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ABSTRACT

This study reports an investigation of the influence of irrigation frequency on water and
herbicide transport in a Ghanaian field soil. An attempt was also made at simulating the movements
ofwater and atrazine [2-chloro-4-ethylamino-6-isopropylamino-s-triazine] in the soil under varying
irrigation frequency. The irrigation treatments used in the study were: Treatment 1 (T1): 150 mm
of water applied in three equal amounts of 50 mm each on days 1, 9 and 17; Treatment 2 (T2): 150
mm ofwater applied in five equal amounts of 30 mm each on days 1, 5, 9,13 and 17; and Treatment
3 (T3): 150 mm of water applied in nine equal amounts of 16.6 mm each on days 1, 3, 5, 7, 9, 11,
13, 15 and 17 after the commencement of the experiment. Furthermore, the differences in water
storage under the different irrigation treatments were also investigated.

In general, T2 resulted in highest water storage at the end of the experiment, followed by T]
and then T3. Water loss from the profile was in the reverse order. Treatment 1 caused more
leaching of atrazine and the centres of mass of atrazine at the end of the experiment were in the
order TI > T2 « T3. Sorption of atrazine decreased with depth. The percentage of atrazine
recovered decreased linearly with time and the amounts of the herbicide recovered at the end of the
experiment were in the order T2 > Tl ~ T3. Thus treatments 1 and 3 resulted in greater loss of
atrazine probably due to deep percolation resulting from the relatively higher amounts of water
applied and partly due to volatilization, respectively.

The simulated water profiles compared favourably with the field-measured ones especially
in T and T3 (with R2values of 0.754 and 0.674, respectively). In all the treatments, the predicted

water contents were higher in the top 0.3 m than the observed values. However, using 1:1 plots it



was noted that the simulated water content values were in good agreement with the measured ones
especially at the initial stages of the experiments. The deviations of the predicted values from the
observed became more apparent with subsequent water applications. The inability of the model to
correctly predict well was ascribed to its simplicity, neglecting the effects of hysteresis during water

redistribution and the type of simplified numerical scheme used to solve the water flow equation.

The patterns of the observed and predicted solute fronts were in good agreement. Using a
Chi-square test, it was found that differences between the observed and predicted leaching fronts

were not significantly different at 1% level.
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CHAPTER ONE

1.0 INTRODUCTION

1.1 Background

One very significant challenge facing the production agronomist is the development of a
satisfactory management technique that combines optimum crop production with environmental
protection. Although improved crop production has been achieved by effective pest control through
the use of pesticides, their continual use has become a worldwide concern due to their effects on the
environment (i.e. groundwater and atmospheric pollution). To minimise these adverse effects, limits
on the use of some pesticides and other agrochemicals have, therefore, been legislated in several
developed countries where they have been mostly used (Byrnes, 1990; Shepherd etal., 1993). In
many developing countries, there is also a trend of increasing use of agrochemicals to ensure high
crop production. However, the question of the appropriate application limits is far from resolved.

The determination of limits on pesticide use may be based on physico-chemical properties
of soils on which they are used, persistence characteristics of the pesticide and some knowledge on
the transport processes that affect the movement of such chemicals in the soil. In many developing
countries, such basic data on pesticide movement and pesticide-soil interaction are generally lacking.
This is an obstacle to the formulation of application limits. While it may be argued that
manufacturers recommendations are given on the packages, these may not be appropriate especially
under the apparently warm climates that exist in the tropics. Considering also the poor chemical
retention properties of most tropical soils, leaching losses of the chemicals can be high. Thus, the

need to monitor, on continuous basis, the effect of the increasing use of agrochemicals on soil and
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groundwater quality in Ghana has been emphasised (Ahenkorah et al., 1994) .

1.2 Problem specification

Useful insight into the manner in which soil and groundwater pollution by pesticides occurs
may begin with an understanding of the fate and processes of pesticide transport in soils. When a
pesticide is applied directly to the soil or to a crop (which eventually ends up in the soil) it may be
adsorbed, transported, taken up by plants, volatilized or degraded. Of all these processes the
transport and the volatilization seem to exert the greatest influence on the pollution of the
environment. Movement of a pesticide in the soil environment may occur while in solution or
adsorbed on migrating particulate matter, or by volatilization (Khan, 1980). Some factors that may
affect transport of pesticides in soils include soil management techniques such as tillage (Gish etal.,
1995; Isensee and Sadeghi, 1994; Hall et al., 1989; Dick etal., 1989), rainfall intensity (Edwards
etal., 1992; Siguaetal., 1992), rainfall or irrigation amount (Troiano et al., 1993), initial soil water
content (White et al., 1986) and soil water management (Cassel, 1971).

Since transport (leaching) of pesticides in soil is associated with water movement, it may
seem obvious that different amounts of deep percolating water would also result in differences in
amounts of leached pesticides. Yaron et al. (1985) noted in the particular case of irrigated
agriculture that the type of irrigation technology can lead to differences in pesticide leaching.
Troiano et al. (1993) found that the magnitude of leaching increased in the order: sprinkler < basin
< furrow.

It is, however, conceivable that differences in the extent of pesticide leaching may also exist

as a result of varying the irrigation frequency while maintaining the same depth of water application.
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This aspect of pesticide leaching seems to be less studied. Similar studies on the effect of varying
irrigation frequencies on the transport of inorganic solutes have not led to any conclusive results.
For instance, Alva et al. (1990) studied the leaching of cations in a loamy sand and sandy soils as
influenced by irrigation frequency. In both soils, leaching of Ca below the pod-forming zone of the
(groundnut) crop studied was significantly greater for the low frequency irrigation treatments than
for the high frequency treatments. This is contrary to the findings of Miller et al. (1965) who
studied the movement of KC1 as affected by continuous ponding and intermittent irrigation. 1t was
found that the latter treatment resulted in higher solute leaching and that intermittent irrigation in
smaller amounts caused the greatest leaching.

For organic solutes like herbicides, Oppong and Sagar (1992) observed a slight trend towards
greater downward movement of the herbicide in soil cores when simulated rain was applied daily
rather than at 4-day intervals. Ghodrati (1989), in an earlier study, observed no significant
differences in the leaching patterns caused by the various water application methods (continuous or
intermittent ponding or sprinkling).

In order to shed some light on these apparently contradictory findings, this study seeks to
assess the effect of different irrigation frequencies on the leaching of atrazine [2-chloro-4-
ethylamino-6-isopropylamino-.v-triazine] which is among the numerous herbicides used in Ghana
for maize production. This herbicide is also gradually becoming popular among some pineapple
farmers because of its lower cost (Osei-Wusu, personal communication). In spite of its wide usage
in Ghana, however, there is a paucity of information on atrazine and other agrochemical transport

in Ghanaian agricultural fields.
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It is also of scientific interest to be able to "predict” the extent of pesticide movement in soils
under different irrigation frequencies, using pesticide transport models. The usefulness of pesticide
movement simulation models in setting application limits has been discussed by many researchers
(Wagenet and Rao, 1990; Petach et al., 1991; Vinten etal., 1991; Greenwood and Walker, 1990).

The development of a simple pesticide transport model is, therefore, of interest to the study.

OBJECTIVES
The objectives of this study are to:
(a) obtain basic information on the behaviour of herbicide in a Ghanaian soil,
(b) assess the influence of different irrigation frequencies on the patterns of leaching
of atrazine, and
(c) attempt to develop a simple herbicide transport model for predicting the leaching

front under the different irrigation frequencies.
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CHAPTER TWO
2.0 LITERATURE REVIEW
2.1. Importance of herbicide use in the tropics

In the tropics where much of the world's crop production occurs (Brian, 1976), farmers do
worry about the growth of weeds which compete with crops for nutrients and other resources. This
is because advanced weed control methods such as the use of herbicides (defined here as chemicals
that are used for killing or adversely affecting weed growth, Akobundu, 1987) are carried out on
a limited scale. Rather, cultural weed management techniques including hand weeding, mechanical
weeding, tillage, burning, flooding, mulching, and crop rotation have been widely practised. The
main reason for continued use of cultural techniques has been the high cost of herbicides in many
developing countries. In Ghana, for example, herbicide use is only associated with cash crop and
export crop production. Herbicide use by peasant farmers who produce the bulk of food in the
country is very limited. However, in recent times, the cost of hand weeding has also increased
considerably. As the cost of labour has increased, manual weed control has also become expensive.
Thus, farmers (current and future) may be unable to maintain large farms if appropriate weed
control measures are not taken.

Chemical weed control using herbicides, therefore, may continue to be of great importance
in Ghanaian agriculture if increase in crop production by means of better weed control is desired

to meet the ever increasing population. Akobundu (1987) has discussed the advantages of herbicide

use. These include the following:
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(a) there is less drudgery in chemical weed control than in cultural methods,
(b) weeds can be selectively controlled without injury to crops,
(c) pre-emergence application of herbicides protects crops from the adverse effects of
early weed competition,
(d) field labour demand is lower than in manual and mechanical weed control methods,
(e) there is little or no soil disturbance, thus reducing the risk of soil erosion that is so
common with manual and mechanical weeding, and finally,

(f) it is simply a faster weed control method than other methods.

Although herbicides and other chemicals may seem to have the potential of reducing weed
problems in Ghanaian agriculture, they can also have harmful effect on soil flora and fauna, and
cause pollution of air, as well as surface and ground waters. The safe and efficient use of a
herbicide, therefore, requires a knowledge and understanding of its fate in soils. Important aspects
of the fate of herbicide in soil include the duration of its activity in the soil, the processes which
control its persistence and the factors which affect its availability to plants and its selectivity

between crops and weeds (Walker et al., 1982).

2.2 The fate of herbicides in soils

Whether herbicides are applied to plant foliage or directly to the soil surface, a high
proportion of the chemicals eventually moves into the soil (Brady, 1990). These chemicals may be
(@) transported through runoff and/or leaching, (b) vaporised into the atmosphere, (c) adsorbed by

colloidal particles (humus and clay), (d) degraded by soil microorganisms (e) taken up by plants (f)
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photodecomposed and/or (g) may undergo chemical reactions. The fate of herbicides in the soil may

be represented schematically as in Fig. 2.1.
In the following sections each of these processes that affect herbicides in soils will be

discussed.

Application

_— Photo-.
Volatilization decomposition

Runoff
or= + Desorption~
Sojp " Adsorption
colloids
Microbial Chemical
degradation degradation
Fig. 2.1 Introduction and fate of herbicides in the environment.

{After Akobundu, 1987; Walker etal., 1982 andFrere, 1975)



2.2.1. Transport of herbicides
Herbicide transport may occur in soil solution or through attachment to eroded soil particles.
Of interest to this study are losses through runoff and leaching, which are discussed in the following

sections.

2211 Runoff and Leaching

Runoff is a major cause of pollution of surface waters by herbicides and other chemicals.
A number of researchers (e.g. Haith, 1980; Ahuja and Lehman, 1983; Ashraf and Borah, 1992;
Frere, 1975; Sauer and Daniel, 1987) measured the losses of herbicides and other chemicals from
small field plots or watersheds by surface runoff in both the water phase and on soil particles.
Bailey etal. (1974) noted that some ways in which chemicals at the soil surface can be transferred
to runoff include: mixing of rain or irrigation water with soil solution, dissolution of chemicals
present in the solid form, desorption of chemicals adsorbed to the soil and adsorption of chemicals
to the eroded soil or sediment. Contamination of runoff occurs when water ponds over the soil
surface and runoff s initiated (Ashrafand Borah, 1992). Prior to the initiation of runoff, chemicals
that are completely mixed with infiltrating water migrate downward into the soil matrix (Ingram and
Woolhiser, 1980). When water ponds and runoff begins, part of the water infiltrates and the rest
becomes runoff.

The factors that contribute to water runoff also have effect on pesticide loss. These may
include crop residue, tillage, soil structure, rainfall intensity and infiltration rate of the soil and other

soil physical properties.



Leaching refers to the downward movement of water and its dissolved substances in the soil.
Although the efficacy of some soil-applied herbicide may be lost as a result of leaching especially
on very light soils low in colloidal materials, soil applied-herbicides are mainly effective when they
penetrate the soil some distance to be in contact with roots and young shoots of weeds (Leistra,
1980; Aldrich, 1984 and Akobundu, 1987).

Leaching of herbicides may be affected by (a) the properties of the solute (e.g. its solubility)
(b) permeability of the soil (c) the soil texture and organic matter content, (d) adsorption by soil
colloids, (e) initial water content, (f) crop and soil management procedures, (g) irrigation technology
and amount of water applied, and (h) fertilizer application. It is worthy of note that these factors
may not necessarily act independently but interact to affect herbicide leaching. Thus, the
discussions of the single factors below are separated only for discussion convenience, since a
discussion of all these factors simultaneously is not easy. However, where necessary, some of these

factors would be discussed in relation to others.

2.2.1.2 Properties of the herbicide that influence leaching losses

The properties of herbicides important for leaching include the solubility of the chemical,
its affinity for adsorption, and the formulation.

A soil-applied herbicide has to dissolve in soil water to be absorbed by weeds (Schmidt and
Pestemer, 1980). Thus, ifthere are no other soil barriers to water movement, soils with higher field

capacities would, at any time, retain more of the herbicide against leaching losses to deeper layers

than those with lower field capacities.
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Provided there is sufficient water available in the soil, it is the solubility of the herbicide that
will determine how much of it can dissolve for weed uptake or leaching. Although Aldrich (1984)
agrees that it is the portion of the herbicide in solution that is available to be leached, he holds the
view that solubility is not a major factor in leaching. He explained that the amount of applied
herbicide is normally extremely small compared with the amount of soil which constitutes a
potential adsorbing surface. He, therefore, asserts that leachability of herbicides is affected more
by adsorption, which in turn is influenced by the type of clay and organic colloids present.
Herbicides that have high affinity for colloidal particles may be highly adsorbed unto the particles
to minimize leaching.

Herbicide formulations may also affect leaching, generally, by altering the mobility (Gish
etal., 1995) but reports have not been consistent. On the one hand, Schreiber et al. (1987) proposed
that starch encapsulation is a controlled-release formulation that could reduce leaching losses. Gish
etal. (1991b) also observed a reduction in starch-encapsulated atrazine leachate concentrations from
shallow no-tillage soil cores compared with technical-grade atrazine. On the other hand, Gish et al.
(1995) rarely detected alachlor in any lysimeter below the root zone regardless of herbicide

formulation.

2.2.1.3 Effects of soil properties on herbicide leaching.
Generally, soils with more colloidal particles (clay and organic matter) have the tendency
to adsorb more herbicides, and therefore leave a smaller fraction in soil solution for plant uptake and

leaching. On very sandy soils with poor adsorption all of the applied herbicide may be assumed to
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be completely available in solution and potential leaching may be high. Guenzi and Beard (1967)
studied four different soils and found that the movement of Lindane and DDT was greater in the
soils higher in sand content. Hamaker et al. (1966) also reported an inverse relationship between
adsorption and leaching. Leaching in most tropical soils which are dominated by kaolinitic clays
with low exchange capacities may be higher than those which have other type of clays.

Leaching of herbicides may also be influenced by the permeability of the soil. Solute
movement, however, may occur in both less permeable and highly permeable soils. For instance,
Spalding etal. (1979) and Wehtje et al. (1984) observed high amounts of up to 23 fig/L of atrazine
in reuse pits and monitoring wells from highly permeable alluvial soils. On the other hand, Pionke
et al. (1988) obtained a maximum of 1.1 ng/L atrazine that leached through less permeable silt-
loam/clay loam soil to a shallow groundwater (2 m) deep. Thus, although solute leaching may occur
in any soil, more leaching may be associated with high permeability.

The initial water content has been shown to influence the amount of herbicide leaching.
Generally, greater amounts of leaching may be expected from initially moist soils than from dry
soils (Wiese and Davis, 1963). Smith (1982) explained that water competes with the herbicide for
the adsorption sites on the soil colloids, thus displacing the adsorbed herbicide molecules or
preventing their adsorption. On the contrary, White et al. (1986), observed a greater proportion of
leaching of 2 herbicides (bromacil and napropamide) from initially dry cores (0 = 0.24) than from
prewet cores (0 = 0.35). This might have been caused by swelling of the structured clay soil to

reduce macropores as the water content increased.
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2.2.14 Some soil management procedures that affect herbicide leaching.

The effects of soil management procedures such as tillage on herbicide loss have been
studied extensively. Most studies focused on No-till/Conventional tillage systems. Effects of
surface crop residues on interception, subsequent wash-off, and movement of herbicides through
soils are concerns associated especially with no-tillage agriculture (Green et al., 1995). Tillage
practice can modify chemical properties by influencing the amount of organic matter critical in
degrading herbicide (Stevenson, 1972; Stearman etal., 1989) and by altering the physical properties
that affect surface and subsurface hydrology (Burwell et al., 1966; Allmaras et al., 1967; Gish et
al., 1995).

Generally, water infiltration and agrochemical leaching can be more pronounced under no-
till than conventional tillage for soils with good structural stability (Dick et al., 1989; Hall et al.,
1989; Isensee et al., 1990). Macropores, which are generally more numerous and well developed
under no-tillage than conventional tillage appear to be primarily responsible for the increased rate
ofwater infiltration and agrochemical transport (Czapar et al., 1992; Edwards et al., 1992 and Jones
etal., 1990; Starr and Glotfelty, 1990). Conventional tillage disrupts the macropores in the surface
15-20 cm whereas macropores appear to remain largely intact under no-tillage (Isensee et al., 1990).
Again, the effect of tillage on herbicide movement may also be dependent on the properties of the
chemical. For instance, whereas Gish et al. (1995) rarely detected alachlor below the root zone
regardless of the tillage practice, atrazine was present in the lysimeters at 2 m depth.

Crop residue on soil surface has significant impact on herbicide application. Depending on
amount and type of crop residue or vegetation, 15to 80% of applied herbicide may be intercepted

(Isensee and Sadeghi, 1994; Banks and Robinson, 1982, 1984; Ghadiri et al., 1984). Sigua et al.
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(1993) observed 26 and 37% reduction in atrazine leaching when the soil was covered with 2000
and 8000 kg/ha of crop residue, respectively, compared with bare soil. Living or freshly harvested
vegetation was more effective in reducing herbicide leaching than dead plant tissue such as crop
residue and other residues from the previous year.

Another management technique that may affect leaching is herbicide placement. This is of
particular importance in ridge tillage system. Studies suggest that when chemicals are placed on or
near ridgetops, chemical movement through soils is reduced compared to placement in the furrows
(Clay et al., 1994). Various researchers have observed a reduction in herbicide and fertilizer
movement through soil when they were applied on hill or ridges rather than on the flat or in the
valley (Kemper et al., 1975; Hamlett et al., 1990; SafFigna et al., 1976; Clay et al. 1994). Clay et
al. (1994) explained that the reduced agrochemical movement from the ridge may be due to limited
water movement which in turn results in limited chemical movement through the ridges.

Fertilizer application has been found to enhance the movement of some herbicides. For
example, Liu etal. (1995) observed a decrease in atrazine adsorption and an increase in atrazine
desorption as a result of application of N fertilizer done at approximately the same time as the
herbicide application. They observed ammonia-induced changes in both pH and dissolved organic
carbon concentration and these appeared to influence atrazine sorption characteristics. This effect,
they concluded, may increase the risk of atrazine leaching through soil to contaminate shallow
aquifers. Earlier, Clay et al. (1994) found that when atrazine and N fertilizer are applied in the same
slot, atrazine movement through the soil was enhanced. This might have been due to the desorption

effects explained later by Liu et al. (1995).
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2.2.1.5 Influence of irrigation technology on herbicide leaching.

Although the physico-chemical properties of organic agrochemicals are of primary
importance in deciding their movement in the soil environment, it is possible by proper management
of soil water to increase the chemical's efficacy and thus reduce the amount required for pest control
(Gerstl, 1991).

Irrigation technology is one of the main factors governing the fate of a herbicide in an
irrigated soil. Irrigation may alter soil water conditions and thereby affect the transport of
herbicides in soil (Yaron et al., 1985). The amount of herbicides and water recharging the
groundwater as a result of irrigation is a function of irrigation method used and the amount of water
applied (Yamauchi, 1984; Yaron etal., 1985; Troiano etal., 1993). The movement of herbicides
is also dependent on timing of first irrigation following herbicide application (Isensee et al., 1990)
and the quality of irrigation water (Graber et al., 1995).

Increasing the amount of irrigation water may increase the amount of deep percolation which
inturn may increase the amount of leaching. Ferguson et al. (1991), therefore, recognized in their
study, the need for improvement in irrigation management to prevent excessive water application.
In a related study, Oppong and Sagar (1992) found that rainfall of 14 mm caused greater movement
of herbicide than did either 3.5 or 7.0 mm of rainfall. It is conceivable that leaching patterns may
also be affected by water application methods. Troiano et al. (1993) found that the distribution of
atrazine in soil indicated greater downward movement in response to increases in amount of deep-
percolating water. The magnitude of leaching differed between irrigation methods and increased
in the order: sprinkler < basin < furrow. They ascribed these differences solely to differences in

amount of percolated water produced by each treatment. However, Ghodrati (1989) observed no
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significant differences in the leaching patterns caused by the various water application methods
(continuous or intermittent ponding or sprinkling).

Irrigation/rainfall intensity is also a factor that may determine the extent of solute leaching
in soils. Edwards etal. (1992) reported more atrazine leaching by high- compared to low-intensity
rains. Boddy and Baker (1990) observed that the flow weighted average concentrations of atrazine
in drainage, for a 50 mm/hr rainfall, was over 3 times as high as for a 10 mm/hr rainfall. They
suggested that the increased concentrations resulted from a greater and more rapid movement of the
chemical through larger soil pores during the more intense rainfall, which may have reduced contact
time with the soil and, therefore, decreased adsorption of the herbicide. Sigua et al. (1992),
however, observed leaching of considerable amounts of solute through surface soil by long duration,
low intensity simulated rains. An average of 92% (Bromide, Br) and 52% (atrazine) of the total
amounts applied were leached through soil cores by 2 pore volumes of simulated rain applied at 12
mm/hr compared with 61% for Br and 33% for atrazine at 3 mm/hr rate.

The sooner a rain occurs after application, the more likely is the herbicide leaching (Starr
and Glotfelty, 1990; Shipitalo et al., 1990; Isensee and Sadeghi, 1994). It has been noted further
that the amount of initial rains following agrochemical application can also influence leaching. A
small initial rain will significantly reduce the amount of pesticides leached by subsequent larger
rains presumably by increasing soil-pesticide interactions which reduce amount of pesticide
available for leaching (Shipitalo et al., 1990).

To alleviate chronic water shortages in many parts of the world and to minimize pollution
of surface water from sewage effluent, the treated sewage effluents have been used for irrigation

(Graber et al., 1995). This practice may lead to increased concentration of heavy metals and other
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contaminants below the root zone. For example an accumulation of many organic compounds was
found well below the root zone in an effluent-irrigated citrus grove by Muszkat et al. (1993) but not
in groves irrigated with higher quality water. Recently, Graber et al. (1995) also found that atrazine
in effluent-treated columns (4 m high) was more strongly leached than that in high-quality water-
irrigated cores.

One aspect of irrigation management techniques is the high-frequency irrigation (i.e.
frequent application of irrigation water). Oppong and Sagar (1992) observed a slight trend towards
greater downward movement of the herbicide in soil cores when simulated rain was given daily
rather than at 4-day intervals. Varying the frequency of irrigation water application may lead to
differences in the amounts of deep percolating water and this might in turn cause different amounts
of leaching. Some researchers (Rawlins, 1973; Rawlins and Raats, 1975) have reviewed the
prospects and principles of high-frequency irrigation and others (Phene and Beale, 1976) have found
itto be beneficial in terms of crop water use. But the general effects of varying irrigation frequency

on herbicide movement has not received sufficient research attention.

2.2.2 Pesticide-soil interaction
2221 Adsorption

Adsorption is a process in which interaction occurs between the adsorbent surface and the
molecules or ions of the adsorbate. Generally, this interaction causes the adsorbate to be attracted
to the surface, reducing its concentration in solution (Walker etal., 1982; Akobundu, 1987). The
adsorbent are mainly the colloidal particles and these have negatively charged sites to which

herbicides can be adsorbed. A number of forces may be involved in adsorption. Calvet (1980)
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grouped them into 2 categories:
i High energy bonds (> 80 kJ/mole) which include ionic bonds and ligand exchange, and
ii. Low energy bonds (< 80 kJ/mole) e.g. ion-dipole and dipole-dipole interactions, hydrogen
bonds and Van der Waals bonds.
The detailed discussion of each bond is beyond the scope of this work.

For a particular chemical and its association with soil, multiple mechanisms of sorption may
be involved (Scow, 1993). Atrazine, being a weak base, may become electrically charged
depending on the acidity of the medium. Thus, both the high energy bonds e.g. ionic bonds (Calvet,
1980), ligand exchange (Hamaker and Thompson, 1972) as well as low energy bonds e.g. hydrogen
bonds (Calvet and Terce, 1975) have been suggested as the dominant adsorption mechanisms.

Adsorption of herbicides in soils depends on three factors: (1) the molecular properties of
the adsorbate, (2) soil constitution or nature and properties of the soil colloids, and (3) the features
of the soil environment (Yaron, 1989; Calvet, 1980). These factors are briefly discussed in the

ensuing paragraphs.

The important molecular properties of the adsorbate in the adsorption of herbicide may
include the electronic structure, molecular volume and water solubility (Yaron, 1989). The
molecular structure determines the ionization potential of a compound which is in turn controlled
by functional groups such as COOH, NH, CO, etc. The ability of a molecule to ionize, which
depends on the electron distribution in the molecule and on its electron mobility, is the primary

reason why many pesticide-soil interactions are pH-dependent. The solubility of a herbicide is
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sometimes considered as an approximate indicator of its adsorption (Khan, 1980). For nonionic
herbicides (e.g. diuron) aqueous solubility is the most important molecular parameter correlated to
adsorption. In general, highly soluble non-ionic pesticides have low adsorption coefficients for soils
while the opposite holds true for chemicals of low solubility (Hassal, 1990; Yaron, 1989; Rao and
Jessup, 1983; Hilton and Yuen, 1963; Grover, 1975). Some researchers, however, found no

correlation between adsorption and solubility (Briggs, 1969; Hance, 1965).

The soil constituents that control adsorption are the soil organic matter, clay minerals and
amorphous minerals (Yaron, 1989; Yaron et al., 1985; Khan, 1980)

Clay minerals have a negative charge that is balanced by exchangeable cations and thus are
important in adsorption of cationic and protonated herbicides by acting as strong proton donors
(Bailey et al., 1968). A number of researchers (Harper, 1988, Ladlie et al., 1976; Savage, 1976)
have, therefore, observed a highly positive correlation between adsorption and clay content. The
extent of adsorption may, however, be dependent on the type of clay mineral since they have
different exchange capacities. Soil organic matter is, generally, considered the main adsorbent
component of soils for many herbicides, especially non-ionic herbicides (Yaron et al., 1985).
Brouwer et al. (1990) observed a linear relationship between the logarithm (base 10) of the
adsorption coefficient of atrazine and the logarithm of organic matter content. Humic acids and
humins are the important constituents that have been reported to be responsible for adsorption of

organic compounds in soils (Bums et al., 1973).
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Other soil constituents that may be involved in adsorption of herbicides are amorphous
materials (oxides and hydroxides of Fe and Al, and allophane). Hilton and Yuen (1963) reported
that amorphous materials in Hawaiian soils greatly influenced the adsorption of pre-emergence

herbicides.

Features ofthe soil environment

The distribution of herbicides among the soil phases is also influenced by the soil
environment. Features of the soil environment that may affect adsorption of herbicides are
temperature, pH, ionic composition, and soil:solution ratio.

In general, adsorption processes are exothermic (Madhun et al., 1986; Yaron, 1989; Dunigan
and Mclintosh, 1971) and changes in soil temperature could have a direct impact on the phase
distribution of pesticides. Changes in temperature can either increase, decrease, or leave unchanged
the extent of adsorption in a given system (Gerstl and Mingelgrin, 1979; Calvet, 1980). For
example, Yaron et al. (1985) reported that increasing temperature results in decreased adsorption
because of an increase in the solubility of most compounds at higher temperatures. For diuron,
Madhun et al. (1986) and Liu et al. (1970) found this relationship to hold. However, Dunigan and
Mclntosh (1971) and McGlamery and Slife (1966) found that adsorption of atrazine increased with
increasing temperature. Yet, Calvet (1980) observed no effect of temperature increase on adsorption
of atrazine and other herbicides on peat. The high colloidal content of peat is likely to offset any
effect due to temperature increase.

The pH of a system is also an important factor as it governs the ionization of most organic

molecules. Soil pH influences the protonation of atrazine (a weakly basic molecule) and the charge



20
on the adsorbent surface (Koskinen and Harper, 1990; Calvet, 1980). Atrazine is, therefore,
adsorbed to a greater extent in low pH than in high pH soils (McGlamery and Slife, 1966; Goetz et
al., 1988) and has greater desorption from high pH than from low pH soils (Clay and Koskinen,
1990). Nonetheless, at very low pH values (2-5) the clay edges may retain a net positive charge,
thus favouring repulsion of some herbicides especially the protonated and cationic ones (Walker et
al., 1982). For phenylureas (e.g. Diuron), Hance, (1969a) and Yuen and Hilton (1962) observed
no significant effect of the pH of the system on adsorption while Frissel and Bolt (1962) and Harris
and Warren (1964) observed that adsorption of these herbicides by clay minerals was slightly greater
under acid conditions than under basic or neutral conditions. These latter authors did not state the

significance of the difference observed.

Soil water ratio

Adsorption generally has been found to increase as the water content decreases (Walker et
al., 1982; Savage and Wauchope, 1974, Farmer and Aochi, 1974; Hance, 1977). The soil moisture
content affects the adsorption process by modifying the accessibility of the adsorption sites and the
surface properties of the adsorbent. For non-ionic herbicides (e.g. diuron) competition exists with
water for the adsorption sites and negative relationships between herbicide adsorption and soil
moisture content have often been reported (Yaron, 1989). For example, Hance (1965) observed a
competition between water and diuron for adsoiption sites, and also diuron was a more effective
competitor at soil organic matter surfaces than at soil mineral matter surfaces.

Khan (1980) reported that moisture content influences adsorption of s-triazines (e.g.

atrazine) in soil. He, however, did not describe the type of relationship that may be observed as

water content changes.
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Tonic composition

The presence of salts in the soil solution may cause a decrease in the adsorption of cationic
species owing to competition for exchange sites (Yaron et al., 1985). Neutral molecules are
generally less affected by salts but may show increased adsorption with increasing salt concentration
(Yaron et al., 1985). Some nitrogen fertilizers are capable of increasing soil pH to 9 or greater
(Kissel et al., 1988; Norman et al., 1987). Thus, when such fertilizers are applied together with
some pre-emergence herbicides they may cause desorption and decrease adsorption of the
herbicides. For instance, Liu et al. (1995) observed a 50% decrease in atrazine sorption whilst
atrazine desorption doubled when aqueous ammonia fertilizer and atrazine were applied

simultaneously.

2.2.3 Herbicide degradation in soils
2.2.3.1 Microbial degradation

Microbial degradation of herbicides in soil is one ofthe most important of all environmental
processes that can result in the eventual mineralization of the herbicide. The microbes use these
chemicals as their energy source to effect mineralization of the herbicide. Microbial action on
herbicides is largely limited to that fraction of a dose of herbicide that is present in soil water
(Hassal, 1990). The fraction in soil water may, thus, be limited by adsorption to soil colloids. It
is beyond the scope of this work to discuss the details of herbicide degradation. Rather, only factors
that may affect the process of degradation will be briefly discussed. Those of interest to this study

are soil type, pH, temperature and moisture content, and depth within the soil profile.
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Soil type

Soils high in organic matter content tend to have greater microbial activity (Yaron etal.,
1985; Hurle and Walker, 1980). However, adsorption of most herbicides increases with an increase
in soil organic matter, and since adsorption reduces the amount of herbicides available in the soil
solution, it might provide protection from degradation (Hurle and Walker, 1980; Yaron et al., 1985;
Yaron, 1989). Hamaker (1972) suggested that an increase in organic matter might increase rates
of degradation in mineral soils up to a limiting value, above which the rates of loss would be
retarded. Some researchers (Walker and Thompson, 1977) have found that linuron degraded more
rapidly in soils with higher organic matter contents. Others (Briska et al., 1973; Smith and Meggit,
1970), however, observed a decreased herbicide degradation in soils higher in organic matter
content.

Clay minerals have differential capacity to sorb herbicides. It is conceivable that soils with
montmorillonitic clays will protect herbicides from biodegradation than those with kaolinitic clays,

as the former clay type has a higher surface activity.

Soil reaction

Microbial degradation may also be affected by the pH of the medium but the effect does not
seem to be clear cut as published results appear to be conflicting. For instance, atrazine degradation
was found to increase as soil pH decreased (Best and Weber, 1979), decrease as soil pH decreased

(Hance, 1979; Ladlie et al., 1976) or was nearly unaffected (Dao et al., 1979; Hance, 1979).
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Temperature andjiiaistumconteat

Temperature and soil moisture content have not been found to control microbial degradation
specifically but rather metabolic activity in general (Yaron et al., 1985). In accordance with the
laws of reaction kinetics, it has been found that the rate of herbicide degradation increases with
increasing temperature (Hamaker 1972; Smith and Walker, 1989).

Moisture content is also important because it controls oxygen level in soils by occupying the
pore space. Guenzi and Beard (1976) found that degradation decreased as the water content
decreased, and ceased when the soil was air-dried. This might be attributed to the effect of moisture
on herbicide adsorption as already explained. Hence, high adsorption as a result of a decrease in

soil moisture content may have protected the herbicide from being degraded.

Depth within the soil profile

Harris etal. (1969) and Adams and Thurman (1991) observed decreased atrazine degradation
with increasing soil depth. These trends may be the result of higher organic matter and hence higher
microbial population in the surface soils (Focht and Joseph, 1973). Thus herbicide that is leached
to the subsoils may be sufficiently persistent to represent a long-term contamination threat to

groundwater (Johnson and Fuhrmann, 1993).

2.2.3.2 Chemical degradation
Chemical conversion of herbicides in soils is a phenomenon that may play an important role
in the dissipation of many herbicides in soils. Although it may sometimes be difficult to distinguish

between purely chemically and microbially governed reactions especially since in many cases there
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are striking similarities between mechanisms and/or degradation products (Yaron et al., 1985),
chemical degradation of herbicides in soil has been recognized. For example, Dao et al. (1979)
observed that for up to 8 months degradation of atrazine was predominantly a non-biological process
even in non-sterilized soils. A range of chemical reactions involving soil-applied herbicides may
lead to hydrolysis, oxidation, reduction or formation of more complex molecules (Akobundu, 1987;
Khan, 1980).

Chemical degradation of herbicides that occurs in soil may be catalyzed in several different
ways. Catalysis by clay surfaces, metal oxides, metal ions, and organic matter have been reported
(Khan, 1980). For atrazine the mechanism of soil catalysis appears to be directly related to the
extent of adsorption (Armstrong and Chesters, 1968). Nearpass (1972) reported that chemical
hydrolysis of propazine was catalyzed by adsorption on soil organic matter. Montmorillonite was
shown to be the most effective clay mineral in hydrolysis of herbicides in soil (Brown and White,
1969; Russell et al., 1968).

The pH ofthe soil also controls the rate of atrazine hydrolysis (Armstrong et al., 1967). In
general, the rate is greater in soils containing high organic matter and low pH (Armstrong et al.,
1967). Beyer et al. (1987) concluded that chemical hydrolysis was the predominant cause of
herbicide degradation in acid soils.

Breakdown was also found to be rapid in warm and moist soils (Beyer et al., 1987
Armstrong and Chesters, 1968). Hance (1969b), however, observed that hydrolysis of atrazine and

other herbicides increased as the soil:solution ratio increased.
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2.2.33 Photodecomposition

Photodecomposition may have a pronounced effect on success of soil applied herbicides
especially the pre-emergence herbicides (Akobundu, 1987; Aldrich, 1984). It is the ultraviolet
wavelength of sunlight that is responsible for most photodecomposition of herbicides in the field.
Light within this wavelength range energizes quite a variety of common reactions including
oxidation, reduction, elimination, hydrolysis, substitution and isomerization (Aldrich, 1984; Croshy,
1976). It is known that many herbicides may have their activity reduced if exposed to light for any
length of time on the soil surface.

Photodecomposition is insignificant below the top few centimetres of soil (Jury and Fluhler,
1992). Thus, many pre-emergence herbicides may be protected from photodecomposition by
incorporating them into the soil (Akobundu, 1987; Aldrich, 1984). In addition, adsorption which,
as we have already seen, may be substantial for many herbicides, may also protect the herbicide
against photodegradation. Some phenylureas (Harris and Warren, 1964) and the j-triazines (Jordan

etal., 1963) are among the herbicides found to be sensitive to photodegradation.

2.2.4 Plant uptake

Some proportion of herbicide applied is removed by plants through the foliage and roots.
Removal from soil through the roots occurs via uptake of water. As mentioned in Sub-sub-section
2.2.1.2 on page 9, only herbicides dissolved in available water may be taken up by plants. Atrazine
is applied directly to the soil as pre-emergence herbicide, and is taken up through the roots. The site
of action of the herbicide is the chloroplast where the chemical may act as an inhibitor of

photosynthesis (Akobundu, 1987). Crops or plants that are tolerant or resistant to a particular
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herbicide are able to degrade it to less toxic molecules. Others are, however, killed. The detailed

description of the mode of action of herbicides in plants is beyond the scope of this work.

2.2.5 Volatilization of herbicides

Volatilization is defined as the loss of chemicals from surfaces in the vapour phase, e.g.
vapourization, followed by movement into the atmosphere (Yaron et al., 1985). It is an important
pathway for pesticide loss from treated agricultural lands (Gish et al., 1995; Weinhold and Gish,
1994; Yaron etal., 1985). It may be influenced by the vapour pressure of the herbicide, soil organic
matter and amount of clay, soil moisture, adsorption properties of the herbicide, herbicide
formulation, soil temperature, mode of application (i.e. surface application vs. incorporation), and
rate of air flow resulting in drift of droplets or vapour of volatile herbicides (Glotfelty and
Schomburg, 1989; Akobundu, 1987; Aldrich, 1984; Khan, 1980).

For significant losses from soil surface by volatilization to occur, herbicide vapour pressures
in excess of 10'4mmHg are necessary (Akobundu, 1987; Smith, 1982). However, even non-volatile
herbicides such as the substituted ureas, could be lost by volatilization (Aldrich, 1984; Walker et
al., 1982) but movement of the herbicide into the soil and adsorption may reduce such losses
(Walker et al., 1982).

Incorporation of herbicide into soil can minimize vapour loss. Walker et al. (1982) observed
that 90% of trifluralin, applied to the soil surface volatilized in 2-3 days whereas losses were only
22% in 120 days when it was incorporated to 2.5 cm.

Herbicide formulation may also have significant effect on herbicide volatilization. A

herbicide applied as a liquid formulation has a greater chance of volatilizing than same herbicide
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as granular formulation (Akobundu, 1987; Walker et al., 1982). Weinhold and Gish (1994) found
that starch encapsulation appeared to be a viable formulation modification for reducing volatilization
losses of herbicides, especially from no-tillage fields. They observed that starch encapsulation did
not affect volatilization of alachlor but substantially reduced that of atrazine. These differences
were attributed to the higher solubility of alachlor (240 mg/L) in water than that of atrazine (32

mg/L) resulting in quicker release of alachlor from the starch matrix and enhanced adsorption by

Herbicide volatilization is greater from moist than from dry soil surfaces (Aldrich, 1984;
Smith, 1982; Walker et al., 1982; Khan, 1980; Spencer etal., 1973). Taylor (1978) reported that
volatilization rates from plant and moist soil surfaces can be very large, with losses approaching
90% ofthe original amount applied within 3 days for more volatile pesticides. On a wet soil there
is competition between water and herbicide for adsorption sites, so that as the water content
increases there is a reduction in the amount of herbicide adsorbed making it susceptible to
volatilization (Akobundu, 1987; Smith, 1982; Walker et al., 1982).

Pesticide volatilization is less from cool and dry soil than from warm and moist soil surfaces
(Walker etal., 1982; Khan, 1980; Spencer et al., 1973). Temperature affects the volatilization from
soils by a direct influence on the vapour pressure of the chemical (Khan, 1980) and the response

usually follows the relationship (Hance, 1980):

logip = A- B/T 21

wherep is the vapour pressure, A and B are constants, and T is the temperature (°C).
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Increased soil organic matter content generally decreases volatilization (Spencer and Cliath,
1974). Other researchers have also obtained an inverse relationship between the rate of pesticide
volatilization and soil organic matter content (Guenzi and Beard, 1970; Fang etal., 1961). Ashton
and Sheets (1959) attributed the greater effectiveness of volatile herbicides in soils that are high in
organic matter to the reduction in volatility caused by the adsorption of the herbicides on organic
matter. Kearney et al., (1964) observed that vapour losses of triazines appeared to be inversely
related to the amount of clay and organic matter.

Volatilization of herbicides may also be influenced by the rate of air flow (Akobundu, 1987;
Khan, 1980). Apart from the direct effect of drift of droplets and vapour during herbicide
application (Akobundu, 1987; Walker et al., 1982) more volatilization is likely to occur with
increased air flow rate (Khan, 1980).

The effects of tillage on volatilization has also been reported recently in the literature.
Weinhold and Gish (1994) found that although volatilization losses were initially greater under no-
tillage, cumulative volatilization losses under no-tillage during a 35-day period were about one-half
those observed under conventional tillage. The reduction in cumulative losses under no-tillage
might have been due to the effect of organic matter which is usually higher in no-tillage soils than

in conventionally tilled soils.

2.3. Modelling the movement of herbicides in soil
The review of literature has so far discussed the general components of the fate of an applied
herbicide, as depicted in Fig. 2.1. As noted in Chapter 1, however, this particular study is biased

towards herbicide transport in soils and attempts to formulate a simple model for describing such
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mechanisms of herbicide transport. The rest of this chapter is, therefore, geared towards a review
ofsome solute transport models. The direct application of these models to describe the particular

herbicides used in this study will be discussed in later chapters.

2.3.1 The Burns’ Leaching Equation

Bums (1974) proposed a simple model for predicting the redistribution of salts applied to
fallow soils after excess rainfall or evaporation. Bums' model assumes that the soil profile is
divided into a number of discrete segments, each ofwhich is characterised by its own field capacity,
F, the initial values of actual water P, and solute present C;.

Let P be the amount of irrigation applied to the soil and ignore evaporation losses. IfP >
0, then salt leaching occurs. ItP = 0, then no movement of water or salt is assumed to occur. Bums'
model, generally, ignores solute distribution which arises from diffusion processes.

According to the Bums' model (which also ignores runoff), water (P) applied to the top
segment increases the water content of that segment to PP, while the effects of convection and
dispersion cause mixing of the salts present. Ifthe applied water contains dissolved solutes (Cw) and
the assumption of complete mixing holds true, then the new salt content of the segment becomes:
Cv+C,

Downward percolation of water is only allowed ifthe new water content of the first segment
P,+P exceeds the field capacity of the segment, F. In the case of percolation, the amount of water

that percolates to the next layer Wp is:

wp = pi+p-F 22
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so that the final water content of the top segment becomes F.
It is noted that Wp represents the fraction of water, Zp, that was temporarily held in the first

segment, such that:

2.3

Since complete mixing of solutes are assumed to have occurred prior to percolation, then Zp also
represents the fraction of solute moved downwards through leaching. It follows that the actual

quantity of solute leached is given by:

¢, = (cqcy) x Zp 24

and the salt remaining in the top segment becomes

Cp T CqHCyr CL 75

The water storage and solute content of the next layer become Pj+Wp and £+Q ,
respectively, and a comparison with F is made to determine whether percolation from second
segment downwards occurs or not. The calculations are continued for each segment in turn until
the required depth is reached.

The simple Bums' model is one ofthe few equations to be applied to describe anion mainly
N 03 leaching in many practical problems (Bums, 1980; Rose et al., 1982). According to Scotter
et al. (1993), there are probably three reasons for the wide use of Bums' model, namely: (i) the

model requires only estimates of field capacity, F and the amount of water application, I; (ii) the
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model is simple to use, (iii) the model can be applied over a wide range of soils except for swelling
and cracking clays. For itto be applicable to reactive chemicals (e.g. herbicides), Bums' model may

also need to be extended to account for adsorption of herbicides on soil colloids.

2.3.2 The Convective-dispersion equation

A more mechanistic approach to the description of solute flow through soils is to consider
the convective-dispersion models. According to the approach, the movement of a chemical through
the soil involves both diffusion and mass flow processes (Yaron et al., 1985; Khan, 1980; Letey and

Farmer, 1974). Details of the description of these processes are given below.

2321 Diffusion

Diffusion is the process by which matter is transported as a result of random molecular
motion caused by the molecule's thermal energy. The relative importance of diffusion in soil water
and air depends in part on the solubility of and vapour pressure of a herbicide. There is a net
movement from positions of high concentration to positions of lower concentration (Khan, 1980;
Letey and Farmer, 1974).

According to Fick's (first) law of diffusion, the quantity of matter that diffuses across a unit

cross-sectional area per unittime, g (m s') is given by:

where D is the diffusion coefficient (m2 S1), C is the concentration (kg rfi ), and x, the space

coordinate measured normal to the section (m). Under transient conditions where solute
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concentration within a medium changes with time, the rate of change in solute concentration may

be described by Fick's second law as:

where t is time.
For the purpose of this study which focuses mainly on herbicide transport in soils, the effect
of some soil and environmental factors on the diffusion of herbicides can be important. These are

briefly discussed below.

Adsorption

Herbicide diffusion is affected by adsorption by soil colloids. An inverse relationship has
been observed between adsorption by soil colloids and diffusion of herbicides (Walker and
Crawford, 1970; Lindstrom etal., 1968). Soil colloids have large surface area which tend to adsorb

herbicide molecules and thus may lower their diffusion.

The diffusion of herbicides through soil at various soil water contents has been investigated.
Lavy (1970) observed that the average diffusion coefficients of three s-triazines measured in six
soils were 0.26 x 10'8and 1.83 x 1© cin sdc at one-half field capacity and field capacity,
respectively. Scott and Phillips (1972) also observed an increase in diffusion with increasing soil

water content.
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Temperature
The effect of increasing temperature is to increase in diffusion (Khan, 1980). Lavy (1970)
reported a decrease in the diffusion coefficients of atrazine, propazine and simazine as the

temperature in several soils was decreased from 25 to 5 °C.

Bulk density
Increase in soil bulk density results in a decrease in diffusion. The principal effect of bulk

density is that of a reduced pore space which may limit the vapour and liquid phase movement.

23.2.2 Mass flow

The second but perhaps the most prominent mechanism of solute transport is by mass flow.
Mass flow occurs as a result of external forces acting on the carrier for the herbicide in question.
The heibicide may be dissolved or suspended in water, present in the vapour phase, or adsorbed on
solid mineral or organic components of the soil (Letey and Farmer, 1974). Mass flow of herbicides
may, therefore, result from mass flow of water and/or soil particles with which the soil is associated.

The convective transport (mass flow) of a solute by water can be described as:

& = Jd¢e 2.8

where qcis flux of solute with concentration C, and q,, is Darcian flux (m s"J), given by:

= . 2-9
q, k (Q) dz

where K is hydraulic conductivity (m s'), H is soil hydraulic potential (m), and z is depth (m). Mass
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The effect of increasing temperature is to increase in diffusion (Khan, 1980). Lavy (1970)
reported a decrease in the diffusion coefficients of atrazine, propazine and simazine as the

temperature in several soils was decreased from 25 to 5 °C.

Bullcdensily
Increase in soil bulk density results in a decrease in diffusion. The principal effect of bulk

density is that of a reduced pore space which may limit the vapour and liquid phase movement.

2.3.2.2 Mass flow

The second but perhaps the most prominent mechanism of solute transport is by mass flow.
Mass flow occurs as a result of external forces acting on the carrier for the herbicide in question.
The herbicide may be dissolved or suspended in water, present in the vapour phase, or adsorbed on
solid mineral or organic components ofthe soil (Letey and Farmer, 1974), Mass flow of herbicides
may, therefore, result from mass flow of water and/or soil particles with which the soil is associated.

The convective transport (mass flow) of a solute by water can be described as:

= <.c 2.8

where qcis flux of solute with concentration C, and gv is Darcian flux (m "), given by:
* - _* 7\ _
, (6) d% 2-9

where K is hydraulic conductivity (m s'J), H is soil hydraulic potential (m), and z is depth (m). Mass
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flow due to air movement in soil is considered negligible. Leaching of herbicides is usually
dominated by mass flow, although diffusion occurs simultaneously (Khan, 1980).

Mass flow of solutes may be affected by the liquid flux or water flow rate, water content,
bulk density and pore characteristics as determined by the soil aggregate sizes. Davidson and Chang
(1972) measured the effect of some of the above-mentioned factors and reported that a tenfold
decrease in water velocity caused a significant decrease in picloram mobility. High liquid fluxes
cause the peak of herbicide distribution to move faster than expected from equilibrium adsorption
(Yaron et al., 1985; Davidson and McDougal, 1973).

When diffusion and convection occur simultaneously under steady water flow conditions,

non-reactive solute transport may be described by the convective-dispersive equation given by

dc d2c dc
= D -V 10
at a** ax ao

where D is dispersion coefficient, and v is average pore water velocity.
For reactive solutes like herbicides and other organic chemicals under transient flow

conditions, Rao and Jessup (1983) described the flow by the following equation

dc d2C dc p ds
at = " eat * 2 211

where p is soil bulk density (kg m'3, S is adsorbed solute concentration (kg/kg), 0 is volumetric
water content (m3m"3 and Q is a sink or source term.
Although equation 2.11 has also been applied widely in modelling solute transport in soils

(Nielsen and Biggar, 1962; Jardine et al., 1989), it requires details on the knowledge of soil
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hydraulic properties. The complete description ofthese properties adds another level of complexity
to the use ofequation 2.11. Further, solution of equation 2.11 usually requires numerical techniques
using high speed computer.

In this study, therefore, an attempt is made to predict water and herbicide transport in soil

using simpler equations which are still related to the process of mass flow.
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CHAPTER 3

3.0 MATERIALS AND METHODOLOGY

31 Experimental Site
311 Location and Climate

The study was conducted between November 1 and December 20, 1995 at the University of
Ghana Farm, Legon (Lat 5° 397" and Long OU1I'W). The site has an elevation of 30 m and receives
an annual rainfall of 635-1143 mm. Mean monthly rainfall (mm) and the temperature distributions

are shown in Fig. 3.1. There was no rainfall during the experimental period.

3.1.2 Soils

The soils (Adenta series) can be classified as Kaolinitic Isohyperthermic Paleustalf (Soil
Survey Staff, 1992). Morphologically, these soils are deep to very deep, red and brown, moderately
heavy to medium-textured soils which are devoid of concretions and gravel at least to 0.6 m from
the surface and developed from weathered products of tertiary sands. The soils, among others, are
good for both mechanized and hand cultivation in the coastal savanna areas of Ghana (Acquaye and
Laryea, 1982; Ahenkorah etal., 1994). The top 0.8 m of the soil has field capacity of 0.27 m3m3
and permanent wilting pointof0.13 m3m3. There had been no application of any herbicides in the

years prior to the commencement of the study.
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3.2 Site preparation, experimental layout and treatments.
The vegetation at the site for the experiment was cleared by hand weeding with a cutlass.
Plots of size 1 m x 1 m were then established on the field site. The treatments comprised 3 different
irrigation practices: TI, T2 and T3, as detailed in Table 3.1 below. The arrangement of the
treatments in a Randomized Complete Block Design (RCBD) with 3 replications is shown

schematically in Fig. 3.2.

Table 3.1 Description of irrigation treatments studied
Symbol Short Description
TI 150 mm applied in three equal amounts (i.e. 50 mm each) on days 1, 9

and 17 from commencement of experiment,

T2 150 mm in five equal amounts of 30 mm each on days 1, 5, 9, 13 and 17

from commencement of the experiment, and

T3 150 mm in nine equal amounts of 16.6 mm each on days 1, 3, 5, 7, 9, 11,

13, 15 and 17 from commencement of experiment.

In this study TI, T2 and T3 were referred to as "low", "medium" and "high frequency
irrigation”, respectively. Adjacent plots were at least 2 m from each other, and thus were

hydrologically independent.
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Fig. 3.2 A schematic presentation of the layout of plots on the field.

3.3  Application of atrazine

Prior to the commencement of the irrigation treatment, each plot received an application of
Atrazine [2-chloro-4-ethylamino-6-isopropylamino-s-triazine], formulated as Atrasien 500 SC at

the recommended rate for maize i.e. 2.5 kg/ha (Ministry of Agriculture, 1991). Considering the
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concentration of active ingredient (a.i.) of 500 g/L, the quantity applied corresponds to 0.5 mL of

Atrasien 500 SC per plot.

34 Irrigation application

A total amount of 150 mm of water was applied within 30 days for each treatment. This
amount of water applied was selected to fall within the range of the seasonal water use of most
annual crops reported by FAO (Dorenboos and Kassam, 1979).

At each time of application, irrigation water was applied using a graduated watering can in
a manner which prevented ponding. The exact amount of water applied at each irrigation was noted.
Plots were covered with plastic sheet immediately after water application to minimise evaporation

and prevent rainwater from infiltrating the treatment plots.

35 Soil sampling, extraction and atrazine residue analysis

Soils of the treatment plots were sampled at 2, 7, 15 and 22 days after the commencement
ofthe irrigation by augering. The soils were sampled at 0,1 m intervals to a depth of 0.8 m. Holes
created during sampling were backfilled with untreated soil and identified by fixing a plastic straw
at each spot to avoid the possibility of resampling the filled soil. Whenever sampling coincided with
irrigation, the sampling was done before irrigation. Soil samples were air-dried, ground, passed

through a 2-mm sieve and packed in plastic bags for herbicide analysis.

The Delley's method (Knusli et al, 1969) was used to determine atrazine residues in the soil.

It involved extraction and hydrolysis of atrazine to hydroxyatrazine. The cation of the hydrolysis
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product was scanned at a maximum absorbance of 240 mMi. The detailed procedure is presented as

follows:

A 20-g sub-sample of the soil was shaken with 20 ml of chloroform for 30 minutes. The
slurry was filtered with No. 32 Whatman filter paper and the volume of the filtrate was recorded.
This volume was then evaporated to dryness on a water bath in a 250-ml beaker, using a gentle

stream of air. The residue was taken up in 10 ml of carbon tetrachloride (CC14.

The concentrate was transferred to a clean 100-ml separatory funnel. The beaker was rinsed
with a small amount of CCl4and added to the extract in the separatory funnel. The final volume was
between 20 and 25 ml. One millilitre of about 50% H2S04was added, shaken for 30 seconds and
allowed to stand for 30 minutes. This procedure was repeated three times. At the end of the fourth

30-minute period, the hydrolysis was complete.

Nine millilitres of water was added and gently mixed. After separation of the layers, the
bottom layer was drawn off and discarded. The upper aqueous layer was washed once with 10 ml
of chloroform. The washed aqueous layer was poured into another clean 100-ml separatory funnel
and shaken with 25 ml of diethyl ether to remove the chloroform. Unremoved chloroform would

interfere with the determination at 225 millimicrons.

An aliquot of the aqueous layer was transferred directly into an UV cuvette for reading in

a Philips PU 8620 UV/VIS/NIR spectrophotometer.
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3.5.1 Spectrophotometric Reading and Calculation of Atrazine concentration

The absorbance of the aqueous layer as obtained in Section 3.5 was measured at 225, 240,
and 255 m/i. For comparison, a cell filled with distilled water was used. The readings at 225 and

255 m// were used for a background correction.
To determine the atrazine content, it was necessary to prepare a calibration curve using

known amounts of atrazine. The calibration equation obtained was given by:

Concentration, C (jig/mL) = A x 112.56 3.1

The measured absorbances give the net absorbance, A, by the following Equation:

A255 + A22S
A = A% 3.2

where Aa= absorbance wavelength a, where a = 225, 240 and 255, in this case.

The net absorbance A was corrected by subtracting a blank value obtained for the reagents
used. Itwas also necessary to carry out a blank test on an untreated sample. The blank values are

often negative so that subtraction of a negative value corresponds to an addition of the representative

figure.

Concentration of atrazine in ppm was then calculated using Jackson's (1962) relationship

given by:
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Cone, of atrazine =Sy Y 3.3
v W
where V =volume (mL) of extractant,
v = volume (mL) of aliquot,
and W= weight (g) of soil.
3.6. Determination of physico-chemical properties

3.6.1. Soil texture
Forty (40) grammes of sieved air dried soil was dispersed in a 100-ml sodium
hexametaphosphate solution and the various particle fractions determined using Bouyoucos' (1962)

Hydrometer method.

3.6.2. Bulk density
The Core method (Blake and Hartge, 1986) was used to determine the bulk density. Undisturbed
core samples were weighed, dried in the oven at 105°C for 2 days and reweighed. Bulk density of

the soil was found by finding the ratio of the dry weight of the soil to its volume.

3.6.3. Soil pH and organic carbon
Soil pH was measured in 1:1 soil-water suspension and 1:2 soil-O.OIM CaCl2 suspension
using a Glass electrode-Calomel electrode (McLean, 1982) MV 88 Pracitronic pH meter.

The organic carbon content was determined using the Walkley-Black wet combustion



procedure (Nelson and Sommers, 1982). A 0.5 g soil sample was weighed into a 250 ml volumetric
flask. Ten millilitres of 2N K2Cr2 7 solution and 2 ml of conc. sulphuric acid were added.
Digestion was allowed for 30 minutes and the dichromate solution remaining was titrated against

0.2 N ammonium ferrous sulphate using barium diphenylamine as indicator.

3.6.4. Saturated hydraulic conductivity (K9

The saturated hydraulic conductivity (K9 of the various soil depths was determined using
the Constant Head and the Falling Head Methods (Klute and Dirksen, 1986), the latter being used
for less permeable layers.

For the Constant Head Method, samples of soils were taken with metal cores 10 cm long and
5 cm diameter allowing about 4 cm of space above the soil surface in the core. The soil was
presaturated overnight by wetting from the bottom. A constant head of water was maintained on
the soil using the Marriote arrangement. The head of water was noted. The volume of water
flowing through the soil per unit time was recorded and the Ksvalue calculated using the Darcy's

relationship given by

The K, value is therefore given by
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where, A =the cross sectional area (m2 of the sample,
L =the length (m) of the sample,
g =the volume (m3 of water flowing through the sample in a unit time, t (s), and

AH = (Hr H2 =hydraulic head difference imposed across the soil sample (m).

The measurement of Ks using the Falling Head Method, was also based on the direct
application of the Darcy equation. A hydraulic head difference was imposed on the saturated soil
column, and the resulting flux of water measured. The saturated hydraulic conductivity is given by:

/ \ /

where a = cross-sectional area of the water column (m2
HO= hydraulic head attime t = 0 (m)

H{= hydraulic head after a known time period (m)

3.7 Determination of adsorption atrazine by soils

Atrazine sorption to soil was measured using batch equilibration techniques (Clay et al.,
1994). Two grammes of soil contained in a glass bottle with teflon-lined screw cap was shaken in
twenty millilitres of atrazine in 5 mM CaCl2solution with concentrations 1.25, 2.5, 3.75, 5, 7.5 and
10 /zg/mL for 2 hours (Briggs, 1981). These treatments were done in triplicate.

The suspension was centrifuged, filtered and the solution concentration measured by u.v.

spectroscopy at 222 mix against a soil blank (i.e. untreated soil) shaken with 20 mL of 5 mM CaCl2
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solution. The absorbances of the various standard solutions (i.e. 1.25 - 10 /Ug/ml) were also
determined. The difference in amounts between the initial and the final solution was assumed to
be the amount of atrazine adsorbed by the soil. The sorption coefficient, Kd was obtained from the

slope of the plot of amount of atrazine adsorbed against the amount remaining in solution.

3.8 Atrazine recovery and dissipation
The percentage of atrazine recovered, Ar; defined as the total mass (]ig) of atrazine within

the 0.8-m profile expressed as a percentage ofthe mass of applied atrazine, was calculated using the

following relationship:

where C =the concentration of atrazine measured in the soil (jig/kg)
pb= bulk density (kg/m3
V = volume of soil = area x layer depth (m3
M,, = mass of active ingredient of atrazine applied (ug)
The dissipated atrazine, Ads (%), was then obtained by subtracting the per cent of atrazine

recovered from the percentage of atrazine applied (100%). That is,

A 100 - A, 3.8
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3.9 Soil water measurements
Apart from the determination of Atrazine in the soil, measurements of soil water were also
made by the Neutron scattering technique, using a Neutron Moisture Gauge with Americium ;241
Be as neutron source. These measurements were made before commencement of experiment and
at 2 days intervals after the commencement. Count ratios were converted to volumetric water

contents using the calibration equations determined for the various depths and presented in Table

Table 3.2 Neutron probe calibration equations for the various soil depths

Depth (m) Calibration Equation R2value
0-0.2 0V=0.5912 x CR -0.157 0.94

0.2-0.3 ©v=0.6207 xCR- 0.216 0.81

0.3-0.4 @ =0.5800xCR-0.183 0.83

0.4-0.5 ©v=10.5869 xCR- 0.172 0.92

0.5-0.8 ©v=0.5842 x CR-0.168 0.76

where CR = count ratio (the ratio of the counts per minute to the standard count), and

©v = volumetric water content (m3m3.

3.9.1 Soil water storage
Soil moisture storage, Sz (m) in a layer of soil of depth z, at time t, was calculated from the

following relationship:



where i is the layer counter, Az is the layer thickness (m), and z is the layer depth (m).

The change in water storage of a particular layer between times tt and t2was calculated as:
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CHAPTER FOUR

4.0 RESULTS AND DISCUSSION
4.1 Soil chemical and physical properties

The soil pH, organic carbon and the particle size fractions of the soil are presented in Table
4.1, whilst the variation ofbulk density with depth is shown in Fig. 4.1. The soil was predominantly
sandy clay loam in the upper 0.5 m and sandy clay in the 0.5-0.8 m layers. The clay content
generally increased with depth as the sand content decreased. Variation in silt content with depth

was minimal compared with the other fractions.

Table 4.1 Some physico-chemical properties* of the soils
Depth (m) pH Organic Particle Size Fraction (%)
Carbon )
1.1* 1:22 %) Sand Silt Clay

0-0.1 4.6 +0.2 4.2 0.2 0.61 70.52 2.59 26.89
0.1-0.2 4.6 £0.2 4.2 +0.2 0.54 68.50 3.81 27.69
0.2-0.3 4.6 £0.2 4.3 +0.2 0.38 64.40 6.18 29.42
0.3-0.4 4.6 £0.2 4.3 +0.2 0.32 63.05 6.20 30.75
0.4-0.5 4.6 £0.2 4.2 £0.2 0.22 61.63 6.23 32.14
0.5-0.6 4.6 0.2 4.2 +0.2 0.26 58.66 5.04 36.30
0.6-0.7 4.7 0.1 4.3 +0.2 0.22 54.58 3.92 41.50
0.7-0.8 47201 4.3 +0.2 0.19 57.72 5.00 37.28

* All values are means of 9 observations

1 Soil pH measured in 1:1 soil:water ratio

2 Soil pH measured in 1:2 s0il:0.01 M CaCl2ratio.

+ Standard error of the mean
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Fig. 41  The variation of bulk density with depth.
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The average organic carbon content of 0.61% in the surface 0.1-m layer, could be described
as being low (Troiano et al., 1993). The value dropped rapidly with depth to 0.19% at 0.8 m. The
average bulk density of the 0.8-m depth profile was 1.46 x 103kg m'3 and ranged between 1.35 x
103kg m'3and 1.56 x 103kg m"3 From the distribution of bulk density values (Fig. 4.1) it appears
there is some compaction in the 0.2 m depth. This apparent compaction is likely to impede water

movement in the profile.

4.2 Soil water distribution under the different irrigation treatments

Pesticide transport in soils is primarily due to water movement. Thus, the movement of soil
water during the experiments is first of all discussed as a prelude to the fate of atrazine in the field
soils.

The differences in irrigation frequencies were reflected in the water content profiles depicted
in Figs. 4.2-4.4. In Treatment 1 (TI) (Fig 4.2), the application of 50 mm on day 1 resulted in
appreciable increase in water contents measured in the top 0.5 m on day 3. On day 9 before the next
water application, the water contents of the top layers had reduced whilst the lower 0.3 m layers had
increased in water content. Upon addition of 50 mm, the profile became wet up to 0.7 m on day 11.
Before that last 50 mm water application (day 17), there had been uniform water content within the
profile and ranged between 0.21 and 0.23 cm3cm3, The last application of water resulted in a
uniform increase in water contents at all depths (day 19). On the final day of water measurement,
the top 0.7 m depth decreased in water content, with the margin decreasing with depth.

Treatment 2 (T2) (Fig. 4.3) exhibited consistent successive increment in water contents
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Fig.- 4.2  Variation of sail noisture profiles under *'Low Freguency Imigataad” (T1)

Fg- 4.3 \ariation of sal noisture profiles under " "Medium Freguency Iricatiai” (12)
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up to day 19 and decreased on day 22 when irrigation had ceased. Although all the profiles
measured are not shown, water contents generally decreased after irrigation until the next water
application, as obtained in TI. Like TI, T2 also resulted in appreciable increase in the water content
at the 0.8 m depth.

Treatment 3 (T3) (Fig. 4.4) also resulted in consistent increase in water content, especially
in the top 0.7 m layers, up to day 19 and a decrease on day 22. The water content in T3 at 0.7-0.8-m
layer did not change appreciably during the experiment.

Generally, fluctuations in soil water content in response to irrigation were more pronounced
in T3 than Tl and T2. Thus, whereas Treatments 1 and 2 resulted in significant increases in water
contents within the entire 0.8-m depth, the increase in water content produced by T3 was only
substantial up to 0.4-0.5 m layer by day 11. It was likely that at the end of the experiment, an
appreciable amount of water might have moved down in Tl and T2 to greater depths beyond the
0.8 m depth through deep drainage, although no data were taken to confirm this. Moreover,
increases in water contents at the 0.8 m depth were higher in T1 and T2 than T3 in which much of
the water was held within the top 0.8 m.

It is remarkable to note that Tl and T2 were more effective in increasing the soil water
content at all depths than T3. Redistribution process was more pronounced in T1 than the other
treatments because the irrigation interval was wide enough to make it noticeable. Higher amounts
ofwater application in T1 at low frequencies ensured greater movement of water from the surface
to the subsoil.

On day 1, water contents of all the treatments increased approximately steeply with depth

upon irrigation. However, in subsequent irrigations the increase in water content with depth was
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Fg. 4.4  Variatdo of soil moisture profiles under " High Frequency Imigaiaat” (13)
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quite uniform throughout the profile. This may be due to the effect of hysteresis which is important
especially in intermittent irrigation.

A close observation of the profiles below 0.25 m depth shows a slight increase in water
contents in T2 than T1 because differences between the initial and final water contents were slightly
higher in T2 than TI. This is contrary to the observation made by Nielsen et al. (1967) that soil
water contents increased with increasing incremental irrigation amounts. The deviation observed
may be attributed to variability in soil moisture loss from the surface and beyond the 0.8 m depth.

This is discussed later in Section 4.4.

4.3 Soil water storage

Soil water storage, defined as the product of the volumetric water content and the layer depth
(See Equation 3.9), is as important as its movement since chemicals can move in soils by diffusing
in the soil water. Comparison of soil water storage under the various treatments may therefore help
us know which treatment may facilitate herbicide transport.

The cumulative net water storage, obtained by summing all the net water storage values (See
Equation 3.10) for the various irrigation treatments and at different times, are shown in Fig. 4.5.
In all treatments, the incremental water application led to increase in soil water storage. This is
consistent with the findings of Nielsen et al. (1967) and Troiano et al. (1993). Generally, as
irrigation amount per event increased (from T3 to TI), soil water storage increased and the rate of
increase was higher upon addition of water to Tl than T2, or T3. This is expected because the
amount of water added per irrigation to T1 was higher than T2 or T3.

The patterns of water storage over time reflected the mode of water application. For T1, the
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Fig. 45 Cumulative change in water storage within the soil profile (0-0.8 m)
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net soil water storage increased sharply after each application of water and this decreased
gradually until the next application. On the other hand, water storage for T3 increased quite
monotonically except for the end of the experiment when there was a drop in water storage. The
situation for T2 was not intermediate. At almost all times (except the beginning), T2 always had
the highest net water storage.

In Fig 4.5, the increase in net soil water storage with time was quite linear for T3 and
increased steadily throughout the experiment since water was applied after each water content
measurement. In the other treatments (T1 and T2), reductions in storage were observed between
irrigation days. These losses were due to deep percolation and, probably, evaporation since runoff
was prevented. (Although the plots were covered with plastic sheets, the sheets were not in contact
with the soil surface due to the embankments at the peripheries of the plots and also the presence
of the access tubes. A separate study done earlier on the field revealed that some amount of
evaporation occurred on the soil covered with the plastic sheet). The reductions in storage were
higher in T due to longer period between irrigation events during which redistribution might have
been complete and evaporation might have been substantial.

In the earlier study by Nielsen et al. (1967), they observed that the amount of water
remaining in the soil after redistribution for a period of time following infiltration depended not only
on the size of the repeated water application but also on the amount of water passing through the
profile. They observed that after equal amount (18 inches) of water had infiltrated the plots of both
treatments involving 6-inch applications and 2-inch applications, the amounts of water remaining
after redistribution were equal. In this study, after all treatments had received 150 mm of water,

comparisons of the soil water storage of the various treatments at the end of the experiment (i.e. day
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22) showed almost equal final water storage values. The small differences may be due to various

experimental errors or variable losses of water through deep percolation and evaporation.

4.4 Losses of soil water

The amount of water lost under each treatment at any time was obtained by subtracting the
amount of water stored in the soil from the total amount of irrigation water applied. Figure 4.6
shows the cumulative amounts of water lost in the various irrigation treatments. As the water
storage increased with time, so also did the water loss. However, T3 gave the highest loss followed
by T1 and then T2, a trend just opposite to the water storage.

A greater proportion ofthe amount of water lost in T3 was probably due to evaporation since
this treatment received small incremental water applications at the highest frequencies. This ensured
that the soil surface was wet throughout the experiment resulting in the highest evaporation losses.
Hillel (1980) proposed that an irrigation regime having an excessively high irrigation frequency
could cause the surface to remain wet and the first stage of evaporation (during which higher
amounts of evaporation do occur) would persist most of the time.

Evaporation in Tl and T2 cannot be ruled out but it is likely to be lower because water loss
by evaporation from a single deep irrigation is generally lower than that from several light water
applications (Hillel, 1980).

Water losses through deep percolation, are likely to be higher in T1 and T2, in accordance
with Hillel's theory that water losses due to percolation are likely to be greater for larger irrigation
applications than for smaller ones. Watts etal. (1991) have also noted small deep percolation losses

with small irrigation amounts.
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Fig. 4.6  Water loss under the various treatments from the soil profile (0-0.8 m)
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45 Atrazine transport in soils
Having discussed the relevant aspects of water transport in the previous section, it is
pertinent now to discuss atrazine transport under the different irrigation treatments. As a reminder,
the systems diagram for the fate of herbicides shown in Fig. 2.1 depicts several components ofthe
fate of applied herbicide in soil. In the following sections, some of the relevant components will

be discussed.

451 Atrazine distribution in soils

The distribution of atrazine within the soil profile for the various treatments at selected days
of sampling are presented in Figs. 4.7 and 4.8. Data points represent the mean of all samples taken
from triplicate plots of each irrigation treatment at the given depths. The amount of surface-applied
herbicide in the topsoil at any particular time is of primary interest since it determines the bioactivity
ofthe chemical and also the amounts that are available for transport in the soil profile.

Two days after atrazine application when each treatment had received only one irrigation
application, the least irrigation amount gave the highest concentration of atrazine in the top 0.1 m
depth. However, there was some irregularity between the highest and the intermediate initial
irrigation amounts. This inconsistency is difficult to explain, but could be ascribed to soil
variability. The high concentration in T3 may be attributed to the accumulation of the herbicide as
the irrigation amounts decreased. The high amount of water applied in T1 on the first day may have
reduced the contact time of the chemical with the soil and, therefore, decreased adsorption of

atrazine (Green et al., 1995).
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Fig. 4.7 Distributions of atrazine in the soil within the first week of application.



62

Concentration of Atrazine (ug/g)

5 T1
-a -T2
Gm -T3
0

Concentration of Atrazine (ug/g)

Fig. 4.8 Distributions of atrazine in the soil, 15 and 22 days after application.



63

On day 2, the concentration of atrazine was zero at 0.25 m depth under T3 whilst under TI
and T2, atrazine was detectable within the 0.45 m depth. Similar trends were noted 7 days after
application, even though the concentration of atrazine decreased with depth compared with day 2.
Day 15 provided an interesting observation. The high and intermediate irrigation frequencies had
almost the same concentrations of atrazine in the top layer, whilst the low irrigation frequency
treatment (T1) had the least atrazine concentration. On day 22, the concentration of atrazine in the
top layer decreased consistently as irrigation frequencies decreased. In general, atrazine
concentrations in the top 0.1m depth decreased with time in all the treatments. However, the rate
of decrease was more rapid in the first 15 days but decreased from day 15 to day 22. Generally, the
variation in the concentrations of atrazine with depth and time was more pronounced in the top
layers. The concentrations in the deeper layers were remarkably different with irrigation
frequencies, and the variations appeared more or less inconsistent with time and depth.

Similar decrease in atrazine concentration with depth and time has been observed in some
field studies by some researchers (Starr and Glotfelty, 1990; Wehtje et al., 1984). For instance,
WehtjQetal. (1984) found that, after 2 growing seasons, samples collected at a depth of 1.5 m had
an average recovery rate of 0.072% of the surface applied atrazine.

The distribution of atrazine under the various treatments at the end of the experiment (22
days after application; Fig. 4.8b) is of special significance since all treatments had then received
equal amounts (150 mm) of water. After all the treatments had received 150 mm of water, it was
deduced that atrazine concentrations in the various treatments in the top 0.1 m decreased but
increased in the deeper layers as irrigation amounts per event increased from T3 to TIl. In the

deeper layers, however, inconsistencies were observed among the treatments. The peak
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concentrations in T1, T2 and T3 in the deeper layers occurred at 0.5 m, 0.5-0.6 m and 0.4-0.5 m,

respectively, and the respective atrazine concentrations at these peaks were 0.113, 0.099 and 0.099

Ug/g-

45.2 Comparison of atrazine movement in the various treatments

The discussions above have described the general patterns of atrazine distribution under the
different treatments. To assess, in more quantitative terms, the effect of different irrigation
frequencies, a criterion ofthe depth to the location of the centre of mass, i.e. the depth at which the
centre (50%) of recovered atrazine mass was located (Troiano et al., 1993), was employed. It was
calculated for each treatment, and used as an index for determining the depth of movement.

Generally a significant (P < 0.01) positive linear relationship was observed between the
depths to the centres of mass and time (Fig. 4.9). Atthe end of the experiment, the centre of mass
ofatrazine in T was deeper (0.41 m) than those of T2 and T3 (0.34 m). Differences observed on
days 2, 7, and 15 after application may be due to differences in water movement caused by different
cumulative amounts of irrigation water applied. The low frequency irrigation with highest irrigation
depth per event might therefore have resulted in deep percolation and hence more atrazine
movement in the profile.

In a similar study by Troiano et al. (1993), a significant linear relationship was observed
when depth to centre of mass was plotted against amount of percolated water. Lange and Bendixen
(1981) as cited by Troiano et al. (1993) reported less downward movement of pre-emergent

herbicides in the treatments that provided small rather than large increment of water.



65

0.45

0.4

0.35

0.3

0.25

0.2

0.15

Depth © centre d mess (M)

0.1

0.05

2 4 6 8 1012141618 20 22 24

Days after application of atrazine

Fig. 4.9  Relationship between irrigation frequency and atrazine movement
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From the foregoing, it may be important to adopt an irrigation practice that retains more
water in root zone of crops, especially in areas that are vulnerable to leaching. In reality, water lost
to deep percolation becomes unavailable to crops and it also increases the risk of groundwater
contamination since adsorption and dissipation rates of atrazine dissolved in soil water at deeper
layers are low (Isensee et al., 1990; Wagenet and Rao, 1990; Troiano et al.,
1993). Comparing the treatments in this study, T2 might be the most appropriate irrigation

treatment at the site since it stores much water and leaches less atrazine.

4.6 Factors affecting atrazine movement.

Although several factors are known to affect chemical transport as discussed in the literature
review (Chapter 2, Section 2.2.1), only the interaction of atrazine with the soil colloid and the
dissipation are considered in this study. The following section will focus on the sorption of atrazine

at different depths of soil and dissipation of atrazine under the various irrigation treatments.

4.6.1 Atrazine sorption

The data discussed so far regarding atrazine distribution and/or transport were based on
extraction procedure (Section 3.5) that essentially removed almost all atrazine from the sampled
soil. Under field conditions, however, atrazine would be partitioned between the soil solution and
soil colloidal phase. Therefore, it is of scientific interest and for modelling purposes, to assess how

atrazine may be partitioned in this way.

The adsorption isotherms of atrazine for the top 0.4 m are presented in Fig. 4.10.
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The sorption coefficient, Kj, values were 1.93 x 10'3m3kg-Land 0.55 x 10'3m3Kkg"1 for the top 0.2
m and 0.2-0.4 m layers, respectively. Although no sorption analyses on the other layers (0.4-0.8
m) were done, their Kdvalues were expected to be lower than 0.55 x 10'3m3kg'l This is because
the content of organic matter, which may be responsible for adsorption of a greater proportion of
atrazine (Brouwer et al., 1990; Bums et al., 1973), decreased with depth (See Table 3.1).

In spite of the fact that clay content increased with depth and that a highly positive
correlation between adsorption and clay content has been observed by some researchers (Harper,
1988; Ladlie etal., 1976; Savage, 1976), its contribution to sorption might have been minimal since
the predominant clay mineral in the soil studied was Kaolinite which has a low sorption capacity
(Ahenkorah etal., 1994; Brammer, 1962).

Thus, once atrazine leaches from the top 0.2 m of the soil, there is a high risk for its
movement deeper in the profile because of minimal adsorption in the lower depths (Clay et al.,

1994).

4.6.2 Atrazine recovery and dissipation.

The amount of atrazine recovered at a given time after application may be a function of its
persistence in the soil environment. The persistence of herbicides in the soil profile is of agronomic
and environmental importance because it determines their contamination potential (Petach et al.,
1991) and also influences the activity of the herbicides in the root zone.

The mass of atrazine recovered relative to the mass applied with time for all the
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Fig. 410 The Adsorption isotherms for atrazine at 0-0.2 m and 0.2-0.4 m depths.
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treatments together is presented in Fig. 4.11. In general, a significantly (P <0.01) negative linear
relationship was observed between per cent mass of atrazine recovered and elapsed time. The
negative relationship indicated loss of atrazine from the profile. On the first day of sampling, the
atrazine recovery decreased in response to an increase in irrigation depth. That is, as irrigation
amounts increased, soil water contents also increased. On the final day (22 days after application),
the per cent recovery was in the order TI < T3 < T2.

The dynamics of atrazine dissipation under the various treatments during the experimental
period is shown in Fig. 4.12. In general, the rate of dissipation (given by the slope) decreased and
became constant with time. Since losses through runoff were negligible, the dissipation of the
herbicide in this study was probably through volatilization, degradation and movement beyond the
study zone (0-0.8 m).

Volatilization of atrazine in field soils has been reported (Wienhold and Gish, 1994).
Volatilization is normally highest on the soil surface (Walker et al., 1982) and from moist surfaces
(Aldrich, 1984; Smith, 1982; Khan, 1980). Thus, losses due to volatilization in T3 may be the
highest. On day 1, however, the increased water content in TI resulting from highest irrigation
might have caused more volatilization in TI followed by T2 and T3.

On the final day the possible deep percolation in Tl might have caused more atrazine to be
transported beyond the 0,8 m whilst high volatilization and biodegradation in T3 may be possible
reasons for lower mass recovery than T2.

Based on decay equations with reported half-life values of 60-70 days for atrazine (Khan
etal., 1981; Helling etal., 1988; Isensee et al., 1990), the expected amount of atrazine available for

leaching 22 days after application in the soil of depth 0.8 m would be 78-80% of the initial amount.
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Fig. 4.11 Relationship between per cent mass of atrazine within the soil profile a
irrigation treatments.
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Fig. 4.12 Dynamics of atrazine dissipation in soil.
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In this study, total atrazine in the 0-0.8 m depth 22 days after application was between 53 and 57%.
Thus, it is suspected that atrazine might have leached below the 0.8 m study zone. Isensee et al.
(1990) also observed that the amount of atrazine in the 1.5-m profile 200 days after application was
far less than the expected amount based on the half lives of 60-70 days. This reduction was
attributed to leaching beyond the study zone.

Degradation is one of the principal factors reducing atrazine levels in soil and soil solution
(Armstrong and Chesters, 1968). The degradation may be chemical, photochemical or microbial.
Photodecomposition in j-triazines has been reported by Jordan et al. (1963) and it normally occurs
on the soil surface. Guenzi and Beard (1976) found that microbial degradation decreased as the soil
moisture decreased. Thus, the High-Frequency Irrigation treatment (T3), which maintained wet
surface throughout the experiment, probably resulted in more microbial degradation of atrazine,
followed by T2 and TI. The microbiological processes in soil is dominant in the topsoil or root
zone due to optimum conditions and more organic matter (Wagenet and Rao, 1990), and a decrease
in atrazine degradation with depth has been observed by Harris et al. (1969) and Adams and

Thurman (1991).
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CHAPTER 5

5.0 MODELLING TRANSPORT OF WATER AND ATRAZINE IN A FIELD SOIL.

51 Introduction

In the previous chapter, the general patterns of transport of Atrazine in a field soil were
discussed. Understanding such patterns is important for the general application of such chemicals.
However, in order to predict the extent and amount of chemicals that moved from the source of
application to another point of interest, modelling of the transport process becomes important.
Furthermore models are useful for generating data that would be very time consuming and costly
to obtain by standard experimental procedures (Greenwood and Walker, 1990).

In the literature, many models have been developed to assess the fate of pesticides in the soil
environment. These include the "Chemical Movement in Layered Soil", CMLS (Nofziger and
Hornshy, 1986), "Leaching Estimation And Chemistry Model”, LEACHM (Wagenet and Hutson,
1989), "Pesticide Root Zone Model", PRZM (Carsel et al., 1984). These models differ in
complexity and may range from simple ones based on mass flow (Burns model, see Section 2.3.1)
to Convective dispersion Equations (CDE).

The choice of a particular type would depend on factors such as parameterisation, level of
details to be represented in the model, etc. The complete CDE, although known to lead to good
predictions, may have some drawback, especially the need for detailed numerical techniques and
computing skills to solve large matrices generated from non-linear equations.

In this chapter, an attempt is made to develop and test a simple chemical transport model



based on the concept of mass flow and using the simple numerical procedure of Koorevaar etal.

(1983) to solve the aspect of water flow in the field soil.

5.2 Materials and methods.

5.2.1 Theoretical Framework for describing water flow in soils
Pesticide transport in soils is primarily due to water movement. Thus, the ability to assess
the extent of pesticide transport will inevitably depend on how well water movement is described.
The flow of water through a rigid porous medium, such as soil, can be described
mathematically by the Darcy and continuity equations. Darcy's law which describes the flux

density, qw (m s')) of water can be written as:

dH
qW = ~KZ (0) %-Z 5 ll

where KZQ) is the hydraulic conductivity function (m s'l) of the soil at depth z, H is the soil
hydraulic potential (kPa) =h -z, where h is the matric potential (kPa).
The matric potential (h) and the hydraulic conductivity (K2) of the various depths can be

expressed as a function of the soil water content according to Campbell (1974) as:
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and

0 ) 2b¢+3

Jc(9) K. e 5.3

where 0Sis the saturated water content (m3m3, K(d), the water-dependent unsaturated hydraulic
conductivity (m s"), /j¢ the air entry water potential (m) and b is a constant (the Campbell’s
parameter for the soil). In this study, the value b was obtained from the texture, organic carbon
content and the bulk density using an algorithm (RETFIT) developed by Hutson and Wagenet
(1992).

The flux of water moving across the boundary between soil layers is calculated using a
simple numerical scheme similar to that outlined by Koorevaar et al. (1983) (Fig. 5.1). For water
transport from layer i to layer i+1, where i is a layer counter, an average hydraulic conductivity was
estimated as the geometric mean of the values for the adjacent layers and the flux through the

boundary estimated using:
5.4
where i-Vi and 112 are positions on the top and lower boundaries of layer i (Fig. 5.1a). Equation

5.4 is generally applicable to water transport through any layer or across the boundary between any

2 layers of soil.
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Fig. 5.1 Scheme for calculating soil water flow (Adapted from Koorevaar et al., 1983).
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The difference in water fluxes entering and leaving layer i leads to a change in water content

of the layer. This process is summarised by the continuity equation as:

i® . 55
dt dz

To solve Equation 5.4 for all soil layers requires knowledge of boundary values. In this study, the
water flux at the upper boundary of the profile is the result of irrigation. It is further assumed that

water in excess of Field Capacity will percolate downwards.

5.2.2 Modelling solute transport
Solute transport by convection or mass flow is usually considered synonymous with leaching

(Khan, 1980) and can be described by the equation

< = V,C 5.6

where g0is the flux of solute (kg m"2s']) and C is the concentration of the solute (kg m'3 in the soil

solution. To extend the solute flow equation to account for herbicide transport, the following

assumptions were made:

1 the soil profile consists of small discrete sections each of thickness 0.05 m;

2. initial water content and herbicide concentration in each soil increment is known;
3. all irrigation water infiltrates into the soil during an irrigation event;

4. evaporation was negligible;

5. except for adsorption, other chemical reactions are negligible; and



78
6. dissolved and adsorbed phases of the herbicides are in equilibrium, governed by linear

adsorption isotherm, which is expressed as

Cs = KdCaq

where Cs is adsorbed chemical on soil particles (ug/g), Caq, the dissolved chemical

concentration in soil solution (lig/cm3 and Kd the solute adsorption coefficient (m3kg).

The effect on pesticide-colloid interaction on solute transport is expressed as:

where "Mk is the flux of an adsorbable chemical (herbicide) and R is the dimensionless solute

retardation factor defined as

where pbis the bulk density (kg m"3 and Kdis solute adsorption coefficient (m3kg’) obtained from
Equation 5.7.
The assumptions and the equations stated above were used to develop an algorithm coded

in FORTRAN 77 (listed in Appendix A) and used to describe the movement of water and Atrazine

in the field soil.
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5.2.3 Some soil properties used in the simulations

The properties of the soil used in this model are summarised in the table below.

Table 5.1. The soil properties used in the simulations

Depth K K b K* Pb 9. ©i (TI) St (T2) 0t (T3)
m cm/day am3/g g/cm3 cm3/can3
o T 65.00 -4.02 4.93 1.93 1.39 0.30 0.47 0.08 0.06 0.07
0.1-0.2 19.70 -5.36 5.58 1.93 1.52 0.31 0.42 0.10 0.09 0.12
0.2-0.3 34.00 -6.09 6.51 0.55 1.56 0.30 0.41 0.13 0.12 0.17
o 8o 49.08 -4.94 6. 65 0.55 1.51 0.25 0.43 0.15 0.16 0.17
0.4-0.5 136.29 -4.16 6.83 0.55 1.47 0.25 0.44 0.17 0.19 0.19
0.5-0.6 42.74 -4.27 7.48 0.55 1.47 0.25 0.44 0.17 0.20 0.20
0.6-0.7 79.30 -2.63 8.01 0.55 1.35 0.27 0.49 0.20 0.19 0.21
0.7-0.8 15.10 3.19 7.47 0.55 1.40 0.25 0.47 0.21 0.16 0.25

0j(TI), 0j(T2) and 0j(T3) are initial water contents of T1, T2 and T3, respectively.

5.2.4 Data sources
The main source of data for evaluating the water and solute transport model was taken from
those discussed in Chapter 4. The measured water content and solute front obtained for the

treatments were compared with those predicted by the model.
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5.3 Results and discussion

5.3.1 Prediction of water movement and moisture profiles

The profiles of soil moisture content measured and predicted are presented in Figs. 5.2 - 5.4.
In all treatments, the predicted water contents agreed with the observed on the first day of water
application. However, some deviations in the predictions were noted, especially in the subsequent
days.

In the Low Frequency Irrigation treatment (T1) (Fig. 5.2), the predicted values of the
moisture content in the top 0.2-m layer were always higher than the measured values (with
exception of day 1). Between 0.3 and 0.8 m, the predicted water content values agreed closely with
the measured values on day 5. On day 11, the predicted values agreed with the measured values
between 0.1 and 0.5 m depths. After the 11th day, the behaviour of the model was not consistent
and its ability to predict the soil moisture profile was poor. On all days, the top 0.3 m had lower
measured water content values than the predicted values.

In the Medium Frequency Irrigation treatment (T2) (Fig. 5.3), poor agreement between the
predicted and the measured water contents was observed after the first day of irrigation. On day 5,
the model predicted shallower water transport (up to 0.1-0.2 m depth) than the observed (0.3-0.4
m depth). In the lower 0.4 m, however, the predicted and measured values agreed very well. At

all times, the top 0.3 m had lower measured values than the predicted, similarto TI.
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Fig. 5.2  Simulation of water movement under "Low Frequency Irrigation” (T1)
Symbols and lines represent observed and simulated profiles, respectively
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Fig. 5.3  Simulation of water movement under "Medium Irrigation Frequency™ (T2
Symbols and lines represent observed and simulated profiles, respectively.
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Like the first two treatments (T| and T2), the top 0.3 m layers of plots under T3 almost
always had lower measured moisture contents than the predicted values (Fig 5.4). In the first week,
the model predictions were only good at depths 0.2-0.8 m and 0.3-0.8 m on days 5 and 7,
respectively. Both the predicted and measured values showed that there had been little water
movement into the lower 0.5 m during the first week. On days 15 and 22, the predicted values fairly
agreed with the measured values throughout the profile.

To assess the accuracy of the model in predicting the moisture contents under the various
irrigation treatments, 1:1 lines showing the theoretical relationship between the predicted and
observed values were drawn and are presented in Figs. 5.5-5.7. Regression lines, correlation
coefficients and, hence, the coefficients of determination for the treatment were computed and are
also presented in Figs. 5.5-5.7. The correlations between observed and predicted values in all
treatments were positive. In general, the predictions were best for T1 followed by T3 and then T2.
With frequent irrigations, the effect of hysteresis and evaporation might have been pronounced to
offset the efficacy ofthe model. The R2value of T3 is greater than that of T2 because as was seen
in Figs. 5.3 and 5.4, the model performed better in simulating the water contents in the lower 0.5
m in T3 than in T2 at most times. The least R2value of T2 resulted from more deviation of the data
points from the 1:1 line than those of T1and T3. In T1and T3 the model over-predicted the values
of water content in the ranges 0.18-0.26 and 0.18-0.25 cm3cm3 respectively.

In all the treatments, the perfect agreement between observed and predicted moisture
contents on day 1was because the measured pre-irrigation water contents were used in the model

as an initial condition and hysteresis was not influential. The over-prediction of moisture values
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in the top layers (apart from day 1) may be due to the fact that evaporation was assumed to be
negligible. The model, therefore, did not account for evaporation. Hence, in T3 where water was
applied in small frequent increments, the soil surface was wet most of the time and losses through
evaporation might have been highest compared with the other treatments (Hillel, 1980). This is
evidenced by the fact that the deviations of the predicted moisture content values from the observed
values in the top layers decreased inthe order T3 > T2 > T1| (See Figs 5.2-5.4). Variabilities in soil
physical properties may have contributed further to the deviations.

Other sources of enor may emanate from the use of the neutron probe especially in the top
layers where neutron escape may be prominent. Also the model assumed uniformity within a given
layer with no regard to macroporosity or pore discontinuity. But in such a field soil, flow through
macropores is likely. However, the model did not account for this. Furthermore, the estimation of
the Campbell’s parameter, b, from texture and other soil properties rather than from actual
measurement of the soil moisture characteristic data can be a major source of model prediction
errors.

Finally, water flow in soils may be influenced by hysteresis, especially under intermittent
irrigation applications like this study. Indeed the influence of hysteresis on water transport has been
reported by some researchers (Miller and Klute, 1967; Rubin, 1967; Curtis and Watson, 1984; Jones
and Watson, 1987; and Russo etal., 1989). For example, Miller and Klute (1967) modified the

general water flow equation (5.5) to account for hysteresis during redistribution to obtain:
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where 0 = volumetric water content (m3m3, t = time (s), z = depth (m), h = matric potential (m)
and the subscript h indicates a hysteretic function.

The consideration of hysteresis process in water flow equations can result in a more complex
situation too difficult to be analysed quantitatively (Jury etal., 1991). Thus, the effect of hysteresis
was not considered in the model and this could have been a further contributory factor to the
deviations between the predicted and the observed values in all the treatments, especially in the latter

stages of the experiment.

5.3.2 Prediction of atrazine front within the soil profile

In the simulations of the solute movement, the Kdvalue for each 0.1-m layer was not
available. Thus, comparison of absolute values of the predicted and observed concentrations in
various layers was not made. However, the simulated and measured depths of leaching of atrazine
under the various treatments were compared and are presented in Table 5.2.

In all treatments, the predicted rate of atrazine movement on day 2 was slower than the
measured. Within the first week of application the model predicted shallower atrazine penetration
and this may be attributed to solute flow through preferred pathways especially through macropores,
such as cracks and worm-holes. On the subsequent two sampling days (days 15 and 22), however,
there was a close agreement between the simulated and the measured depths of leaching. A
comparison of the predicted and the observed values in all the treatments using x2 (Chi-squared)
procedure indicated no significance difference between the observed and the predicted depths of

leaching (see Table 5.2).
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In the simulations, possible losses through volatilization and degradation were not accounted
for. In spite of the fact that there were similar patterns in the depths of leaching on days 15 and 22,
the predicted concentrations (data not shown) in the lower layers were negligible compared with the
measured. This may also be attributed to preferential solute flow through macropores which was

also not considered in the model.

Table 5.2 Comparison of predicted and measured depths (m) of leaching of atrazine on

various days of sampling.

Treatment 1 Treatment 2 Treatment 3
Days Observed Predicted Observed Predicted Observed Predicted
2 0.45* 0.25 0.45 0.15 0.25 0.15
7 0.55 0.55 0.55 0.35 0.45 0.35
15 0.75 0.75 0.75 0.75 0.75 0.75
22 0.75 0.75 0.75 0.75 0.75 0.75
* Values represent midpoint of the layer of 0.1 m thickness.

x20056 = 0.97 (Ns)< X, (12.592)

In conclusion, the model's performance in predicting water distribution was fairly good. The
patterns of predicted soil moisture profiles were similar to those of the observed at most times. The

performance of the model on solute transport, however, was generally poor although the patterns
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of the solute fronts were quite similar. This is because losses through volatilization and degradation
may be very high under field conditions but these were not accounted for in the model. Also due
to unavailability of the sorption coefficients for all depths, the assumed values for the lower depths
might have been high, resulting in underestimation of solute movement.

From the foregoing, it may be necessary to consider water transport through both micro- and
macropores (which are normally encountered in field soils under minimum tillage) for improvement
inthe prediction of water movement. For the solute transport, volatilization and degradation losses
must be estimated. Also, sorption characteristics of each layer ofthe soil profile must be thoroughly

estimated.
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

To adopt an irrigation practice that minimises leaching of solutes from the soil profile, and
hence minimise pollution of ground waters, T2 and T3 might be the most appropriate irrigation
practices at the site. However, T2 may be preferred since it stores more water and leaches less
atrazine.

The performance ofthe model in predicting water distribution was fairly good. The patterns
of predicted soil moisture profiles were similar to those of the observed at most times. The
performance of the model on solute transport, however, was generally poor although the patterns
of the observed and predicted solute fronts were quite similar.

For a detailed study on water and solute movement in the soil, a complete sorption
characteristics of each soil layer is needed. Evaporation studies may also be essential. Furthermore,
it may be necessary to consider water transport through both micro- and macropores (which are
normally encountered in coarse textured soils, shrinking soils with big cracks and in field soils under
minimum tillage) for improvement in the prediction of water movement. For the solute transport,
volatilization and degradation losses must be estimated.

It may be worthwhile to undertake similar work on water and solute movement in other
Ghanaian soils, and under rainfed and cropped conditions. This will reflect the conditions in the

tropics where most farmers practise rainfed agriculture.



93

CHAPTER 7

SUMMARY

In this study, the movements of water and atrazine in a Ghanaian field soil were studied
under three different irrigation frequencies. Dissipation and sorption of atrazine under the various
treatments were also estimated. Furthermore, an attempt was made to model water movement and
leaching fronts of the herbicide under the different irrigation frequencies. A total of 150 mm of
water was applied in each treatment. In the first treatment (TI), 3 equal incremental water
applications were done. In the second (T2) and third (T3) treatments, 5 and 9 equal incremental
water applications were done, respectively.

Generally, the differences in irrigation treatments were reflected in the variation of water
content profiles. The variations were more pronounced in T3 than in the others. Treatments 1and
2 caused more downward water movement than T3. The soil water storage values under the
treatments generally increased as the irrigation depth per event increased. However, storage under
T2 was not intermediate. Treatment 2 had the highest storage and lowest water loss most times of
the experiment. Consequently, it may have been intermediate in losses through evaporation (which
was probably highest in T3) and deep percolation (which was probably highest in T1).

Atrazine concentrations in the top 0.1m layer under all the treatments decreased with time,
the rates of decrease being rapid in the first 15 days. All the treatments resulted in atrazine leaching,
and the centres of mass at the end of the experiment were in the order TI > T2 « T3. Since solute

transport is caused primarily by water movement, this may be an indication that T1 resulted in
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highest deep percolation.

The dissipation of atrazine increased with time resulting in decreasing recovery rate which
was linear and significant. At the end of the experiment, the per cent atrazine dissipated was in the
order TI > T3 > T2 and the reverse was true for atrazine recovery.

Finally, a model based on mass flow was developed to simulate movement of water and
atrazine in the field soil under the treatments. Field soil water content and solute front were
compared with simulated water movement and simulated solute front, respectively. The simulated
water profiles compared favourably with the field-measured in TI1 and T3, In all treatments, the
predicted water contents were higher in the top 0.3 m than the observed. Although the model also
fairly well predicted the leaching fronts, the degree of agreement between observed and predicted
atrazine concentrations was far lower than in the case of water predictions. The current limitations

ofthe model and the improvement possibilities have been discussed.
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APPENDIX A

** ** ** ** **k* **

A

Program to monitor water and solute transport

under Varying Irrigation Frequency

**

** ** **k* ** **

field soils *
*

in

ok ok ok ke ke ok k ok Kk ok ok Kk ko kK k ok k ke ko ko ko kK ko ko ko ok ok kK ok ok k k k kR ok ok ok k ko ke k ok ok k kK ok ok

Declare variables

Integer i,id, j, n, nlay, day, dac

Real theta(16), laythick, psim(16), hydcon(16), psie(lS),
+ thetas(16). Ks(16), be(@6), flux(16), avhydcon(16),
+ hydpot(16), hydgrad(16), psiz(16), z, thetini, outflo,
+ inf, deltheta(16), dt, irrig, Tfluxs(16), conc(16),
+ delconc(16), retard(16), store(16), storefcS,
+ outflow(16), thetfc(16), bd(16), Kd(16)

CREATE FILES

Files for treatment TI:

@
Open (unit=7, file=linfilel . dat",
+ status= "old")
Open (unit=B, file="outfilel.prn-,
+ status= “unknown®)

Files for treatment T2:

®
Open (unit=7, file="infile2.datl,
+ status= “old")
Open (unit=8, file=loutfile2.prn-,
+ status= “unknown®)

Files for treatment T3:

©
Open (unit=7, TFTile="infile3,datl,
+ status= “old")
Open (unit=8, file="outfile3.prn-,
+ etatus= “unknown®)
thetal

write(8,*)"dac, layer,

Initialise variables

laythick 5.0
outflo=0
inf=0

de=I1
area=10000 !

100 x 100 sq cm
i=1,16

if(i -eq. 1) then
theta(i)=

initial water content of the layer for

access="sequential”,

access="sequential”,

access="sequential”,

access="sequential”,

access="sequential?”,

access="sequential?”,

1 cm3/cm3 (input the appropriate

the treatment (Table 5.1)



thetas(i)=0.469 I cm3/cm3

thetfc(i) = 0.30 ! cm3/cm3

bd(i)=1.39 ! g/cm3

Kd(i)=1.93 ! cm3/¢g

Ks (i)=65 1 cm/day

be(i)=4.928 I Campbells parameter
psie(i)=-4.02 I cm

conc(i) =250000/(laythick*area*bd(i))

eleeif (i .eq. 2) then
theta(i)= cm3/cm3 (input the appropriate
initial water content of the
layer for the treatment).

thetas(i)=0.469 cm3/cm3

thetfc(i) = 0.30 cm3/cm3

bd(i)=1.39 g/cm3

Kd (i)=1.93 cm3/g

Ks(i)=65 cm/day

be(i)=4.928 Campbells parameter
psie(i)=-4.02 cm

conc(i) = 0.0
elseif(i .gt. 2 .and. i ,le. 4) then

theta(i)= I cm3/cm3 (input the appropriate
initial water content of the
layer for the treatment).

thetas(i)=0.42

thetfc(i) = 0.31

bd (@)= 1.52

Kd (@)= 1.93

Ks (i)=19 .7

be(i)=5.585

psie(i)=-5.36

conc(i) =0.0

elseif(i .gt. 4 .and. i .le. 6) then

theta(i)= I cm3/cm3 (input the appropriate
initial water content of the
layer for the treatment).

thetas(i)=0.406

thetfc(i) = .30

bd(i)= 1.56

Kd (i)= 0.55

Ks(i)=34.00

be(i)=6.51

psie(i)=-6.09

conc(i) 0.0

elseif(i .gt. 6 .and. i .le. 8) then
theta(i)= I cm3/cm3 (input the appropriate
initial water content of the
layer for the treatment).

thetas(i)=0.427
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thetfc(i) = 0.25
bd(i)= 1.51

Kd (@)= 0.55

Ks (i) =49 .08
be(i)=6 .648
psie(i)=-4.94
conc(i) = 0.0

elseif(i .gt. .and, i .le. 10) then

theta(i)= I cm3/cm3 (input the appropriate
initial water content of the
layer for the treatment).

thetas(i)=0.444

thetfc(i) 0.25

bd(i)= 1.467

Kd ()= 0.55

Ks (i)=136.29

be(i)=6.83

psie(i)=-4.16

conc(i) = 0.0

elseif(i .gt. 10 .and. i .le. 12) then

theta(i)= 1 cm3/cm3 (input the appropriate
initial water content of the
layer for the treatment).

thetas(i)=0.442

thetfc(i)=0.2471

bd ()= 1.47

Kd ()= 0.55

Ks (i)=42.74

be(i)=7.48

psie(i)=-4.27

conc(i) = 0.0

elseif(i .gt. 12 .and. i .le. 14) then

theta(i)= cm3/cm3 (input the appropriate
initial water content of the
layer for the treatment).

thetas(i)=0.487

thetfc(i)=0.2663

bd ()= 1.35

Kd(i)= 0.55

Ks (i)=79 .3

be(i)=8.012

psie(i)=-2.63

conc(@) = 0.0

elseif(i .gt. 14 .and. i1 .le. 16) then

theta(i)= 1 cm3/cm3 (input the appropriate
initial water content of the
layer for the treatment).

thetas(i)=0,469

thetfc(i)=0.2519

bd ()= 1.4

Kd(i)= 0.55



113

Ks (i)=15 .1
be (i) =7 .47
psie(i)=-3.19
conc(i) = 0.0

endif

hydpot(i)=0
psiz (i) =0
hydgrad(i)=0
Flux(i)=0
fluxs(i) =0
avhydcon(i)=0
deltheta(i)=0
delconc(i)= 0
outflow(i)= 0.0

5 continue
* The Executable part
* Read irrigation information from File

do 25 id=1,22

Read(7, 23) dac, irrig
23 format (i2, 6x, f4.2)

inf = irrig/50

* First estimate psim(i), psiz(i) and hydpot(i) for each layer
* using Campbells equations

do 100 j=1,50
z=0
do 10 i=1,IS
psim(i)=psie(i)* (theta(i)/thetas(i))**(-be(i))
psiz(i)=z~i*laythick+laythick/2
hydpot(i)=psim(i)+psiz(i)
print *,%i, psim(i), psiz(i), and hydpot(i)l
print *, i, psim(i), Psiz(i), hydpot(i)
10 continue

* Estimate K(i) from Campbells equation followed by the average of

* K(@)

do 20 1=1,16
hydcon (i) = (Ks (i) * (theta (i) /thetas (i) )** (2*be (i) +3) )
20 continue

do 30 1=1,15

avhydcon(i)=((hydcon(i)*hydcon(i+1))**0.5)/50

hydgrad(i)= (hydpot(i)-hydpot(i+1l))/ (-laythick)
30 continue
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do 50 i=1,15
outflow(i) = (theta(i) thetfc(i))*laythick
if (outflow(i) .le. 0) outflow(i) =0.0

retard(i) = 1 + bd(i) *Kd(i) /thetfc (i)
flux(@)=-avhydcon(i)*hydgrad(i) + outflow(i)
Ffluxs(i) = Fflux(i) * conc (i) /retard(i)
continue

do 55 i=1,16
store(i) = theta(i)*laythick

continue

storefc8 = 0.25*laythick

* Estimate change in theta

60

70

100

45
120
25

do 60 i=1,16

IF (i .eq. 1) then
deltheta(i)=- (Flux(i)-inf)/laythick*dt
delconc(i) = -Ffluxs(i)/laythick*dt

elseif (i .gt. 1 .and. i .le. 15) then
deltheta(i)=- (Flux(i)-flux(i-1))/laythick*dt
delconc(i) = -(Ffluxs(i) -fluxs(i-1))/laythick*dt
else
if (store(16) .ge. storefc8) then
outflo = store(16)-storefcS
else
outflo = 0
endif

deltheta(i)=- (outflo-flux(15))/laythick*dt
delconc(i) -Fluxs(15)/laythick*dt

ENDIF

continue

do 70 i=1,16

theta(i)=theta(i)+deltheta(i)

conc(i) = conc(i) =mdelconc (i)

if(conc(i) .le. 0 conc(i) = 0.0

if (theta(i) .ge. thetas(i)) theta(i) = thetas(i)
continue

continue

do 120 i=1,16

print*, “dac, i, theta(i), conc(i)"
print*, dac, i, theta(i), conc(i)
write(8, 45) dac, i, theta(i), conc(i)
foirmat (i2, 2x, i2, 3x, f4.3, 3x, f8.6)
continue

continue

stop

end



IRRIGATION DATA USED

INFILEI .DAT

DAY
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IN THE MODEL

INFILE2.DAT
DAY IRRIG
1 0.00
2 3.00
3 0.00
4 0.00
5 0.00
6 3.00
7 0.00
8 0.00
9 0.00
10 3.00
11 0.00
12 0.00
13 0.00
14 3.00
15 0.00
16 0.00
17 0.00
18 3.00
19 0.00
20 0.00
21 0.00
22 0.00

INFILE3 .DAT

DAY
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