was leached in this

case, 9% of the initial amount moving below 300 depth.

No bromide moved below 300 mm depth in the soil with 0.1 mm channels,
and the concentration distribution curve was effectively symmetrical
with a distinct peak at approximately 120 ‘mm depth (Fig. 6.12), which
is similar to the classical distribution curve (curve (d) in Fig. 6.1).
The relatively large segment thickness used below 200 mm depth in the

numerical analysis caused the '"bumpiness'" in the distribution curve.

The ponded water leaching data in Figs. 6.4 and 6.5, with the high
bromide concentration remaining at the surface, and the absence of a
second peak lower in the soil profile, resemble more the curve for soil
containing 0.15 mm diameter pores in Fig. 6.12 suggesting pores approx-
imately this size were responsible for much of the flow. The natural
rainfall leaching data in Fig. €.7 shows lower concentrations at the
surface, and a second concentration peak in the soil profile, resembling
more the curves in Fig. 6.12 for a soil with 0.1 mm pores. This suggests
the larger pores were drained and the pressure potential was less than
-200 mm for much of the time in most of the soil profile under natural

rainfall.
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6.5 CONCLUSIONS

1. Some bromide was leached to300 mm profile depth by both 50 mm
of ponded water and 46 mm of excess rainfall in this experiment. Also
preferential movement is indicated by the high concentration remaining
unleached near the soil surface. About 31 to 62% of applied bromide
remained in the top 50 mm uof suil under ponded leaching conditions,

while 15% remained under natural rainfall conditions.

2. Bromide was lcached morec effectively by natural raintall than

by continuous ponding, when the same amount of leaching water was used.

3. Large variability in bromide concentration in the replicate
core samples was observed. Unusually high concentrations of bromide
were found in some samples at all depths, which caused the frequency

distribution to be log-normal rather than normal.

4. Interception and stem-flow, combined with the soil sampling
technique used which inadvertently avoided sampling plant crowns and
the soil directly under them, probably resulted in some bias in the
sampling. The relatively low recovery percentages of the applied bromide
(40 to 86%), particularly in the pre-leaching sampling, were probably
largely due to this.

5. DPlant uptake of bromide was probably small during the experiment
involving leaching with ponded water. But approximately 10% of the
applied bromide was taken up by plants by the end of the experiment

under natural rainfall conditions.

6. Double peaks in bromide concentration were observed in the soil
profiles under ponded water conditions in soil which had been cultivated,
and under natural rainfall conditions in the pasture area. The second
peak was probably the result of unsaturated, and so non-preferential flow.
In the cultivated area this was probably brought about by the compacted
layer throttling the flux into the soil beneath. Uunder natural rainfall
conditions, unsaturated flow probably prevailed most of the time, due to

the rainfall intensity being less than the saturated hydraulic conductivity.
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7. No transport model scems to be able to describe quantitatively
bromide movement in this experiment, particularly the effects of prefer-
ential flow. The results of the computations for bromide leaching in
an idealized soil, containing uniformly spaced, vertical, cylindrical
channzls, indicated that bromide would be leached more effectively
from soil where continuous channels 0.15 mm or larger were cither absent,
or air-filled and so ineffective. Such channels if uniform, would

drain at -200 mm pressure potential.

8. A practical implication of the results is that soluble fertilizers
applied to pasture or crops may not be as prone to leaching as is often
thought. Interception, stem flow, and preferential flow in this soil
may combine to leave a significant fraction of the applied fertilizer
necar the surface for a considerably period. On the otiier hand, prefer-
ential flow will leach some of the applied fertilizer more quickly below

the root zone than would more uniform movement in the soil.
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Fable AL 1ot le bescription of Tokomaru Silt Loam in Dairy Farm No.4, Massey University,

Padmerston North (Pollok, 1975).

HorLon Depth (em) bescription

0 to 10 + 1 Silt loam; dark greyish brown (10 YR 4/2), with slight yellowish-
red (LOYR /6, W/6) motthing around grass routs; moderately
developed tine and medium ¢rumb structure; friable; considerable
humus; numerous, tine grass roots; slightly impertect internal
drainage; morst; tairly distincet and even boundary.

Ahl

AhZ 10 +1 to20+1 Silt loam; dark greyish brown (10 YR 4/2), with some yellowish-
N red (5 YROA/60, 5/0) mottling around grass roots; wmodcerately
developed, medium crumb, casv granular and nutty structure;
friable; moderate amount of humus; numerous, finc grass roots;
some carthworms; some ironstone concretions; slightly imperfect
internal drainaye; moist; rather indistinct, slightly uneven
boundary.

AR 20+ 1 to 20 + 2 Siit loam; greyish brown (2.5 Y 5/2), moderately scttled
ycellowish-red (5 YR 4/6), dark reddish brown (2.5 YR 3/4) and
dushy red (10 R 3/4) in a reticulate pattern; modcrately to
strongly developed, medium nutty structure; friable-firm; some
humus; moderiate number of grass roots; some carthworms; some
ironstone concretions ca 6 mm in diameter; imperfect internal
drainape; moist; rather andistinct, slightly uneven boundary.

By 2 1 G te @8 b8 Clay loaw; Light brownish grey (2.5 Y 6/2) and light olive grey
(SY 6/2), with abundant, coarse, strong brown (7.5 YR 5/6)
mottles arranpged in a blotchy pattern, with greatest concentra-
tion towards the upper part of the horizon and sometimes deve-
loping into sof't ironstone concretions; weakly to moderately
developed, coarse blocky and prismatic structure; olive grey
clay skins; very hard when ary, plastic and sticky when wet;
some humus present in pipings from the horizon above and in the
vicinity of old decaying bush roots; grass roots rare; no fauna
scen; impeded internal drainage; wet; rather indistinct, some-
what uneven bhoundary due to weathering of the horizon beneath.

Uxy 78 + 5 to 114 + 3 [Silt loam; colour of soil within peds light olive grey (5 Y 6/2),"
& pale olive (5 Y 6/3) and strong brown (7.5 YR 5/6, 5/8) in a
reticulated mottling pattern; colour of soil filling the cracks
between peds uniform pale grey (5 Y 7/2), with a thin rusty

brown band tormed at the interface between crack and ped surface;
stromly developed, very coarse polygonal structure (penta and
hexa columnar ol teapecocolumsar atfter Brewer, 1964) wath the
polygons varying trom 1S to 40 cm in width and separated by large,
matnly vertically ortented, soil-tilled crachs Z-4 cm wide, both
peds and cracks being continuous with the horizon bencath; thick
¢lay skins; soil within peds compact and extremely hard when dry,
moderately stichy and plastic when wet and dispersible in water
(fragipan); virtually no humus within peds, but a little in the
vicinity of decaying roots within the cracks; some old bush roots
and a few more recent living roots within cracks, but virtually
none within peds; no fauna seen; numerous pinhead Fe/Mn concre- *
tions within peds; impeded internal drainage, the main avenue

for water movement being down the soil-filled cracks; moist;
diffuse (imperceptibly merging) boundary.

Cwyl 114 ¢ 3 to 147 « 1 | Silt loam; colours as for horizon above, but with light olive grey
(5 Y 6/2) now assuming predominance over strong brown (7.5 YR 5/6)
in the mottling pattern within peds; structure, cracks and clay
skins as in the horizon above; noticeable change in consistency,
with the soil becoming less hard and compact and losing the pro-
perties of a fragipan; little if any humus; no roots; no fauna
seen; pinhead concretions become darker in colour (black) and more
mangani ferous compared with the horizon above; imperfect internal
drainage with the main avenue for water movement being down the
soil-filled cracks between peds; moist; distincet, cven boundary.

CONTINUED

’



Table ALl

Horvzon

(continued)

120.

Depth (cm)

Description

Cwpl

147 « 1 1o 157 + |

Silt loam; light olive grey (5 Y 6/2) to olive (5 Y 5/3), moder-
ately mottled strong brown (7.5 YR 5/6, 5/8) in reticulate pattern;
moderately developed, very coarse polygonal structure (penta and
hexa columnar and trapezocolumnar after Brewer, 1964), with the
soil-filled cracks between structural units tending to be finer
and more widely spaced compared with the Cxg and Cwgl horizons
above; firm; no numus, roots or fauna, numerous dark grey and
black Fe/Mn pinhcad concretions; imperfect internal drainage;
moist; overlies terrace gravels at depth,
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Table A.2 Some Physical and Chemical Properties of Tokomaru Silt
Loam (Pollok, 1975).
Table A.2.1 Particle Size Analysis
Horizon Sample Equivalent Spherical Diameter (mm)
0.006/0.02 |0.06 0.2 |2.0
<0.002| to to to to | to
Symoely bepsh 6. Nojl| DEpth 0.002|0.006/0.02 |0.06|0.
(cm) (cm)
Cy fSi | mSi |cseSi| fS [cseS
Ahl 0-8 4941 0-8 23.0 | 7.6 |17.9 |43.0 | 8.0| 0.5
Ah2 8-20 [4942 10-18 | 22.0 | 7.1 [18.5 |43.7 | 8.2 0.5
ABg 20-38 | 4943 23-33 | 23.8 | 7.4 [18.0 |41.2 | 8.7| 0.9
Btg 38-76 | 4944 51-64 | 30.2 | 7.8 [15.5 [39.3 | 6.9]| 0.3
1Cxg 76-145 |4945 97-127| 18.4 | 4.8 [16.3 |46.6 [12.7| 1.2
1Cwgl |145-221 |4946 168-198| 18.0 | 6.4 [15.0 |45.9 [13.1| 1.6
2C 221-234 | 4947 221-229| 8.9 | 6.2 [17.8 |26.5 [22.0(18.6
1Cwg2 |234-250+|4948 237-248| 16.3 | 6.3 |16.7 |50.3 [ 9.5| 0.9




Table A 2.2 Chemical Analysis

122.

pH Cation Exchange Properties Organic C and
Soil Total N
Horizon . - meq/100 g soil BS C N o
watexg nKGLI ™ o T & | ca [imed|redllec 12 ] ® | °

Ahl 5.0 4.2 | 0.15|0.21(3.15(2.40|5.9(20.2(29 |3.32]0.31]| 11
Ah2 4.9 (4.1 | 0.05(0.18|3.15(2.12(5.5(18.0(31 |2.08|0.28| 7
ABg 5.3 14.4 | 0.16|0.12|2.55(2.58(5.4(13.8{39 (1.98/0.14| 14
Btg 5.0 3.6 | 0.49(0.31(1.35 3.28 5.4(16.0{34 (0.83|/0.15| 6
1Cxg 5.1 |3.4 | 0.99]0.15|2.00/3.90(7.0/12.9(54 |0.12|/0.04] 3
1Cwgl 6.1 (4.1 [1.30]|0.19/3.15(3.90(8.5(11.9{71 |0.09({0.02| S
2C 6.3 |14.6 | 0.76(0.08|1.80{2.70(5.3| 5.4{98 |0.03{0.01f 3
1Cwg?2 6.4 |4.1 (1.17(0.20|3.33|3.82(8.5|12.0{71 {0.09(0.02| S
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APPENDIX B

DIFFUSION OF SOLUTE INTO SPHERICAL SOIL AGGREGATES
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Considering soil crumbs to be spherical, the diffusion of

non-adsorbed solute into a soil crumb can be described by (Crank, 1956),

oC d°C 2 oC
3 -0 G ot F oY (-1
where C = solute concentration in soil solution (M L™ ?)
t = time for diffusion (T)
D, = diffusion coefficient of solute in soil (L2 T™YH
r = radial distance from centre of sphere (L).

Assuming adsorption of reactive solute by soil is instantaneous
and linearly related with solution concentration, the diffusion of

sorbed solutes into the sphere can be expressed as,

Prk
. . . . b
a retardation factor which is equivalent to -

=
=
¢]
-
(¢]
=
Ul

P, = soil bulk density (M L_3), 0 is volumetric water content
(L* L™%), and k is the solution distribution coefficient

obtained from the linear adsorption isotherm (L3 M Y (Eq. 1.7).

For unsteady state diffusion, when the surface concentration is
maintained constant and the initial concentration in the sphere of
radius a is uniform, then the solution for the total amount of diffusing
substance entering or leaving the sphere (Mt) can be expressed as a
fraction of the corresponding quantity after infinite time (M_) by the

relation,

=

.}
72

8 |t

=g

1 2.2 2
. - ‘s B.
W Sk exp (-Dn“m“t/a?) (B.3)
where D 1is DS for non-adsorbed solutes and is Ds/(l + R) for adsorbed
solutes. Figure B.1 shows the relationship between Mt/Mm and (Dt/az)%

given by Crank (1956).
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Preferential Solute Movement
through Larger Soil Voids. 1
Some Computations Using Simple Theory

D. R. Scotter

Department of Soil Science, Massey University,
Palmerston North, New Zealand.

Abstract

Viscous solution flow down vertical cylindrical channels and planar cracks, with simultaneous
molecular diffusion of the solute into the surrounding soil, was modelled. Chloride and phosphate
were chosen as representative of non-sorbed and adsorbed ions respectively.  In channels at least
0-2 mm in diameter, and cracks at lcast 0-1 mm wide, almost instantaneous preferential movement
of both chloride and phosphate was predicted. Little or no preferential movement was predicted in
smaller channels or cracks. For example phosphate was predicted to move to a depth of 200 mm
within 10 min in saturated soil containing 0-2 mm diameter continuous channels. However, it
would take phosphate over 2 months to reach the same depth in similag soil with the same hydraulic
conductivity, but containing only 0-05 mm diameter channels.

Channcls and cracks permitting preferential solute movement would be soiution-filied vuly at
pressure potentials above —0-2 m, so such movement can only occur in near saturated soil. Although
highly idcalized soil-void geometries were assumed, the results have a number of practical implica-
tions related to the movement of nutrients and pollutants in field soils.

Introduction

Growing concern for groundwater and stream pollution, and continued interest
in salt and fertilizer leaching, are the main rcasons for the present strong interest in
the movement of solutes in soil. Theory describing miscible fluid displacement in
uniform soils exists (Nielsen and Biggar 1962; Kirkham and Powers 1972), and
experimental results for packed columns of sand or soil aggregates are in general
accord with the theory (Biggar and Nielsen 1967). Hydrodynamic dispersion occurs
at the interface between the displacing and displaced solution, but in general non-
adsorbed solute applied at one end of a saturated column breaks through after the
application of approximately one pore volume of solution. Adsorbed solutes appear
in the efluent even later, after a number of pore volumes have been displaced.

Field experiments have often shown quite different behaviour, however, with some
of the applied solute moving through the soil much faster than expected. Kolenbrander
(1970) found surface applied nitrate became more dispersed in cracking-clay soils
than in more uniform soils, while Kissel ef al. (1973), using a solution of chloride
and fluorescein dye, showed preferential movement down the cracks in a swelling-
clay soil. Even in a weakly structured loamy sand, field experiments by Wild and
Babiker (1976) showed asymmetric leaching patterns for both chloride and nitrate.
They attributed this to preferential solute movement down larger channels, such as
earthworm channels typically 5 mm in diameter, and possible smaller channels.

129.
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Comparisons between chloride breakthrough curves for ‘undisturbed’ cores and
repacked columns for a silt loam (lrick and French 1966), and a swelling-clay
(Kissel et al. 1973), show the chloride appearing earlier from the cores in both cases.
The authors attributed this to the presence of continuous channels and cracks in the
undisturbed cores and their absence in the repacked columns. Bouma et al. (1976)
found very pronounced preferential chloride movement in saturated cores of Dutch
‘knik’ clay soils, with the solute appcaring in the effluent after the application of only
a thousandth of a pore volume of solution. They attributed this to the bulk of the
flow being through a relatively few liarge, continuous soil pores. Other data, showing
preferential chloride movement in saturated cores of silty clay loam soil with sub-
angular blocky structure, are given by Anderson and Bouma (1977). The same
authors (Anderson and Bouma 1[973) earlier applied a water-Rhodamine D dye
mixture to soil cores which were then dried, impregnated with plastic, sectioned, and
polished. They present diagrams showing dye movement down continuous channels
and planar voids, but not through the bulk of the soil.

While preferential solute movement through relatively large continuous voids is
well documented, no attempts to describe the phenomenon theoretically appear to
have been made. The existing miscible displacement theory already referred to treats
the soil as 4 continuum on a ‘macroscopic’ level (Raats and Klute 1968), and does not
describe fluid and solute behaviour at a ‘microscopic’ level in and adjacent to indi-
vidual voids. An exception is the theory of Passioura (1971) for hydrodynamic
dispersion in aggregated media, which is developed from a microscopic viewpoint
for viscous flow in the intra-aggregate pore space, coupled with molecular diffusion
within the aggregates. It is predicted that slight preferential movement may occur
in aggregated media under certain conditions (see Fig. 2 of Passioura 1971). However,
the size of the intra-aggregate voids is not considered explicitly, and neither is the
effect of solute adsorption.

The work described here is also microscopic in viewpoint, but involves a different
approach. The effect of isolated relatively large channels or cracks of known size on
solute movement, with and without solute adsorption, is investigated. Particular
attention is addressed to three questions. Firstly, how large does a continuous
channel or crack have to be for solutes to move through it preferentially? Secondly,
at what water potential do such pores drain, and so cease to conduct solutes ? Thirdly,
as adsorbed and non-adsorbed ions are known to move differentially in packed soil
columns, to what degree to strongly adsorbed solutes move preferentially through
larger continuous voids ?

Theory

Brewer (1964) suggests the larger interconnected soil voids fall into two broad
classes, channels and planes. Two idealized pore geometries will be considered here,
vertical cylindrical channels, and vertical planar voids.

Cylindrical Channels

The Hagen-Poiseuille equation for viscous flow through a hollow cylinder,
applied to gravity induced flow in a vertical channel, gives (Childs 1969)

g (apga®)/(8n), (1)
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where ¢ is the tlow rate (m*® s '), p, is the fluid density (kg m ~3), g is the acceleration
due to gravity (ms ), @ is the radius of the tube (m), and g the viscosity (Pas).
The solute flux into such a tube is ¢C, (mol s ') where C; is the concentration of the
applied solution (mol m ~3).

The simple model, used for flow through a saturated soil containing channels,
considers viscous flow down a number ol uniformly spaced cylindrical channels of a
certain diameter, with negligible viscous tlow 1n the rest of the soil. The fourth power
relationship between pore radius and flow means that, while the presence of a few
larger channels may make only a very minor contribution to the total soil porosity,
nearly all the How is through these channels (Bouma and Anderson 1973).

In the soil surrounding the cylindrical channels, assuming radial symmetry,
molecular diffusion of the solute may be described by (Gardner 1965)

j = = D_dC/dr, )
where j is the solute lux crossing unit cross-sectional area per unit time (molm~2s7"'),
D, is the effective solute diffusivity in the soil (m?s~"), fis the soil porosity (m* m %),
C is the concentration of the soil solution (mol m~?), and r is radial distance (m).

It 1s assumed that the channels contribute negligibly to /. For transient diffusion of a
solute following a linear adsorption isotherm

0C 1/ rD, dC
e e W4 ®
ol rdr\ 1 - R dr

where 7 is time (s), and R is the dimensionless ratio of the amount of adsorbed solute
to solution solute per unit soil volume. With R defined this way, f R corresponds
to the capacity factor of Olsen ¢t al. (1965). For non-sorbed ions R is zero, unless
negative adsorption occurs. Non-linear adsorption is readily treated numerically,
but would constitute an unwarranted complication in the present study.

At any instant the change in average solute flow in the cylindrical channels due to
ditfusion into the surrounding soil is given by
oC

iy
o— Py —
IJZ s or

; “4)
r—u
where - is the vertical coordinate. There will be some variation in solute concentration
across the channel, and hydrodynamic dispersion will occur in the channel itself
(Taylor 1953). However, the molecular diflusivity of solute in the channel is greater
than in the surrounding soil. It is assumed that C at r==a is the average concen-
tration in the channel at that depth. Radial concentration gradients within the channel
would result in less diffusion into the surrounding soil, and so more preferential
solute movement down the channel than predicted.

If values for the saturated hydraulic conductivity K (ms~') and the channel
radius are assumed, then n  K/g, where n is the number of vertical channels per
unit cross-section of soil (m~2). The effective maximum radius of the diffusion shell
around each channel is (nn) % For short times and/or large channels, however, the
diffusion is effectively into a semi-infinite soil volume.

A computer programme is ¢sMp73 was wrilten to solve equations (3) and (4)
simultaneously. For the larger channels considered, the solute flow down the channel
is much greater than the radial diffusion, so the concentration in the tube varies

131,
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only slightly with time and depth. In such cases the analytical solution for the radial
diffusive flux at r -a when C is constant there, and the diffusion volume effectively
semi-infinite, may be used to estimate the small changes that occurin C in the channel,
and to provide a check for the computer solution of equation (3). The results of the
analytical solution are presented graphically by Carslaw and Jaeger (1959); when
applying analagous solutions for heat flow in solids to solute diffusion into soil, the
thermal conductivity is put equal to D,, the thermal diffusivity equal to D,/(1 + R),
temperature equal to concentration, and the flux at r = a is multiplied by the porosity.

The pressure potential at which a cylindrical channel will drain, assuming zero
contact angle, is given by

Y = —2s5/(pga), ©)

where s is the surface tension between the solution and air (N m™?!).

Planar Voids
The gravity-induced flow down a vertical planar slit is (Childs 1969)

P - (pgd?)/(121), ()

where p is the flow rate per unit length of slit (m®> m~! s™ ') and d is the width of the
slit (m). If viscous flow is assumed to occur only in the slits, then m = K/p, where m
is the length of slit per unit horizontal cross-section of soil (m~?!).

A commonly obscrved pattern for interpedal vertical cracks is approximately
hexagonal in the horizontal plane (Brewer 1964; Bouma and Anderson 1973). A
regular hexagon with side length ¢ has a perimeter of 6¢ and an area of 3cZsin §n.
Each slit serves as a side for two hexagons, so assuming the area in the slits makes a
negligible contribution to the total cross-sectional area,

¢ 1/(msin §n). )

However, to make the description of diffusion away from the slits more tractable,
the hexagonal geometry was approximated by annuli constructed to have the same
area and outer perimeter. The required annulus is

Y = 3¢/n ‘
y =c[(9/n?)(3/m)sin §n]*, (8).

where Y and y are the outer and inner radii of the annulus respectively. Fig. 1 shows
a hexagon with the annulus used to approximate it superposed. Equation (3) now
applies, and the solution concentration in the slits is described by an equation very
similar to equation (4)

LI —2n YD,/E . C)]
hF4 d

rle=y

[S¥Tas]

To take account of diffusion into the soil on both sides of the slit p/2 rather than p
appears. Equations (3) and (9) were solved simultaneously using a very similar
computer programme to the one previously referred to.

For wider cracks an analytical solution for diffusion into the soil can be used for
comparison, in this case for diltusion into a semi-infinite medium from a planar
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source. Adaptation of the Carslaw and Jaeger (1959) solution in the manner described

previously gives
Dt
J DsCif[n *’] : (10)

1+ R

where J is the solute flux due to diffusion out of the slit (molm~2s~!).
The pressure potential at which a planar void will drain is

1 2s/(pegd). (11)

Fig. 1. A regular hexagon with an annulus
having the same area and outer perimeter superposed.
The symbols are defined in the text.

Diffusion Across the Soil Surface
It 1s possible that when a solution is ponded on the soil surface, diffusion across
the surface may significantly lower the concentration of the solution entering the
larger voids in which preferential movement occurs. The maximum rate of dif-
fusion across the surface may be found by assuming C = C; at the soil surface, and
that the soil initially contains no solute and is effectively semi-infinite, reasonable
assumptions for soil with preferential movement down widely spaced larger voids
and relatively little movement through the bulk of the soil. The solute flux across
the surface (J) is then also given by equation (10). If J/K < C, for all except very
short times, the concentration of the solution entering the larger voids (C,) maybe
approximated as
C, C -J/K (12)

Computations

Chloride and phosphate movement through 200 mm depth of hypothetical soil
with a porosity of 0-5 and a saturated hydraulic conductivity of 10 mm/h was
modelled. Thus the time for one pore volume of solution to pass through this soil
depth was 10 h. The diffusivity of chloride in the soil was taken as 6 X 107 m?s™!,
When compared with the diffusivity of sodium chloride in dilute solution of
1:6 x 107°m?s~! (Robinson and Stokes 1959) this gives a tortuosity-transmission
factor of 0-4, a value in general agreement with the values found near saturation by
Porter et al. (1960). In simulating phosphate movement, the diffusivity of phosphate
in solution of 5 x 107'°m?s~"' (Olsen et al. 1965) was multiplied by the same
tortuosity factor to give a soil diffusivity of 2 X 107*°m?s™!. The factor (1 + R)
was taken as unity for chloride and 200 for phosphate, a value within the range found
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by Olsen e al. (1965) and Olsen and Watanabe (1970). The viscosity of the solution
was taken as 1073 Pas, its density as 10 ® kg m ™, and the surface tension between
the solution and air as 7-3 - 1072 Nm "

In the ¢smp73 programmes, the soil volume around each channel or inside each
slit was divided into four layers along the z-axis 0f 0-02,0-04, 0-06 and 0-08 m thick-
ness.  Each layer was divided into usually eight, or sometimes four, geometrically
spaced annuli.  Each annulus was -2 1-8 times as thick as the one preceding it,
with the thinnest annulus adjacent to the channel or slit. The method used to solve
equation (3) was very similar to that described by de Wit and van Keulen (1972).
The rectangular integration method was used, with finite difterence methods to
compute the flux in and out of each annulus. The thickness of the first annulus was
chosen to minimize computer time, while avoiding serious computational errors at
short times. This could be checked by comparing the computed flux into the. first
annulus in the top layer with the analytical solution. The integration time increment
was chosen so that C/C; in the first annulus in the top layer was less than 0-2 after
the first iteration, ensuring numerical stability. To account for adsorption the real

Table 1. Channel sizes assumed and related data

Diamcter of  Maximum Pressure Fraction of soil
channels dillusion potential volume occupied
radius to drain by channels
(mm) (mm) (m)
0-05 0-4 —0-60 0-0036
0-1 1-6 -0-30 0-0009
0-2 6:6 —-0-15 0-0002
0-4 26 —-0-07 0-00006

volume of each annulus was multiplied by (1 - R) to give an effective volume. If,
as sometimes happened for narrow channels or slits at short times, the computed
flux into the first annulus was greater than the solute flow through the channel or
slit at that depth, then the flux was put equal to C g/L for channels or C, p/2L for
slits, where L is the thickness of the layer and C, the concentration of solution
entering the layer. For solution of this kind of transport problem in soil, CSMP was
found convenient and inexpensive to use.

Four channel sizes were considered, with different spacings between channels so
as to give the same hydraulic conductivity. The diameters assumed, and related data,
are given in Table 1. The channels constitute a negligible fraction of the total pore
volume, in all cases less than 0-89,. The Reynolds number for the largest channel
considered is 160, so equation (1) would apply in all cases (Bird ef al. 1960).

Computed breakthrough curves for chloride and phosphate are shown in Fig. 2.
C. is the solution concentration at 200 mm depth. For soil with 0-4 mm diameter
channels both ions broke through eilectively instantaneously, with C./C; reaching
0-8 or higher before 0-01 pore volumes or 6 min had passed. The spacing between
the channels was such that even after 20 h there was no interference between the
diffusion shells around each channel. Further computations, assuming a 2 m soil
depth also containing 0-4 mm vertical channels and the same K, showed C,/C; still
reaching 0-8 after 0-01 pore volumes or | h.
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The breakthrough curves for 200 mm soil depth containing 0-2 mm diameter
channels also show marked preferential movement of both ions down the channels.
After 20 h or two pore volumes there was some interference between adjacent dif-
fusion shells for chloride, but not for phosphate.

For soil containing 0-1 mm diameter channels the breakthrough curve for
chloride shows little preferential movement and almost ‘classical’ behaviour, resem-

Pore volumes
" 1
-
e
* 03 Cl and P

Fig. 2. Breakthrough curves
for chloride ( ) and
phosphate (- - - -) moving
through 200 mm of soil depth
' containing cylindrical channels.
The numbers on the curves
are channel diameters (mm).
C./C, is the ratio
. of cffluent
to influent concentration.

(12,3

02, Cl and P

a1, Ci

02 005, C}

5 10 15
Time (h)

bling the S-shaped breakthrough curves symmetrical about one pore volume found
for sand or disturbed soil (Biggar and Nielsen 1967). The breakthrough curve for
phosphate in this case is shown i Fig. 3. Note that the horizontal scale has been
expunded by a factor of 200, and phosphate is not predicted in the effluent until four
pore volumes or 2 days have passed, and then the eflluent concentration rises only
very slowly. For soil containing 0-05 mm diameter channels very steep breakthrough

Pore volumes

0 100 200 Joo 400
1-0 T T o T
i o i AT o] Fig. 3. Breakthrough curves
e for phosphate in soil
o 06 ) n containing channels (- - - -)
= 0-1 Channel . -~ [/ or slits ( ).
= e & ! i The numbers on the curves
L ' are either
el " 002 St [} ] the channel diameter
.7 HU:0SAChanae] or slit width (mm).
-) 3 A ! i A
0 50 100 150
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curves, suggestive of ‘piston flow’ (Nielsen and Biggar 1962) are predicted for both
ions (Figs 2 and 3). Similar steep breakthrough curves have been found for chloride
in uniformly sized glass beads (Biggar and Nielsen 1967). Phosphate is not predicted
in the effluent until 194 pore volumes or 80 days have passed.

FFour planar void widths were considered, again spaced so as to give the same
hydraulic conductivity of 10 mm/h. The slit widths assumed and related data are

135.



136.

D. R. Scotter

given in Table 2. The slits occupy only a small part of the total porosity, less than
97 in all cases. The computed breakthrough curves are shown in Figs 3 and 4.

Fig. 4 shows that with 0-2 mm shit width both chloride and phosphate appear
almost instantaneously in the efiluent. With 0-1 mm slit width, preferential move-
ment still occurs with both ions, but is less pronounced for phosphate. With 0-05 mm
slit width, chlonde still appears within a few minutes, but phosphate (shown in both
Figs 3 and 4) is not predicted in the eftluent until 7 h have passed.

Table 2. Planar void widths assumed and related data

Width of Outer radius of Pressure Fraction of soil
slit soil annulus potential volume occupied
enclosed by shit to drain by slits
(mm) (mm) (m)
0-02 2:6 -0-74 0-0085
0-05 41 -0-30 0-0014
01 320 -0-15 0-0003
0-2 2600 -0-07 ° 0-0001

With 0-02 mm width slits, the data in Fig. 4 show a steep breakthrough curve for
chloride which appears after onc pore volume, indicating negligible preferential
movement. In Fig. 3 the curve for phosphate movement in the same soil shows a
similar shape, but with no phosphate appearing in the effluent until 176 pore volumes
or 73 days have passed.

Pore volumes
0 | 2

Y II»Z.‘P_’anJ 1, Cl / e
o1, Pand 00s, ¢ | Fig. 4. Breakthrough curves
for chloride ( )
| or phosphate (- ---)
moving through 200 mm depth
vz, I of soil containing
7 vertical planar slits.
_ . --1 Thenumbers on the curves
- SR are slit widths (mm).
i o : = i
1] 5 10 15
Time (h)

The computations described do not take account of diffusion across the soil
surface from a ponded solution before it enters the larger voids. Fig. 5 shows the
solutions to equations (10) and (12) for the values of K, f, D, and R used in the
computations, and gives an indication of the importance of such diffusion. The
curves tor both chloride and phosphate indicate that when pronounced preferential
movement does occeur, the eflect of surface diffusion may be the same order of
magnitude as the radial ditfusion out from the larger voids in the soil. However, in
these cases both diffusion processes cffect only relatively slight changes in the con-
centration of the percolating solution. ’
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Discussion

The two soil-void geometries considered are highly idealized, so care must be
taken in interpreting the significance of these results to solute movement in field soils.
While only continuous vertical channels and slits of uniform width have been con-
sidered, in real soil a short constriction in an otherwise uniform channel or slit may
very significantly affect its solution conducting capacity.

Some of the results of the analysis were unexpected, in particular the strongly
contrasting behaviour predicted for solute movement through 0-2 mm and 0:05 mm
diameter channels. Phosphate could move through 200 mm long 0-2 mm diameter
channels in soil within a few minutes, but would not emerge from 0-05 mm channels
until over 2 months after it was applied. The minimum channel diameter for prefer-
ential flow of both non-sorbed and strongly adsorbed solutes is approximately 0:2 mm.
The minimum crack width for preferential flow is approximately 0-1 mm,

Pore volumes

v [ 2
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o8- S 4
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& :
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s i A
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Fig. S. Estimated concentration change due to diffusion through
soil surface from ponded solution before it enters larger voids, for
chioride (: ) and phosphate (- - - -).

The less pronounced influence of sorption on preferential movement in channels
as compared to planar voids is a result of the different diffusion geometries in the
soil adjacent to the voids. For radial diffusion from a channel, the soil close to the
channel provides a larger part of the ‘diffusion resistance’ than for planar voids, but
contains a relatively small soil volume per unit radial distance. Thus the diffusive
flux there quickly approaches a steady state, and so is less dependent on sorption.

In the root-zone horizons of many soils it is probable there are some channels
greater than 0-2 mm diameter resulting from the activity of roots and soil fauna,
and so some preferential solute movement is likely. Seminal and first lateral roots
of wheat have been measured as 0-3-0-45 mm in diameter (Russell 1973), and
presumably when decayed may leave channels approaching the same dimensions.
Structural cracks are also common, particularly in swelling soils. Although cracks
often close partly or completely when the soil is at or near saturation, the associated
swelling takes some time, and meanwhile preferential water and solute movement
can take place. 2

1977
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The data presented here for soil containing continuous larger voids show that
preferential solute movement in such soil may be much more pronounced than
indicated by Passioura’s theory for apgregated media. His maximum dispersion
occurred in the limiting case of zcro Brenner number and gave C./C, equal to only
0-2 after 0-2 of a pore volume.

Practical Implications

The results have several practical implications. Channels larger than 0-2 mm
in diameter and planar voids wider than 0-1 mm will be air-filled if the pressure
potential in the soil is less than —0-15 m, so preferential solute movement can occur
only in soil considerably wetter than the usual ‘field capacity’. If it does occur,
both non-sorbed and strongly adsorbed ions will move preferentially. When potential
groundwater pollutants are applied by sprinkler irrigation, and a long solute residence
time in the topsoil is desired to allow biodegradation or plant uptake, the application
rate or frequency should be such that the soil stays slightly unsaturated, and the
pressure potential is maintained below —0-15 m. Preferential movement would
not then occur.

Another implication is that movement of solutes, particularly strongly adsorbed
solutes, through columns of disturbed and repacked soil, is likely to be very dif-
ferent from movement through undisturbed soil in the field. The soil chemical
properties may be relatively unchanged, but in many situations the pore geometry
may be more important than the sorption capacity in determining the movement of
nutrients and pollutants. Coarser-textured soils with high saturated hydraulic con-
ductivity are often considered unsuitable for effluent disposal, but finer-textured
soils with a lower conductivity, but containing cracks or channels, may in fact allow
more groundwater pollution.

While the movement of solutes into the soil has been considered here, the results
are of course just as relevant to the leaching of solutes out of soils. When water move-
ment occurs preferentially, the concentration of the percolating water will be very
much lower than the concentration in the bulk of the soil, and little leaching will
take place.
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1.2 List of Symbols in CSMP Programmes.

A, B, C, D, E, and F Suffix indicating layer from the soil
surface downwards, with A nearest the

surface

BB = (1 + R), where R is the retardation factor

described in text

© = relative concentration of solutes in soil
solution

CSA, CSB,... = relative concentration of solute in
macropores

CSO = concentration imposed at the soil surface

D = molecular diffusion coefficient of solutes

in soil (L? T'l) (for programme in Section

C. 2.2 only)
DELT = computation time interval (T)
DIFC = molecular diffusion coefficient of solute

in soil (L® T ') (for programme in Section

C. 2.3. only)

DIFD = distance between the centers of two

succeeding annuli (L) (see Fig. C.1 and C.2)

DIST = distance from the centre of the channel

to the middle of any annulus (L) (see Fig. C.1

and C.2)
F = flux of solute between two adjacent annuli
™M L2Th
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FINTIM = final time for computation (T)

FLOW = viscous flow rate of solution in the cylin-

drical channel (L3 T-l)

LA, LB, ... = thickness of column layer (L)

N = number of annuli around the channel
OUTDEL = time interval when output is given (T)
PI2 = 2m

POR = water filled porosity

RAD = radius of cylindrical channel (L)
RITCOM = a factor giving a geometric increase in

the thickness of adjacent annuli

S = net flux of solute into or out of an

annulus (M L™} T 1)

SFLUX = flux of solute across the soil surface
ML2T Y
TCOM = thickness of annulus (L) (see Fig. C.1
and C.2)
THCKNS = maximum diffusion radius from the channel
(L)
TOPA = cross-sectional area of the soil surface (L2)
VA, VB, ... = relative amount of solute in each soil layer

M LY
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Programme for miscible displacement of solutes in a soil with uniform

vertical cylindrical channels,
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Fig. C.1 Geometry of the system and symbols used in the programme
for miscible displacement of solutes in a so0il column
with uniformly spaced vertical cylindrical channels.

Arrows indicate direction of flow.
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150.

Programme for leaching of surface applied solutes under ponded
water in a4 soil column containing uniformly distributed

vertical cylindrical channels.
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Fig. C.2 Geometry of the system and symbols used in the programme
for leaching of the surface applied solutes under ponding
water,in a soil column containing a uniform distribution
of vertical cylindrical channels. Arrows indicate

predominant direction of flow.



1521

-——am -

-

—x CSUPL3 INPUT. LIST-2 . 25.0034000-.

M(8)»DIFDLB)AREET(8IX(8)

. 3
' F | ' H :
. \ : ' , ! |
. - ' M ]
-l - | ] | 1
[] " ) ]
3 i H !
[ - i ' i '
' M 2 i
x _ |
.2 _
o ' 1
- ]
-~ — " .
© -3 ~ 1 |
s e — i !
o LS. -~ a
("] —2 ] .
| ot - - -~ -~ ¥
- - ~e - -~ r~ !
= - DD " — - — (=11 - '

=1 " - Ta. - ~ [« . -~ i
Qo - Aud * D= — x .« x - -~ ' i
=4 ] - ] - o~ =] =] =~ 2 ["a] .

—_d - -~ . -2 ["S o~ - L -

Dad 0 b — . = e — ~N

zo ~n — 0 3.3 0 et >a (=] — -~ .

- 3 - - ~ #~23 =p, ] ~ - - q —

a2 L ] Y= -~ D . [ @ o~ — . — 1
LY - L -RY - Lad= - L] - — ~ - - - - —0

T >0 -~ - LD ot N~ 2 ~ - _Jea ~ N - 4 -~ - N
Fe L N=] (%] - EO—Xe OI~ - - — ~ LN -~ —~ e ~ -l
o9 ¥, ] - a DT E =0 [+ x = — e -~ —EN @ -~ — OO0
—a = ~e - [l Ea e N N EY | - - 0 WV e e v e e M
DL =N o= x ER Il T -~n L. - 3 4~ N E & * e o R e LN
s J | won — . - = 8 Do e « a =T D—a O . Owss m X e ] O s N E
e ad DO & b~ -0 NE 3w . - ~ e I~ b ~ o b el i ™ | ~ ' o T 1=
[P | —_ Dom o T =Nl =1 = A s DA i Lo Lo P L L™ o] ] T P L} ENOa )

— - ANl 4 b e s Tt a—t ZUIN ANV T s DD - e ] =1 = P LB | “ ol AN
ao e il a@m -— S DO A s et rsrsis (e s-sIT T et L - . DL e Ot s | et Ul &

Nt NI N DN~ M ORRME RN B =T s e e el I 0N IN s At A L s Ll N s s s s s s ] e 1 TV rhl‘nl].\l\f].))g.r\s- (5 ™ |
LIBE NOMyetha ce Bl Ol ¢ 00000 D000 0 O L et D H Ol et O T s NI DI WD I et et O T =t (UM Tt MM Y D
OEX - 8_) e N Adrtema et Ze—a =l A A S>> D T M TP i bl et et it s It VI o L oo, RO O =

= 0000 a0 T L I . Sl o T P I T N1 TN T - 4 AN OV O B BNOVIILDOOO. B EIOVMEOC— § [ R D PSS TE ST B RE Ll -

DI— "IN AN A "D e T # LA It T P LA et bt e N ) TR b e T NASADAA = AT~ IR A O~ OSE D~ E0 AN BN N~ —

WOT-<EONl Nk E<Z O TO LML Vet O NS ddrenaonaor e 2 ) _d_J. ) =~ XX et T et ' et et O T ot T et s vl D E +t et et O (M T et s e (O

e = e e = AW O Tt OO~ D DO L DO DL D DO IO IEXEDD Dt A s T o Do L L LA L L s s D O v s (DD DD DD DDERrt M 2 O

QPRCPRLPD =l kIl IO O OO0 A SO EEOMOE Tl DPIP?FCC“FDE-\;SEEEFC}EFggggg%%
33 ——

DUFEIITETIIT @O0 - n o O=Ix ™~ N =] m e i o M e~ a“

B T O e AN | ; [ ~ oDaD NNy | i | wy

FRIToOXooat ECCXmy) 1 e |

L L L L L LTt Z D I =2 w ?

Xr——111101LlVa—d = 4 '

ﬁ I wy -0
_ T
. ._ — L}
} ’ 1 m

AT NO~DP O AN TN~V PO~ NAFN O~ DPOD=NMFN O~ DI O~V NO~D I NIF N0 DRI ~NMITNO~DP D= N TN O DR O =N TN O~ DF O~ NN O~ D
0000000001—1_-1-1..1.11%1222222222%331—]3\—333&.‘-.‘...Hﬂ._ﬂ-.ﬂ “.‘55555555556666666666;??;?7;85&&5&883999999989
2333333333233333333333323323232332323232333323233333233232232333333233333323333333233333332309232323333333333233233209232D
D022 323D3230DI39I302I30000IIDIIDJD0ITIIITVIDOIIIDIIIOIDIIDIDIDIIDISOIIOD UUUUUv0.u,uvDnv,Uﬁ-souaoouoggugmﬂouoguoosoosc



1153¢

—~—— -

. e —

= ———
e ———————— . —— A — — g =
A e e o —

- ———

 ——
-

~ I -~ - -~ ]
- - " - - —- — | ¢
r : ' - ] I H
» -~ K. “ ~E o ~xE » _ '
‘. - — - —_0 - — - ]
~ ~ ! - -~ -~ ~ -~ i
Lo~ 4 —~<t -~ ~xb - ~l -~ _ :
. -~ e - =1 -~ el =" | - N - - y
w | O - SO . - ey I | e el
y 3 ¥ 1 e > » . X A= O™ 2 o+ -~~~
. - =nt Y . ” — Qe X i = Dot a X L ] Lads it 4 i i
~ e =] — E T =) ~ P =1 ~ LI ! |
[.-IN-P. A S P . =z T Fa NS LR | - N0 e Pl U UV e e o e s ey il
al =1 Ll e S “f &l \ Al e Ny ad s s ale af =0 ' I AaandNTITANATAN VT YV TaN" T
— —_——Ole e Ll 3 —— e Ot — el Ot —“ M BGBBCVCCDDDEEEIF
L R e e R I L e R | R e e T S P R, 1] [T RN e e T e T T Tl R AT T I TP B e Tt v T S T v T O B, 7, TF, IV, 1, | o L1 wa Ll
) st et UM T et O M bt DOV D O s ot () s D il O™ et e et (M e M T et e ) D0 (UM =M 0000 4s asaa Raaaaaananaan ge

e it D R 2T o et st WD 2T e et OO 0 F b rarendeey 3> 00 00000000000 0000000

Bl PO OUONE ROMBO=—M | T VNVIVOOOONE TOVAC—O I~ TVNVAINOQOODE TOVITE O B O R VWVIVHOLI L0 s S sl s e St Sk o St S St Wt St e

Lot d N BN N B N N K Totad] et At WA A AAANTEN sl I et T IR ARE AN sl Ol s E AN AT D LLLLtLLL"l—LLLLl—LLLL 2.4

et O VT e OV et U F o At N AT et Il T s et (NI M et eI E e (U aNMIT S rrrrrra o

[= e SUETSTSISTEIS TETE [ = LN w0 = T D D0 D0 O e M VI D O D Ll L L D T e M N O e Ol b b e bl 333333032 3A0GO D IO HIIONIOS
|

XTZzrzZrzz2prrrrrrrzzrrzrzz

ta - o~ ~ ©® M = 7. & 9O 0 ~ @ - N O O et et et s
o we | = =R i et - A D e = - © 0 = ™~ : —AMAMUEUON U BRNENEERAANER
. X 1 [l Ll s Lag T B AT O T O T T

"

1 ) | i DLACICI DD IDVL POV Il bl la b b
ﬂ 1 _ by A NI I IPP I P >I B III S>> 2> >
| | I

* i ! | i

DTN DR DN TN O~DIO ANM EN O DO I E N O D P D e (NI A O D D = W) U O D O O -t (W Y QP DN Dre (3 1O D 2N N0 P DO D= NN O
DOoO0D00 00D Ortrtrtrirt et st vtet vty UONUICIAIDITICINIM MMM MO MMM S ¢ S T S §FF SN W WU 0 0 400 40 0 00 0 O P P Pt P P P P 20 T @0 00 000000 D 0 00 08 O O8N 08 OV O™
T et et o ol o ot ot Tt et bt ol ot et )l o et o 8l ot A et A At et 8t o gttt et g o
ODOODOUUﬁ—UUQOGOUUSOW 400000”””“0000000000000“ 2002200220000 0DO0DIIIDIIDIIIDCIDIIIDIOIDIIIDIDOOIDIDDOIIOIO
B I :



154.

—— -

i DooLLo
— ‘ e

h < DU Idla
NP =TT =N =N T = NS OO
CACDDDVD IOV I IS S il & & & s 8 s
RIS D 0 D 0 OO O
MEARANANENAANARAE NN NN AN A DO O
NN N N PP L N S P s s e e U O O D
NTIFANTIT AN T ANTITaYNIT A YN T o s nan s
Nl S B el e e Nl Y e e S S S S Y Y Y B o i St ) et et A
o LM DT DI T D IO L Ll el b b e € 000 O L
e e - T

FINTIM®LBu s LELT®0 485, uuTULL=1H0
FINTIN®720us LELT=04485,LUT0EL=T20
FINTIM®=1200,0cLT20s48,0uTUEL®1200

FINTIN®60,0LL (20s4suLT0LLRO0

- = 2z =z =z @
o P bt b et (X et (04 Qe O O
= ZEZZT b LW )
v i —aaa—FT T FTTIZTTO
o ; EXXEE XD O D D — =
Z| AALAALI— OOl

1
NORO—NMNETNON DR TI—NNECNONDOPO~=NAF N O DO D =A@ N O
CPRPOO0O0O0O0OO QOO wtert 2 =t ot =t =3 vt = (N NN CUTH NN (NN (NP 371 ) ey Py

=40 NON.N. VNN VYN VNN ¥ N NNV NVNVNN N NN NN NN NN NN NNN
V900D DIIOIDNDITIDODIIDIO0O0IDIIIOATIDI0O0IDIDIOIDIDOODD



0is?

0.12800 062234048 0.000v0 0400000 000000 000000

0406438

0el2197

—BhONFUL— Ot FUe 10N 'v#ﬂﬁii;6~ﬂk1€ﬂ--

INTEGRAT IOk

—-R&ECT

10000t 0C

0eVO
0.U0

ODQRxRDID UUW.
[e¥elalelelal.-To)

~oooooPo
'
YRR X
|
|
— DTINSLT

CNDOO D
[SYSTEIETSTSTE )]

® 0400

TIME

N NN _
0932
RN

W IOV I | _
~Roe
[=X-T- ]

@ —~ONOOO
~AMO=000
ewe ss o0

ow b,‘-oﬂo

reeeys

TAN—LET™
CDOIVI e
ccccc*x-v
i |
e Tl L
ooaoo _
sanan
tad b e i

.1..'+l
b g
M NS N

€« D IVIO ) e
CTCE <

i |
anaouv
dama

MO N

A= OMOoO

OO~ 00O
LR RS il

61.1.- o« o

-tnt-hl-
1
|

Nt O T M~

< DNO Dydlad
VPLLLUPL L

4NN |

[WIWIS TN
o5Moow
o~
NN ODDO
~POovINOOO
# oo oo e e
MNP
|
nﬂnunﬂln
! |

—~HFANGL @
<MD LI

CTCCC [E13]
-
ol
w
=
o

'

® 2400

TIME

155.



INTEGLRATIUN

RECT

-BrOMIut DItFUSIUN » POHNOING WATER

NNV
P I ]
o202
- dd g
DN
DD I
OesesIDOD
N@TOIDD
e vcocce
VDA~V ND3D

SNNDOMO D
N MODNO D

rdad D
C e MON
[alaa X'a%e Xog}
NOoOTIRO0D0
VORI O00
® e 0 e v e

Nt e MO OO

Nees O TN
CONI DLy N
DD OOO IO

—~ =N NN
(= JoJolola]
e 0 as
il
FTOFTITN
[ QLR e Lok 4
T OV-IDD
—NnaONNOOO
® e cococepe

MNTNMNO OO

~ DTN~ LL

6.0000E 01

TiME

Nere—s DN 0 O

TON~NIJE™M
L & J6 pa IV, YW 7
VLLLLOLOVL

et e (N M)
000020

ANTIFINO OO
e ee coewese

My DN TOO

N OT™ N D
LN NI ba D
PROVO LV

L edadath i
[elplelels le)
LI I B ]

MN O INI2OD
OOV O OVOO
®©eeoe oo oo

3 alalog o] Jele)
'

—OF AN T
=LVHD OO IV M
IOV LOLO

18015 02

TiME

INTE GFRTIUN

RECT

HrROMIDL DIFFUSIUNY » PLHUING waTEFR

Tint

Teo03sbL=ve
Je9uilb=ud
Sevlios2L=ve

b)

.

3

FANSYT™
&L D dINUW
VOUOUOLLO

NNV e
®O0O0O0D00
e a000202
e e I L IV |
DIOMN~T
N—a@ O«
~MMINOND
Pe~DONE
e e e acoe

65‘?54

Sensney

M Nee 3T MN
ADONO e
LLOLVLLLY

NRAM DN e

oTOFOODNO
MAOMHNFNOOO
e eeoo oo e

NN O~ oNO

Nt O TMN—I
€DNOI deN
PDOLOVVLY

NNNNNNNT
DOOO0D000
LI I I I B Y )
[SYRW STV W [V Ve [ W)
TMee™mDIPO
OO =R N =D
DENO~ND»
P OMNO N —
e ee ecenae

NN O OO0 esen

(NN RN N

~ 3T DNeale. T

7+42015E 02

———maN

M N~ T DN
QAMONQ Wl

.r:bCrxuﬁC

MMM NN
0000000
e 0000 00
[OV POV IDN [V 9V [ 0N |
Lok ad - 2acal' sl
mMoDe~n~w
Nt ONE O —O
NONNONMO
©ecceccvcoe

o poINmO

N—=OFM N~ O
<DNHNOID N
POLLOVLVDLO

MM NNNNNN
20000200
e o000
[WIN NI TN W IW)
o NNOCOMmD
N\ NOD MHOO
N@® O 0N DO
=D MO o
e eocceovee

511&‘4*72
---ﬂ-
|
| i
~OTM . T

CVNDVAQWNM.
thccccc

1.2001E 03

|
!
_
b
_
,
|

TIME

156.



APPENDIC D

DERIVATION OF EQUATION FOR FLOW THROUGH NON-UNIFORM
CAPILLARY TUBES



158.

The gravity induced, viscous flow through a vertical cylindrical,
capillary tube of length L and radius r can be described by the
Hagen-Poiseuille equation (Childs, 1969),

N
Trpe 8 (wl = wz)

Q = L (D.1)

where Q = flow rate (m’s ')
= fluid density (kg m %)
g = acceleration due to gravity (m s ?)
n = viscosity of fluid (Pa s)
wl and wz = pressure potential at inflow and out flow respectively

(m) .

When viscous flow occurs through a tube made by joining together
two different diameter capillary tubes A and B (as shown in the figure
below), at steady state the rate of fluid flow in tube A is equal to

the flow rate in tube B, thus

inflow

l

«— Y,

.
A
L v
A AB
- K-/
Ly B
l S

l outflow



Q = ¢

ﬂrx P 8V, - Wyp)

q -
e Pe 8(Wpp

1591

Vo)
B (D.2)

or =

8 nLA 8 nLB

Rearrangement of equation (.2) gives

]p rl-l rh

B"B A
v = )G o+
AB LA LB LA

—) (D.3)

Thus, once the potential at the join has been found using equation

(D.3), equation (D.1) may be used to find Q.



APPENDIX E

BROMIDE CONCENTRATION MEASUREMENTS FOR INDIVIDUAL REPLICATES
UNDER CONTINUOUS PONDING CONDITIONS



Table E.

LY

1

condition in the pasture area.

Preleaching

A log-normal distribution was assumed.

Bromide concentration measurements tor individual replicates under continuous ponding

161.

bepth Bromide concentration (ug/ml) x exp(x, ) exp(s) C.V.
e Core 1 1 11 v v (ug/ml) N
0-10 - 549 504 764 396 553 538 1.3 4.3
10 20 200 k1) 70 BS 100 84 2.0 15.4
20-30 20 81 20 30 55 52 43 2.1 19.3
30-40 13 62 4 87 12 35 21 3.6 42.3
J0-50 14 13 2 S 15 10 8 2.4 43.0
50-75 2 12 2 8 3 6 4 2.3 56.8
75-100 2 3 2 4 4 3 3 1.6 44.6
Post-Leaching
Depth Bromide concentration (ug/ml) X exp(xL)| exp(sL) c.v
mm) - Neorerf 11| 111 | v| v VI | VII|[VIIT| IX| X XI | XIT|XIII (ng/m1) N
0-20 119 196 | 189 | 149 | 130 | 124 | 161 [ 117 |223 | 155 | 160 | 108 (166 154 150 1.3 4.5
20-40 90 | 96 | 148 71 46 38 48 40 (102 97 |1 120 47| 90 79 73 1.6 10.6
40-60 59 | 08 | 122 47 45 30 56 27 | 114 41 89 35| 33 59 S0 1.6 12.0
60-80 S6 | 90 67 18 [ 102 45 73 30 |168 31 | 107 57| 18 66 56 2.0 17.2
80-100 29 | 97 24 31184 26 46 33 70 30 63 6% 13 53 38 2.8 28.4
100- 120 23 | 55 8 21101 10 19 25 ] 24 15[ 62 S 33 19 3.1 38.5
120-140 13113 4 5 | 146 22 33 23 12 11 41 -40 3 25 14 3.0 42.1
140-160] 12 8 2 9 | 143 31 42 20 9 12 S 28 3 25 13 3.2 44.8
160- 180, 12 |11 7 8 1110 32 64 15 8 9 15 13 3| 24 14 2.6 36.0
180-200| 7 7 10 8 85 36 | 117 7 8 8 13 17 3 25 12 2.9 42.6
200-225 7 7 12 5 25 34 96 7 S 8 15 24 4 19 12 2.5 37.3
225-250 19| 7 6 4 13 27 50 9 5 5 12 18 4 14 10 2.2 34.2
250-300 6|27 6 3 14 17 35 5 6 7 12 12 3 12 2 1.3 35.3
ALOT (b))
Pre-leaching
Depth Bromide concentration (ug/ml) X exp(xL) exp(sL) c.v.
(mm) Core 1 1 11 v v (ug/ml) b
0-10 | 602 882 452 741 884 712 691 1S 4.4
10-20 31 61 1 167 102 72 33 6.8 54.3
20-30 44 - 1 108 7 40 14 7.2 74.3
30-40 12 3 1 3 6 S S 2.7 85.1
40-50 2 0 0 0 0 0 X X X
50-75 0 0 0 0 0 0 x x x
75-100 0 0 0 0 0 0 x x x
Post-leaching
Depth Bromide concentration (pg/ml) x leXP(;L)IEXP(SL) c.v.
mm) Neore 1| trfiir| v [ v vi vin {vioe | ax| x| xxfxanxoon (ug/m1) ,%
0-20 136 164 | 95| 89 [133]119(113 |110 [103]159 [149(151]192 132 129 1.3 4.8
20-40 97 84 | 48 | 56 - 73| 94 99 69| 71 |125(127 (117 88 85 1.4 7.0
40-60 92 57| 25|41 87] 69| 79 88 61| 56 [104| 96| 69 71 67 1.5 9.4
60-80 64 69 | 28 | 50 85| 58| 72 82 64| 86 75| 92| 53 68 70 1.4 7.6
80-100 41 70| 33 | 41 83| 48| 67 |102 62(113 80(143] 35 71 64 1.6 11.2
100-120 18 80| 27 | 51 85( 42| 80 70 | 59]104 74 (117| 18 63 61 1.9 15.6
120-140 8 S1 ({10 |S3 71| 36| S8 71 55| 29 S1| 88 7 43 35 2.4 24.6
140-160 4 45 S |42 74| 13| 68 52 46| 28 67| 91 7 42 29 3.0 32.5
160-180 1 47 6 |35 72 6| 56 27 371 18 63| 93 9 36 22 3.7 42.4
180-200 2 40 (12 |29 61 3| 42 20 291 13 81 (108 5 34 20 3.5 41.7
200-225 2 40 (13 |17 49 3| 45 9 30| 15 63| 84 4 29 18 3.4 42.7
225-250 4 . 38112 |16 31 6| 27 10 201 13 67| S5 5 23 15 3.4 32.0
250-300 5 24 | 4 13 21 4118 9 12] 16 61] 42 6 18 19 2.7 33.9

CONTINUED ...



162.

Tuble E.1 (continued)
PLOT (¢)
I're-leaching
bepth Bromide concentration (ug/ml) x eXP(;L) exp (s ) c.v.
(i) Core 1 1 i v v (ug/m1) N
0-10 44?2 505 481 741 465 539 529 1.2 3.3
10-20 248 96 65 36 9 91 54 3.4 30.7
20-30 54 52 42 23 3 35 24 3% 2 36.5
30-40 26 1 1 1 3 6 2 4.5 191.8
40-50 21 2 0 1 1 5 1 6.8 520.9
50-75 0 1 0 0 0 0 + + +
75-100 0 0 0 0 0 0 + + +
Puﬁt-luuching
bepth Bromide concentration (ug/ml) x exp(xL)|exp(SL) Cc.v.
(mm) - Veore 1| 1rfrrr| v [ v [vrfvir| vion| x| x | xrfxin|xion (ug/m1) §
0-20 208 184 1207 | 152|172 (154|210 109 |145 (201 | 184 (181(147 173 171 1.2 3.7
20-40 86 36| 35 50| 88| 57| 99 7 48| 52 40(107| 22 56 49 2.1 19.1
40-60 118 271 15 22| 38114 | 38 4 32| 18 18| 91| 33 44 31 2.5 26.9
60-80 68 28| 10 3| 14| 84| 22 1 S 3 30| S3| 36 28 15 3.7 48.3
80-100 19 7 3 2] 12 4( 13 1 2 9 11'] 53| 32 13 7 3.4 62.5
100-120 24 3 3 0 9 0 3 1 0| 39 1| 54| 25 12 2 10.7 27.3
120-140 33 1 4 0] 25 0 0 0 0| 48 0| 47| 24 14 + + +
140-1060 34 0 ) 0 20 0 0 0 o 32 0] 40| 24 12 + + +
160-180 35 0 () 0] 29 0 0 0 0| 34 0| 32| 26 12 + + +
180-200 28 0 8 0f 29 0 0 0 0f 47 0] 25| 24 12 + + +
200-225 29 0 12 O 13 V] 0 ( 0] 43 O 23| 14 10 + + +
225-250 21 0| 14 0| 23 0 0 0 0 41 o - 6 9 + + +
250-300 18 0| 11 of - 0 0 0 0 32 0| - 3 6 + + +

+ As In 0 is not defined, these parameters cannot be computed.
Symbols used in the Table are defined in section 6.4.3.
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fuble E.2  Bromide concentration measurements tor individual replicates under continuous ponding

conditions in the cultivated arca. A log-normal distribution was assumed.
PLOT ()
Pre-leaching

bepth Bromide concentration (pg/ml) x cxp(;L) cxp(sL) C.V.

ST Core | 1 i v v (ug/m1) *

u-1uo oL0 744 600 682 789 683 679 1.1 1.9
10-20 @) 13 21 13 38 18 15 2.0 26.2
20-30 3 20 13 Y 14 10 7 2.9 54.6
30-40 ) &) 1 1 3 2 4 2.5 64.4
A0-50 2 3 0 1 3 2 2 2.8 250.9
50-75 2 & 2 2 2 2 2 1.1 17.2
75-100 3 3 2 1 2 2 2 1.6 86.7
I'u:;t—lcuchin*-

I = | ==

Depth Bromide concentration (ug/ml) x |0XP(XL)ICXP(SL) C.vV.
(mm) Core | |IREREN! IV Vv VLI |VIL| VILI] IX] X XI [XI1I| XIII (ug/ml) ke

0-20 297 3021287 | 308 [217]|205| 226 | 244 | 300|234 268(221] 286 261| 259 1.2 2.6
20-40 210 262(189 | 292 (189|145 294 | 276 |408 (217 | 288(161| 258 245| 155 1.3 5.2
40-60 41 66| 40 69 |127]| 43| 156 | 137 [126|104| 119]| 24| 86 88 75 1.8 13.6
60-80 4 S 4 71 28] 6f 23 29 74| 39 12 11 11 19 10 3.2 49.6
80-100 3 2 1] 2 3 1 2 S 53 4 3 1 3 6 3 2.8 99.3
100-120 3 3 1| 4| 3 1 2 2 19] 3] 21 2l 3 ) 3 2.5 80.0
120-140 2 4 1| 9 4 1 1 1 10 6 54 2 7 8 4 3.3 95.0
140-160 3 3 1, 24 4 2 1 1 251 17 94 11 20 15 S 4.7 95.8
160-180 4 12 6| 31|11 1 6 1 37| 18 52 1] 38 17 8 4.2 68.1
180-200 11 26| 10 | 41113 1l 17 2 a9 | 24 48 3 31 22 2 3.5 199.7
200-225 22 31| 24 } 44 | 10 31 23 2 46| 34 11 6| ‘19 21 15 2.7 36.9
225-250 11 . 14| 18| 40 9 31 13 12 421 30 26 8| 14 18 15 2.1 26.8
250-300 13 9 12| 27 [ 3 14 3 22| 19 24 4( 15 13 23 21.3 102.9

1

PLOT (b)
Prc-leaching

bepth Bromide concentration (pg/ml) X cxp(;L) cxp(sL) C.V.

(G Core 1 1 i v v (ng/m1) g

0-10 380 681 795 709 (84 652 389 1.3 4.4
10-20 9 16 647 104 20 159 45 5.7 45.06
20-30 e 11 349 8 1 74 8 11.4 114.8
30-40 1 9 (0] o 1 15 4 » 7.1 140.1
40-50 0 9 12 8 4] 6 2 12.0 598.5
50-75 0 1 2 1 0 1 + + +
75-100 0 1 1 0 0 QO + + +
Post-leaching
bepth Bromide concentration (ug/ml) X exp(xL) exp[sL) cv. "
(mm) Core 1 | II JIIT [IV | V |VI [VII| VIIIfIX | X |XI |XII}XIII (ug/ml) i

0-20 169 1931342 | 231(335|269|194 | 257 | 232|167 | 190|220 139 226 212 1.3 4.9
20-40 67 641200 [115(232]144[105| 190 | 161| 90 92(251] S0 135 117 1.68 10.9
40-060 32 29| 40 65| S3| 33| 38 45 3yl 31 9[115| 26 43 10 1.8 16.1
60-80 24 71 31 341 29 1] 18 8 q 7 1| 29] 33 17 10 3.6 54.7
80-100 8 11] 17 21| 83 1 1 1 1] 24 1 7| 47 17 6 5.2 R9.7
100-120 8 5 5 {198 I 1 (V] V] o 1 0| 31 20 3 5.3 136.8
120-140 27 2 S 1[238 2 1 0 4 1 0 0 8 22 2 10.4 486.8
140-1060 45 0] 22 1{169] 11 0 1 i 0 1 1| 43 23 2 12.5 333.1
160-180 22 0| 70 0]124| 20 0 22 1 2 33 0] 33 25 3 17.4 235.9
180-200 18 10| 69 0f110] S5 0 59 0] 25 79 of 21 34 6 19.28 |160.3
200-225 71 521 66 17| 80| 74| 18 85 6f 52 ol| 10| 60 50 41 2.6 25.8
225-250 64 41 70 77| 54| 63] 51 88 36| 49 33| S1 4 50 38 2.76 28.0
250-300 21 2| 39 791 501 72| 66 63 Sal 19 371 59 0 42 27 4.1 42.9

+ As In 0 is not defined, these parameters cannot be computed.
Symbols used in the Table are defined in section 6.4.3.
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Details concerning the construction of a fractile diagram have
been given by Hald (1952) and Biggar and Nielsen (1976). The diagram
is based on the cumulative distribution function P(x) for a normal

distribution:

(x-x)/s 2
1 s

P(X) = TZT}IE 2 exp [_ }]-é. ) du (F.])

where in this case random variable x is the concentration of bromide

in the soil (C,or th),i' the mean value of CorlnC, and s the standard
deviation. The values of P(x) are obtained by ranking the observed
values of x in increasing order of magnitude. Pre-leaching data at
30-40 mm depth are given here as an example. P(x) is equal to i/n,
where n = 48, the total number of the samples, and i =1, 2, 3 ..., 47, 48.
For the largest observed value of x, P(x) = 1 and for any value of x
less than the smallest observed value, P(x) = 0. By using these values
of P(x), the corresponding values of (x—?j/s obtained from the tabular
values of Eq. (F.1) (Mood and Graybill, 1963) were plotted versus C and
In C. The linearity of the resulting data was determined using linear
regression analysis. In this example, the probability units were more
linearly related to 1In C (r = 0.993) than C (r = 0.808) as shown in

Fig. ©.10C, thus bromide concentration variability in the soil

after application to the soil surface was approximately log-normally

distributed.

For a normal distribution, the mode (the most frequently observed
value), the median (the value with an equal number of values above and
below), and the mean are all identical. For a log-normal distribution,

the mode, median and mean are obtained from:

mode = exp(iL - si) = 5.4 ug/ml
median = exp(IL) = 22.2 ug/ml
mean = exp(IL + O.Ssi) = 45.0 ug/ml

where ;L and SL for In C were 3.1 and 1.2 ug/ml, respectively.

The results of the analysis for other leaching data under natural

rainfall conditions are given in Table F.1 and F.2.



166.

Table F.1 Results from fractile diagrams for experiment under

natural rainfall.

>

Mode exp(EL) Median |exp(s ) | ¢ y.

Depth
(mm) 1

[\
o

(ug/ml1)

Pre-leaching

0-10 48 0.975 0.987 413 346 389 380 1.41 5.8
10-20 48 0.917 0.979 141 93 123 117 1.70 11.0
20-30 48 0.817 0.980 65 24 47 41 2.25 21.0
30-40 48 0.808 0.993 45 5 22 24 3.28 38.3
40-50 48 0.745 0.980 41 3 16 14 3.91 49.0

Post-leaching (after 182 mm excess rainfall)

0-50 40 0.923 0.986 30.5 22.3 27.4 24.6 1.58 13.8

50-100 40 0.878 0.978 13.1 11.3 12.5 12.0 1.37 12.4
100-150 40 0.919 0.968 11.4 10.4 11.0 10.4 1.30 11.0
150-200 40 0.889 0.978 12.4 10.7 11.8 11.1 1.36 12.5
200-250 40 0.969 0.992 11.9 10.9 11.5 11.4 1.28 10.0
250-300 40 0.964 0.998 12.6 11.0 12.0 11.6 1.36 12.2
300-400° 40 0.955 0.979 14.3 11.6 13.3 12.3 1.46 14.6
400-500 40 0.934 0.985 14.3 11.9 13.4 12.8 1.42 13.6
500-600 40 0.957 0.984 11.1 8.9 10.3 9.8 1.46 16.4
T, and r, = correlation coefficients for (x-x)/s Vs concentration

and 1n C, respectively, n = number of samples. Median = median
obtained from experimental data. Other symbols used in the table

are defined in section 6.4.3.
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Table F.2 Data for bromide concentration distribution after infiltration
of 46 mm excess rainfall over evapotranspiration. Four core

samples obtained from 0.32 x 0.5 m subplots were bulked
together in each replicate.

Depth . | Range X exp(s,) exp(x,) C.V.
(mm) n L L o
(ng/ml)

0-20 10 37-105 71 1.38 68 7.6
20-40 10 27-49 38 1.16 38 4.0
40-60 10 26-60 37 1.26 36 6.5
60-80 10 22-59 38 1.36 37 8.6
80-100 10 21-73 44 1.45 41 10.0

100-120 10 22-70 48 1.45 44 9.8
120-140 10 22-63 47 1.41 50 8.8
140-160 10 25-67 48 1.36 47 8.0
160-180 10 28-67 49 1.35 49 7.7
180-200 10 28-61 45 1.33 43 7.6
200-250 10 24-70 40 1.44 38 10.0
150-300 10 14-60 32 1.64 29 14.7

* n = number of samples.

Other symbols are defined in section 6.4.3.
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