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STELLINGEN 

1 In waterafstotende zandgronden onder grasland verloopt het transport van water 
en opgeloste stoffen via laterale stroming in de humeuze toplaag, preferente 
stroming in de waterafstotende laag, en divergerende stroming in de goed 
bevochtigbare ondergrond. 
(Dit proefschrift) 

2 Waterafstotende zandgronden worden gekenmerkt door een extreme mate van 
hysterese in de bodemwaterretentiekarakteristiek, waardoor natte en droge grond 
vlak naast elkaar kunnen voorkomen. 
(Dit proefschrift) 

3 In waterafstotende zandgronden kunnen de steeds terugkerende preferente 
stroombanen tot bodemheterogeniteit leiden. 
(Dit proefschrift) 

4 Om de lange termijndoelstellingen voor het mest-, bestrijdingsmiddelen-, 
grondwater- en saneringsbeleid veilig te stellen is aanvullend wetenschappelijk 
onderzoek naar het gedrag van stoffen in heterogene bodems nodig. 
(Ragas, A.M.J. en R.S.E.W. Leuven. 1996. Milieu 2:60-68; RMNO-publicatie 107. 
1995. 'Omgaan met bodemheterogeniteit in het milieubeheer'; RMNO-publicatie 
122. 1996. 'Het water- en bodemonderzoek over de eeuwwisseling heen') 

5 Op bodemkaarten dient de mate van waterafstotendheid van gronden te worden 
aangegeven. 
(Ditproefschrift; Dekker, L.W. 1998) 

6 Aangezien hysterese in de bodemwaterretentiekarakteristiek grote gevolgen kan 
hebben op de wijze waarop water door de onverzadige zone stroomt dient deze te 
worden gemeten en opgenomen in de 'Staringreeks'. 

7 Naast waterafstotend zand bestaat er zand dat kan zingen of dreunen. 
(Science, 6 maart, 1997) 

8 Planten kunnen het omliggend bodemmateriaal zodanig beïnvloeden dat de 
waterbeschikbaarheid wordt verhoogd. 
(Ritsema, C.J. and L.W. Dekker. 1996. Austr. J. Soil Res. 34:475-487) 

9 Om de natuurlijke spanning tussen onderzoekers en bestuurders van 
onderzoeksinstellingen niet te groot te laten worden verdient een organisatievorm 
van 'geneste zelfsturing' de voorkeur. 



10 ledere onderzoeksgroep dient vanuit de organisatie jaarlijks 10 tot 20% 
basisfinanciering te krijgen voor de letterlijk 'broodnodige' strategische 
expertiseontwikkeling. 

11 Bezitters van oude auto's kunnen jaarlijks tot honderden guldens aan onnodige 
reparaties besparen door de verplichte APK keuring niet bij een garagebedrijf maar 
door de onafhankelijke Rijksdienst voor het Wegverkeer te laten uitvoeren. 

12 Na de recente, geringe, verruiming van de openingstijden van winkels wordt door 
tegenstanders van dit beleid opeens gesuggereerd dat Nederland verworden is tot 
een niet meer te stuiten 24-uurs economie. Een cursus klokkijken lijkt voor deze 
categorie mensen uitermate op z'n plaats. 

13 Gezien de uitslag van de recent gehouden gemeenteraadsverkiezingen zou de 
gemeente Utrecht er verstandig aan doen het zogenaamde 'Utrecht City Plan' te 
vergeten en de aanleg van de omstreden HOV-busbaan stop te zetten. 

14 Om werknemers alert te houden zouden Nederlandse organisaties er goed aan doen 
om, in navolging van talloze Amerikaanse bedrijven, speciale slaapruimtes in te 
richten voor het doen van een 'power slaapje' na de lunch. 
(Intermediair, 7 mei, 1998, pag. 7; www.napping.com) 

15 'Je kunt me niet ontsnappen' zei de krokodil. 'Ik ben je noodlot en waar je ook 
gaat en watje ook doet, je zult me altijd op je weg vinden. Er is maar één manier 
om aan mijn macht te ontkomen. ALS JE IN HET DROGE ZAND EEN KUILTJE KUNT 

GRAVEN DAT VOL WATER BLIJFT STAAN, ZAL DE BETOVERING WORDEN 

VERBROKEN. Lukt je dat niet, dan zal de dood je spoedig bezoeken. Dit is de enige 
kans die ik je geef. Ga nu.' 
(De gedoemde prins - sprookje uit het Soedanese Nijlgebied, in: LA. Lang, 1907) 

Stellingen behorende bij het proefschrift 'Flow and transport in water repellent sandy 
soils' van Coen J. Ritsema, Wageningen, 1 september 1998. 

http://www.napping.com


ABSTRACT 

Ritsema, C.J. 1998. Flow and transport in water repellent sandy soils. Doctoral thesis, 

Wageningen Agricultural University, the Netherlands. 215 pages. 

Water repellency in soils is currently receiving increasing attention from scientists and 

policy makers, due to the adverse and sometimes devastating effects of soil water 

repellency on environmental quality and agricultural crop production. Soil water 

repellency often leads to severe erosion and runoff, rapid leaching of surface-applied 

agrichemicals, and loss of water and nutrient availability for crops. 

In general, soils become water repellent through the coating of soil particles or 

structural elements with water repellent organic substances originating from decaying 

plant material. Soil water repellency manifests itself when the water content of the soil 

drops below a critical level. Water flow and solute transport patterns are complex under 

such conditions. The present study deals with flow and transport processes in an 

untilled, grass-covered water repellent sandy soil consisting of three layers. 

Extensive tracer experiments indicate that distribution flow dominates in the humous 

top layer, preferential flow in the water repellent sand layer, and diverging flow in the 

underlying wettable zone. Preferential flow paths or fingers occur almost throughout 

the year. Fingers develop rapidly during severe rain storms, causing significant portions 

of the infiltrating water to be preferentially transported to the deep subsoil. Fingers 

form at sites with relatively low degrees of water repellency, and finger diameters 

range from 10 to 25 cm. 

Model simulations show that fingered flow results from hysteresis in the water 

retention function, and the nature of the formation depends on the shape of the main 

wetting and drainage branches of that function. Once fingers are established, hysteresis 

causes them to recur along the same pathways during subsequent rain events. In the 

long term, recurrence of fingers may lead to changes in physical and/or chemical 

properties of the soil within the fingered flow pathways. It is only under initially dry 

conditions, with soil water contents below the critical level, that fingers will be formed 

during infiltration. Under wetter conditions, with soil water contents above the critical 

level, wetting fronts will remain stable and no fingers will develop. 

Future research should focus on improving our understanding of the origins, 

occurrence, hydrological responses and agricultural functioning of water repellent soils. 



Front cover: Cross-section of preferential flow paths (dark areas) embedded in dry soil 

(light areas) at a depth of 15 cm in a water repellent sandy soil. 



PREFACE 

The best ideas are often born when travelling abroad. It was 2 years ago, at a 3 week 

research trip in New Zealand and Australia, during which severely water repellent 

regions were visited, that Louis W. Dekker and myself decided to start work on a 

Doctoral thesis. On that occassion, we already dreamed of combining our Doctoral 

ceremonies with the organization of an international workshop on soil water repellency, 

and, surprisingly enough, it looks as if we have succeeded. 

Numerous colleagues from the DLO Staring Centre and from other organizations in 

and outside the Netherlands have contributed to this work in one way or another. 

First of all, a special word of thanks goes to Louis W. Dekker for introducing me 

to the 'world' of soil water repellency. Louis, I will never forget our first field trip to 

Ouddorp, and your never ending enthusiasm for digging in water repellent soils around 

the world. Your interest in the topic was catching, and your 'critical eye' prevented 

many textual mistakes during the preparation of our co-authored manuscripts. I hope 

that we will be able to continue working on the topic for the years to come. 

I would like to thank Aad van Wijk and my former colleague Hans Bronswijk for 

their stimulating and critical discussions, which helped us to keep 'on track' in the 

early stages of this 'project'. 

Pirn Hamminga provided valuable assistance in the collection of samples and the 

execution of numerous laboratory measurements. The assistance of Gerard Veerman 

in measuring soil physical properties is highly appreciated. 

Klaas Oostindie played a key role in drawing many of the graphs incorporated in 

this thesis. His endless patience in perfecting the figures is highly appreciated. 

Special thanks go to Anton Heijs for the many pleasant hours behind the SGI 

computer trying to achieve three-dimensional visualizations of water content 

distributions. Wilfred Janssen and Rik Leenders offered useful assistance, and kindly 

allowed us to use the SGI-ONYX of the SARA Visualization Center, Amsterdam, the 

Netherlands for final color prints and slides. Anton, I hope you will find some way to 

get your own thesis finished! 

I am indebted to Erik van den Elsen for the many hours he spent constructing the 

stand-alone TDR-device and installing it at Ouddorp, and to Jannes Stolte for 

developing the automated laboratory method for measuring water uptake rates of 

initially dry water repellent soil samples. Unfortunately, data derived from this set-up 

could not be incorporated in this thesis! 



A special word of thanks goes to Henk van Ledden for drawing (sometimes twice!) 

many of the graphs incorporated in this thesis; a process which always seemed to take 

place under a bad constellation and continuous pressure of time. My gratitude also goes 

to Martin Jansen for preparing the beautiful cover of this thesis. 

The cooperation with Jan Hendrickx was motivating and pleasant, and I really 

enjoyed the visits to New Mexico to search for water repellent soils in the Sevilletta 

region, and farther away across the border of Mexico. 

I am deeply indebted to Tammo Steenhuis, who from the very beginning proved to 

be the most ardent supporter of this study. Tammo, the first visit to your place was 

unforgettable. I was amazed about everything: your immense scientific production, your 

devoted support and patience in guiding students and staff, and last but not least, your 

personality, which makes it a real pleasure to be at your place either for work, for 

delicious pizzas, or for playing soccer with your family team. 

A very special word of thanks goes to John Nieber, who guided me through the 

simulation part of this study. I am very grateful for the many highly motivating and 

pleasant discussions we had during the last years, and the unique collaboration we have 

established. I hope we will find some time again to drink a beer and to play another 

game of 'table football'! I would also like to thank Hung V. Nguyen and Debasmita 

Misra for their unfailing help with simulations and graphics. 

It is with pleasure that I remember the fruitful discussions and cooperation with 

many other researchers all over the world, of whom the following played an important 

role during several phases of the research: Paul Blackwell, Larry Boersma, Warren 

Bond, Brent Clothier, Jan Feyen, Hannes Flühler, Robert Glass, Nick Jarvis, Dirk 

Mallants, Jean-Yves Parlange, Pieter Raats, Frank Stagnitti, Zhi Wang, Ole Wendroth. 

I would like to express my gratitude to my supervisors, Reinder Feddes and Johan 

Bouma, for their professional guidance and strong encouragement. The final 

compilation of this thesis at first seemed a simple matter: use the same font throughout, 

select some articles, and place the references at the end of the booklet, that was the 

idea... During the preparation of the thesis, however, articles were adapted to become 

chapters, simple graphs redrawn as color figures, etc, etc. Despite the unforeseen 

workload, some time was left to keep track of the organization of the international 

workshop on soil water repellency. I hope both events will be fruitful. 

Last but not least, I am deeply indebted to Marleen, Joyce and Richard, and many 

friends for their continuous interest and support, especially during the evenings on 

which I intended to work, and ended up having a beer instead. 
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1 INTRODUCTION 

1.1 BACKGROUND AND PROBLEM DEFINITION 

Water repellent soils have been a topic of study for soil scientists, hydrologists and soil 

physicists around the world since the beginning of this century. 

Origins of soil water repellency 

Schreiner and Shorey (1910) were among the first to mention the existence of water 

repellent soils. In describing the effect of organic compounds on the water holding 

capacity of soils, they wrote: To illustrate this, there was found in California a soil 

which could not be properly wetted, either by man, by rain, irrigation, or movement 

of water from the subsoil, with the result that the land could not be used profitably for 

agriculture. On investigation it was found that this peculiarity of the soil was due to 

the organic material, which when extracted had the properties of a varnish - repelling 

water to an extreme degree.' 

From the end of the 1940s until the end of the 1960s, research on water repellent 

soils focused on identifying vegetation types responsible for inducing water repellency 

(Jamison, 1945, 1946; Krammes and DeBano, 1965; Gilmour, 1968; Savage et al., 

1969a; Bond 1969; Adams et al., 1969), and on developing techniques to quantify the 

degree of water repellency (Letey et al., 1962; Emerson and Bond, 1963; Letey, 1969; 

Hammond and Yuan, 1969; Watson and Letey, 1970). Furthermore, causes of water 

repellency were investigated (Wander, 1949; Van 't Woudt, 1959; Bond, 1964, 1969). 

In 1968, a symposium on water repellent soils was held at the University of California, 

Riverside, USA, whose proceedings (DeBano and Letey, 1969) summarizes most of the 

work that had been done. 

Of special interest has been the effect of wildfire on the development of soil water 

repellency. Fire was already considered of major importance in inducing water 

repellency at the beginning of the 1960s (Krammes, 1960; DeBano and Krammes, 

1966). Since then, numerous studies have been undertaken to investigate the effects of 

fire on soil water repellency (Adams et al., 1970; Savage et al., 1972; Savage, 1974; 

DeBano et al., 1976; DeBano, 1979; Giovannini et al., 1987; Scott and Van Wyk, 

1990, 1992; Imeson et al., 1992). 
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Amelioration of water repellent soils 

From the beginning of the 1960s, modification of water repellent soil to improve its 

wettability for crop production became a topic of interest. 

In addition to the use of wetting agents, which had been studied extensively during 

the 1960s and 1970s (a.o. Pelishek et al., 1962; DeBano et al., 1967; Osborn et al., 

1967; Osborn, 1969; Mustafa and Letey, 1971; Letey et al., 1975; Miyamoto, 1985; 

Wallis et al., 1990), research focused on cultivation aspects attempting to dilute the 

repellent soil fraction with wettable soil (Holzhey, 1969) or to cause abrasion of 

repellent soil particles (Ma'shum and Fanner, 1985). Furthermore, clay amendments 

were tested for their ability to decrease soil water repellency (Roberts, 1966; McGhie 

and Posner, 1980, 1981; Ma'shum et al., 1989). Special irrigation schemes were 

invented, in combination with alternative sowing techniques, to avoid formation of 

water repellency as the soil dries (DeBano, 1971; Danneberger and White, 1988; Wallis 

et al., 1989; Way, 1990; Blackwell, 1993). 

Effect on water flow and transport behavior 

Due to increasing concern over the threat to surface and groundwater quality posed by 

the use of agrichemicals and organic fertilizers, studies on water repellent soils during 

the last decades have mainly focused on its typical flow and transport behavior. 

To begin with, the effects of soil water repellency on runoff generation were studied 

quite intensively. Osborn et al. (1964) and Krammes and DeBano (1965) had already 

indicated that water repellent soil surfaces might seriously affect water infiltration and, 

as a result, might promote runoff in hilly regions. Since then, several studies around 

the world have dealt with this topic (Krammes and Osborn, 1969; McGhie, 1980; 

Burch et al., 1989; Witter et al., 1991; Crockford et al., 1991; Jungerius and ten 

Harkel, 1994). 

Secondly, it had already been shown by Jamison (1945, 1946) that large variations 

in water content exist in water repellent soils, indicating that infiltrating water followed 

specific pathways instead of moving in a planar wetting front. Van Dam et al. (1990) 

and Hendrickx et al. (1993) showed that water and solutes may travel rapidly through 

water repellent soils, bypassing large parts of the unsaturated zone. The unsaturated or 

vadose zone of the soil, particularly the biologically and chemically reactive topsoil, 

acts as an important buffer for various chemical compounds. When water flow 
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bypasses large parts of the unsaturated zone, the risk of pollution of any receiving 

water bodies, such as groundwater or surface water, might seriously increase. 

Theoretical considerations by Saffman and Taylor (1958), Hill and Parlange (1972), 

Raats (1973), Philip (1975a,b), Parlange and Hill (1976), Diment et al. (1982), Diment 

and Watson (1983), Hillel and Baker (1988) and Baker and Hillel (1990) already 

indicated possible conditions under which perturbations at an infiltrating wetting front 

might grow into 'fingers' or 'preferential flow paths' instead of flattening out by lateral 

diffusion. On the basis of theoretical considerations, Raats (1973) was the first to 

indicate that soil water repellency might lead to the formation of preferential flow 

paths. Field evidence of preferential flow of bromide through a water repellent sandy 

soil, resulting in early arrival times, and high bromide concentrations in the 

groundwater, was presented by Hendrickx et al. (1993). 

Attempts to model flow and transport in water repellent soils have been undertaken 

by Van Dam et al. (1990) and De Rooij (1995). In both cases, however, analytical 

approaches were used which neglected specific processes like hysteresis in the water 

retention function, which is of significance in water repellent media. 

Despite the numerous theoretical considerations, the few field observations of 

preferential flow in water repellent soils, and the rare modeling attempts, no clear view 

exists at present about the general flow and transport mechanisms through water 

repellent soils. Unraveling and understanding water flow and transport processes in 

water repellent field soils is essential if we are to arrive at a suitable simulation 

approach. Leaching risks of surface-applied agrichemicals in water repellent soils can 

only be quantified with an acceptable degree of accuracy if knowledge of the 

underlying physics and an appropriate simulation model are available. 

Occurrence of water repellent soils 

As water repellency of soils is probably the rule rather than the exception in most field 

soils (Wallis et al., 1991; Wallis and Hörne, 1992; Dekker, 1998), efforts to study the 

effects of water repellency on flow and transport processes would seem to be highly 

relevant, not only from a soil physics point of view, but from those of soil management 

and soil protection as well. This is supported by the fact that water repellent soils are 

being identified in an increasing number of agricultural and natural environments in 

different climatic conditions around the world. At present, areas where water repellent 
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soils are known to occur include the USA (DeBano, 1981), Canada (Dormaar and 

Lutwick, 1975), Australia (Roberts and Carbon, 1971, 1972), New Zealand (Wallis and 

Home, 1992), Japan (Nakaya, 1982), India (Das and Das, 1972), South Africa (Scott 

and Van Wyk, 1990, 1992), Mali (Rietveld, 1978), Egypt (Bishay and Bakhati, 1976), 

Colombia (Jaramillo and Herrón, 1991), Italy (Giovannini and Lucchesi, 1984), Spain 

(Imeson et al, 1992), Portugal (Doerr, 1996), Poland (Grelewicz and Plichta, 1985), and 

the Netherlands (Dekker and Jungerius, 1990). 

From the above current state of knowledge, it may be concluded that 

Water repellent soils occur in agricultural and natural areas all over the world. 

Water repel lency may lead to the development of unstable wetting fronts and 

preferential flow paths. 

Preferential flow has a wide-ranging significance for the rapid transport of 

surface-applied solutes, such as agrichemicals, to groundwater and surface 

water, and thus, for management strategies to minimize environmental 

degradation. 

Attempts to model preferential flow in the vadose zone of water repellent soils 

have been rare, due to insufficient knowledge about the principles of the 

associated water flow and transport processes. 

At present, we lack the systematic, detailed field data which are necessary to 

develop and validate such models. 

To increase our basic knowledge of the occurrence of water repellent soils and the 

effects of water repellency on flow and transport processes, three Doctoral studies were 

initiated a few years ago. The first study, by Louis W. Dekker (1998), aimed at 

investigating the occurrence of water repellency in different soil types in the 

Netherlands in relation to soil water content variability. The second (present) study, by 

Coen J. Ritsema, aimed at unraveling process mechanisms in a water repellent sandy 

soil in relation to the modeling of water flow and solute transport processes. The third, 

ongoing, study by Hung V. Nguyen elaborates on the work of both previous studies 

and mainly deals with the application of models to simulate the observed flow and 

transport processes in the water repellent sandy soil investigated in the present study. 
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1.2 OBJECTIVES OF THE STUDY 

The present study investigated water flow and solute transport processes in the 

unsaturated zone of water repellent sandy soils, and focused specifically on 

Determining the general flow and transport mechanisms in water repellent sandy 

soils by executing detailed tracer experiments on small and large plots. 

Obtaining high-resolution soil water content, water repellency and tracer 

concentration distributions by detailed sampling of soil trenches and soil blocks. 

Monitoring finger formation and finger recurrence during successive rain events 

in a natural field soil. 

Deterministic modeling of the process of finger formation and finger recurrence. 

1.3 OUTLINE OF THE THESIS 

This thesis discusses detailed field, laboratory and modeling studies on the topic of 

water flow and solute transport in water repellent soils. These studies were performed 

at an experimental site in Ouddorp, in the southwestern part of the Netherlands, which 

consists of an extremely water repellent sandy soil to a depth of approximately 50 cm. 

Chapter 2 discusses the results of a detailed bromide tracer experiment, and a general 

flow and transport concept is derived. 

In Chapter 3, attention is focused on distribution flow, i.e., lateral flow and transport 

through the humous top layer towards the vertical fingers in the underlying subsoil. 

Chapter 4 deals with the identification of preferential flow paths, presenting two-

dimensional soil water content distributions in ten trenches. 

In Chapter 5, this type of work is extended to three-dimensional soil water content 

and water repellency distributions, obtained from ten soil blocks sampled during a one 

year cycle. 

Chapter 6 presents dynamic changes in soil water content distributions during 

multiple rain events obtained by using a detailed TDR measurement set-up. The 

corresponding three-dimensional distributions of soil water content, water repellency, 

bromide concentration and soil pH determined after the conclusion of the TDR 

measurement campaign are described in Chapter 7. 
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In Chapter 8, a two-dimensional finite element water flow and transport model, 

including hysteresis, is introduced and applied to simulate the process of finger 

formation and finger recurrence. 

Chapter 9 highlights the effect of antecedent soil water content on the evolution of 

infiltrating wetting fronts, on basis of numerical results. 

Finally, summary, conclusions and recommendations for further research are given 

in Chapters 10 and 11. 
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CHAPTER 2 

PREFERENTIAL FLOW MECHANISM 

Adapted version of 'Preferential flow mechanism in a water repellent sandy soil' by 

C.J. Ritsema, L.W. Dekker, J.M.H. Hendrickx and W. Hamminga, published in Water 

Resources Research 29:2183-2193, 1993. 
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PREFERENTIAL FLOW MECHANISM 

Abstract 
Dry water repellent soils are difficult to wet, forcing water and solutes to flow via 

preferential paths through the unsaturated soil. A tracer experiment was used to 

investigate the mechanism of preferential flow and transport in a water repellent sandy 

soil. Water and solutes were distributed by lateral flow within the relatively wet, thin 

humous top layer towards preferential flow paths below this zone. This flow in the 

upper layer, which is of major importance in the spatial distribution of water and 

solutes in field soils, is generally neglected, and is introduced here as 'distribution 

flow'. The preferential flow paths were separated by dry soil regions, which were 

highly persistent due to their extremely water repellent character and low hydraulic 

conductivity. In the wettable zone, below a depth of around 45 to 50 cm, water and 

solutes diverged towards areas situated below dry soil regions. Despite this process, the 

spatial variation in solute concentration in this zone remained relatively high. 

2.1 INTRODUCTION 

At present, it is generally accepted that water may flow through the soil via preferential 

paths, bypassing large volumes of the soil matrix (e.g. Gee et al., 1991). This reduces 

the availability of water and nutrients for plants, and causes accelerated transport of 

surface-applied pollutants. 

Preferential flow paths may originate from cracks and macropores (Bouma and 

Dekker, 1978; Beven and Germann, 1982; Bronswijk, 1991), from soil heterogeneity 

(Kung, 1990a,b) or from unstable wetting fronts (Raats, 1973; Philip, 1975a,b; Parlange 

and Hill, 1976; Glass et al., 1989a,b; Selker et al., 1989; Hendrickx and Dekker, 1991). 

Factors leading to the development of unstable wetting fronts include soil layering 

(Hillel and Baker, 1988; Glass et al., 1989b; Baker and Hillel, 1990), air entrapment 

(Glass et al., 1990) and water repellency (Van Dam et al., 1990; Dekker and Jungerius, 

1990; Hendrickx et al., 1993). 

In water repellent soils, preferential flow paths usually arise with the first rains just 

after a prolonged dry period. These preferential paths can persist for long periods 
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(Glass et al., 1989c) and, probably, disappear either after a drastic rise in the 

groundwater level, saturating the entire soil, or during an extensive drought. 

Although the occurrence of preferential flow paths in water repellent soils has been 

verified by lysimeter experiments (Hendrickx and Dekker, 1991) and field studies (Van 

Dam et al., 1990; Hendrickx et al., 1993), the mechanisms of preferential flow and 

transport in water repellent sandy soils are not yet fully understood. 

The objective of the study discussed in this Chapter was to describe, explain, and 

illustrate the mechanism of preferential flow in a water repellent sandy soil. For this 

purpose, a detailed tracer experiment was carried out. Conceptualization of the flow 

mechanism is a necessary step in developing a well-founded numerical simulation 

model (Glass et al, 1988; Bear and Bachmat, 1990). 

2.2 MATERIALS AND METHODS 

2.2.1 Water repellency tests 

The degree of water repellency of a soil can be measured with the Water Drop 

Penetration Time (WDPT) and alcohol percentage tests (Letey et al., 1975; DeBano 

1969 and 1981; King, 1981; Hendrickx et al., 1993; Dekker and Ritsema, 1994). 

In the WDPT test, three water drops are placed on the surface of a soil sample and 

the time required for infiltration is recorded. In the present study, the test was used to 

distinguish a maximum of ten classes of water repellency, based on the time needed 

for the water drops to penetrate into the soil: wettable soil (infiltration within 5 s), 

slightly water repellent soil (5 to 60 s), strongly water repellent soil (60 to 600 s), 

severely water repellent soil (600 s to 1 h), and extremely water repellent soil, with 

classes of 1 to 2 h, 2 to 3 h, 3 to 4 h, 4 to 5 h, 5 to 6 h, and more than 6 h. The 

WDPT test can be applied to either field-moist or oven-dried soil samples. Using field-

moist samples reveals information about the actual water repellency of a soil sample. 

Field-moist samples were classified as actually wettable if water drops penetrated 

within 5 s, and as actually water repellent if more time was needed. Based on such 

measurements, critical soil water contents could be derived below which a soil is water 

repellent and above which it is wettable. 

Applying the WDPT test to oven-dried soil samples yields information about the 
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degree of potential water repellency. Before applying the test, oven-dried samples were 

allowed to equilibrate in the laboratory for three days at a temperature of 20°C and at 

50% air humidity. The effect of oven-drying on the possible development of water 

repellency was tested in advance by measuring water repellency degrees of samples 

after drying at 25, 45 and finally 65°C. For the samples used in the present study, 

originating from Ouddorp in the Netherlands, no indications were found that the degree 

of water repellency changed by drying the samples at 65°C compared to drying at 25°C 

or 45°C. In this study, therefore all samples were dried at 65°C for the assessment of 

the degree of potential water repellency. The upper part of the Ouddorp soil is 

extremely water repellent, while potential water repellency decreases deeper in the 

profile (Fig. 2.1). 

Frequency (%) 
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45-53 

53-61 

61-69 

• extremely water repellent (> 3600 s) 

• severely water repellent (600-3600 s) 

• strongly water repellent (60-600 s) 

n slightly water repellent (5-60 s) 

• wettable (< 5 s) 

Fig. 2.1 Relative frequencies of varying degrees of potential water repellency for nine 

layers of the Ouddorp experimental field. 

The alcohol percentage test was applied by preparing a series of aqueous ethanol 

solutions ranging in concentration between 0% and 27.5% (Dekker and Ritsema, 1994; 

Dekker, 1998). In this test, drops of the various solutions are placed on the surface of 
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field-moist or oven-dried (65°C) soil samples, and the degree of actual or potential 

water repellency is then defined as the alcohol percentage of the weakest solution that 

still penetrates the soil within 5 s or less (Dekker, 1998). 

2.2.2 Soil and weather conditions 

The field experiment was carried out on a grass-covered water repellent sandy soil, 

classified as a Mesic Typic Psammaquent (De Bakker, 1979), near Ouddorp in the 

southwestern part of the Netherlands. The soil consists of an approximately 10 cm 

thick humous surface layer, on top of non-calcareous fine dune sand to a depth of 75 

cm, overlying calcareous fine sea sand. The organic matter content of the humous layer 

is approximately 20 w%, while below a depth of 10 cm it is less than 0.5 w%. The 

clay content of the soil profile is less than 3%. 

Precipitation was collected at the experimental field and measured once a week. 

Daily precipitation rates were derived from daily measurements by a nearby 

meteorological station. Daily potential evaporation rates were also collected by this 

station. Groundwater levels were measured in observation tubes distributed at random 

over the experimental field (Fig. 2.2). 

• • • *• 

• • • •• 

• Observation tube 

x Soil core sampling spot 

i Sampled transect 

Fig. 2.2 Lay-out of the experimental field. 
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Precipitation rate, potential evaporation rate and groundwater levels during the period 

of field measurements are shown in Fig. 2.3. During the first 150 days, precipitation 

was relatively high and potential evaporation low, in contrast with the final part of the 

experiment, when precipitation decreased and potential evaporation increased. The 

groundwater level rose very quickly upon precipitation, dropping again during the final 

part of the experiment (Fig. 2.3). A total precipitation of 555 mm was measured in 206 

days. 

2.2.3 Field experiment 

On November 6, 1988, a KBr tracer was applied to the surface of the experimental 

field (Fig. 2.2). The solution was sprayed manually onto the field with 6 nozzle 

sprinklers (Teejet 11002) spaced 0.33 m apart. The spraying pressure was 0.2 MPa and 

the spraying height 0.25 m. Speed of walking during spraying was 0.23 m.s"1. During 

spraying, tracer samples were collected at 80 locations around the experimental field 

to measure the amount and distribution of the solution. The mean bromide application 

equalled 8.47 g.m"2 (standard deviation 0.51 g.m"2), which resembles a uniform tracer 

application. 

The unsaturated zone was sampled just before spraying around the border of the 

experimental field, and within the field at 11, 17, 45, 60, 67, 81, 88, 103, 130, 152 and 

206 days after the tracer application. Each sampling campaign consisted of a random 

selection of 20 spots in the experimental field. At each spot, the soil was sampled 

using a cylindrical soil core sampler with a length of 1 m and an internal diameter of 

0.1 m (Hendrickx et al., 1991). After the cover had been removed from the cylindrical 

core sampler, the soil inside was contiguously sampled using 10 to 12 small (205 cm3) 

steel cylinders. In 12 sampling campaigns (12 times 20 soil cores = 240 soil cores), 

nearly 3000 samples were taken and used to measure soil water contents (oven-drying 

method), degree of potential water repellency (WDPT test), and bromide concentrations 

(HPLC technique). 

The samples were first oven-dried for at least two days at 65°C to determine the 

water content and the water drop penetration time. Subsequently, a fixed amount of 

distilled water was added to the samples, they were shaken for a couple of hours, and 

the water itself was used to determine bromide concentrations. 
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Day number 
100 150 

Fig. 2.3 Precipitation rate, potential evaporation rate and groundwater levels 

measured during the experiment. 
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The saturated zone was sampled regularly by extracting water from the groundwater 

tubes (Fig. 2.2), which had either filters at depths of 55-75, 75-95, 95-115, 115-135 or 

145-165 cm. 

The spatial distribution and the dimensions of preferential flow paths and dry soil 

parts could be visualized using volumetrically determined soil water contents of 

samples taken at five depths in a 5.5 m long transect (see Fig. 2.2). For each depth, 

100 contiguous soil samples were taken. 

0 10 20 30 40 50 60 70 

Fig. 2.4 Measured volumetric water contents and the calculated mean versus depth 

for days 0,11, 60, 88, 103 and 152. 
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2.3 RESULTS AND DISCUSSION 

2.3.1 Soil water content and tracer concentrations 

The initial volumetric water contents per layer are shown in Fig. 2.4, together with the 

calculated average profile. Below the wet humous surface layer there was 

approximately 40 cm of relatively dry soil, and then a progressively wetter zone. The 

groundwater level on the day of sampling was 120 cm below the soil surface. 

Soil water contents measured on days 11, 60, 88, 103 and 152 are also shown in Fig. 

2.4. Despite the total rainfall of 486 mm in 152 days, the zone just below the humous 

layer remained relatively dry (Fig. 2.4). Volumetric water contents in the lower part of 

the profile clearly increased in the course of the experiment, especially around day 80, 

due to a sharp rise in the groundwater level (Fig. 2.3). 

Fig. 2.5 shows for days 11, 17, 60, 88, 103 and 152, measured bromide 

concentrations versus depth together with the average tracer concentration profile. The 

bromide concentrations varied greatly even at equal depths, especially just after the 

beginning of the experiment. The mechanisms that led to these patterns are explained 

below. 

2.3.2 Flow patterns 

'Distribution flow' toward preferential paths 

Contiguous sampling of the soil profile offers the possibility of calculating the total 

quantity of tracer in each vertical soil core. The tracer quantities within each of the 20 

cores sampled on a specific day can be compared and related to the initial quantity of 

the tracer sprayed on the soil surface per unit of surface area at the beginning of the 

experiment (see Fig. 2.6). 

Fig. 2.7 shows the total quantity of bromide found in each soil core on day 11. Ten 

of the 20 soil cores contained more bromide than had been applied to the soil per unit 

of surface area. This indicates that the uniform bromide application (8.47 g.m2, SD 

0.51 g.m"2) to the soil surface had been converted into a non-uniform distribution in the 

unsaturated zone within 11 days. Bromide quantities as high as 170% and as low as 

40% of the original application were found in individual cores. However, the total 
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bromide recovery within the 20 soil cores on day 11 equalled 99.6%. Bromide recovery 

rates in the soil layer to a depth of 69 cm are summarized in Table 2.1 for all sampling 

days. After day 11, bromide started to leach from this layer into the region below 69 

cm depth. 

Thus within 11 days, the uniformly applied tracer solution had become unevenly 

distributed in the soil, due to spatial variations in soil water content within the 

experimental field. At the moment of tracer application, the humous surface layer was 

Bromide concentration (g-m"3) 
10 20 30 40 50 60 70 0 10 20 30 40 50 60 70 

Day 11 Day 17 

10 20 30 40 50 60 70 

Day 60 Day 88 

C 
Day 103 

0 10 20 30 40 50 60 70 

Day 152 

Fig. 2.5 Measured bromide concentrations and calculated mean versus depth for 

days 11, 17, 60, 88, 103 and 152. 
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Table 2.1 Bromide recovery rates (% of total application) in the soil profile to a depth 

of 69 cm for all sampling days. 

Bromide 
% of total 

11 

99.6 

17 

93.2 

45 60 

59.2 40.2 

Day 
67 81 88 

22.3 15.9 17.9 

103 

15.5 

130 

7.4 

152 

5.3 

206 

4.3 

Average Br (bromide) application on the soil surface = 8.47 g • m-2 

A = 1 m 2 

B = 0.00787m 2 

xe 8 

Xg gram Br in section 9 

x10 gram Br in section 10 

"11 11 

eg gram Br-nr3 (see Fig. 2.5) 

c10 gram Br-nr3 

<=11 

xtot gram Br in total soil core 

this amount is found below a surface area of B m2 

t 
which corresponds to x t o t - i tyg \ g r a m Br per 1 m2 

i 
this value can be compared with the Br application rate (see Fig. 2.7) 

Fig. 2.6 Calculation procedure to convert bromide amounts per soil core section into 

bromide concentrations (g.m3) and recovered bromide amounts per m2. 
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Fig. 2.7 Measured quantity of bromide per unit of surface area for all soil cores 

sampled on day 11. 

relatively wet compared with deeper layers (see Fig. 2.4). Below the 10 cm top layer, 

the soil showed dry regions alternating with vertical preferential flow paths. An 

illustration of this pattern is given in Fig. 2.8, in which the dark areas represent the wet 

and the light areas the dry soil zones. 

Rainwater infiltrating into the relatively wet humous surface layer and reaching a dry 

zone like that shown in Fig. 2.8 will deviate from its vertical path and flow laterally 

through the topsoil towards a preferential path. 

The lateral flow in the surface layer distributes water and solutes towards individual 

preferential flow paths and is referred to as 'distribution flow' in this study. Fig. 2.9 

illustrates the effects and confirms the existence of distribution flow. It shows the total 

bromide quantity per soil core on day 11 versus the water content of the soil layer at 

depths between 5 and 21 cm. 

A clear relationship exists between the water content of this layer and the total 

quantity of bromide found within each sampled core. The wetter the soil, the higher 

the observed bromide amounts, indicating that dry, water repellent zones prevent the 
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Fig. 2.8 Wet top layer with vertically directed preferential flow paths below it. 

10 20 30 40 
Amount of water (mm) 

Cores w i th single-peaked bromide profiles 

Cores w i th double-peaked bromide profiles 

Tracer application 8.47 g-rn"2 

Fig. 2.9 Relation between the total amount of bromide in the soil cores taken on day 

11 and the amount of water in the layer between 5 and 21 cm depth. 
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Volumetrie water content (%) 
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Bromide concentration ( g m 3 ) 

10 20 

-o- Day o, all cores 

-A- Day 11, cores w i th more Br than applied 

-o- Day 11, cores w i th less Br than applied 

-&- Day 11, cores w i th more Br than applied 

-o- Day 11, cores w i th less Br than applied 

Fig. 2.10 A. Mean volumetric water contents for day 0, and for day 11 for cores with 

more and less bromide than the average bromide application. 

B. Mean bromide concentrations on day 11 for cores with more and less 

bromide than the average application. 

downward flow of water and solutes, whereas wet areas act as preferential paths for 

a concentrated transport to deeper regions. This pattern is also illustrated by Fig. 2.10. 

The cores containing more bromide than had been applied not only had more water in 

the top 45 cm of the soil profile (Fig. 2.10A), but they also had higher mean bromide 

concentrations compared to the other cores (Fig. 2.10B). 

After 11 days, a totally heterogeneous distribution of bromide was established within 

the soil. This typical pattern largely determined the further flow of water and solutes 

within the experimental field during the remaining part of the experiment. The soil 

conditions at the beginning of the experiment, i.e. the presence of the wet humous layer 

and the alternation between dry soil regions and vertical preferential flow paths below 

it, were found to be of major importance to the way in which water and solutes moved 

through the experimental field. 

Preferential flow paths and dry soil regions 

An indication of the spatial distribution and dimensions of the preferential flow paths 
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and dry soil regions on October 11, 1988, is shown in Fig. 2.11. In the upper part of 
the profile, horizontal dimensions of the (wet) preferential flow paths varied between 
10 and 20 cm, and exceptionally reached sizes of 25 cm. Deeper in the profile, the 

soil layer: 15-20 cm 

100 200 300 400 500 600 
Distance (cm) 

-a- soil layer: 45-50 cm 

100 200 300 400 500 600 
Distance (cm) 

Fig. 2.11 Measured volumetric water contents at five depths in a 5.5 m long transect 

on October 11, 1988. 
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differences between dry and wet zones diminished, leading to more uniform volumetric 

water contents. 

Fig. 2.12 shows a soil core sampled during the experiment, containing an almost 

complete preferential path (dark area), embedded in dry soil (light area). The spatial 

distribution and dimensions of the preferential paths and dry soil parts determine 

whether each sampled soil core will contain material from preferential flow paths or 

dry soil zones alone, or from both. The soil core depicted in Fig. 2.12 clearly shows 

that a mixed sampling of wet (dark) and dry (light) soil had occurred in this case. 

Fig. 2.12 Sampled soil core with an almost complete preferential path (dark area) 

embedded in dry soil (light area). 
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Diverging flow below the water repellent zone 

Fig. 2.1 shows that the degree of potential water repellency of the Ouddorp sandy soil 

decreases with depth. Below around 50 cm depth, the soil is classified wettable. The 

flow mechanism in this zone differs distinctly from that in the upper parts of the soil 

profile. Whereas in the humous layer, water and solutes are horizontally transported by 

distribution flow to the vertical preferential flow paths, the opposite occurs deeper in 

the profile: water and solutes spread out, i.e., diverge from the bottom end of the 

preferential flow paths, reducing spatial differences in volumetric water contents and 

solute concentrations. In Fig. 2.13 this layer is represented by the wet (dark) zone 

starting below the bottom end of the preferential flow paths and the intermediate dry 

soil regions. 

That flow actually diverged during the first 11 days of the experiment is illustrated 

by Fig. 2.14, which shows a double-peaked bromide profile for one of the soil cores 

sampled on day 11. Bromide recovered in this core was less than the average 

Fig. 2.13 Relatively wet (dark) zone below the heterogeneously wetted water repellent 

soil layer. 
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application per unit of surface area. Nine of the 10 soil cores sampled on day 11 which 

contained less bromide than the original application exhibited such double-peaked 

tracer profiles (Fig. 2.9). The deeper bromide peaks were caused by the diverging flow 

of water and bromide from the bottom end of preferential flow paths towards 

surrounding areas below dry soil parts. This process resulted in a more widespread 

occurrence of bromide in the wettable zone than was observed in the water repellent 

layer. This was confirmed by the fact that the first detection of bromide in the saturated 

zone occurred on exactly the same day (15 days after the tracer application) all over 

the experimental field (samples collected from the randomly placed groundwater tubes, 

see Fig. 2.2). Despite this fact, spatial variability in bromide concentration remained 

relatively high in the wettable zone (see Fig. 2.5), and in the groundwater. Bromide 

concentrations in the groundwater at different locations on day 15 ranged from 1 to 160 

mg.l "'. On day 11, bromide could not be detected in any of the samples collected from 

the groundwater tubes. The large variability in bromide concentrations in the wettable 

zone and in the groundwater was mainly caused by the heterogeneous input from out 

of the water repellent layer with the preferential flow paths. 

& 60 -f~ 

Bromide concentration (g-m"J) 

5 10 15 20 

Fig. 2.14 A double-peaked bromide profile of one of the soil cores collected on day 

11. 

2.3.3 Conceptualization 

A two-dimensional visualization of the flow pattern within this water repellent sandy 

soil is shown schematically in Fig. 2.15. The various dimensions are only indicative 
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Fig. 2.15 Two-dimensional visualization of the flow pattern withinthe water repellent 

sandy soil in Ouddorp. 
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and are estimations from field observations. Nevertheless, Fig. 2.15 is useful, as it 

clearly illustrates and exemplifies the heterogeneity and complexity of the flow of 

water and solutes in this type of water repellent sandy soil. This conceptual model, 

arisen from and based on a detailed analysis of numerous measurements and field 

observations, is an essential step in developing a numerical simulation model to 

describe flow and transport in water repellent sandy field soils. 

So far, most studies dealing with preferential flow have focused mainly on the 

vertical flow paths themselves. The existence of preferential flow paths is, however, 

inherently connected with the occurrence of distribution flow in the zone above the 

layer with preferential flow paths. In the immediate vicinity of the preferential flow 

paths, the distribution flow converges towards the vertical paths, 'feeding' them with 

water and solutes. A completely new finding from this study is the occurrence of 

diverging flow in wettable zones below water repellent soil layers. This may counteract 

the rapid transport through the water repellent soil layers as water and solutes are 

laterally redistributed in the wettable zone. This process may well occur in all water 

repellent field soils, as water repellency decreases with depth in most soils due to the 

decreasing quantities of roots and humic substances, which are an important cause of 

water repellency. Expectations of environmental effects of preferential flow in water 

repellent soils based on laboratory experiments (i.e. without diverging flow) may thus 

be overestimated for field conditions. 

Finally, it may be observed that preferential flow in water repellent sandy field soils 

involves the complete, integrated process of distribution flow in the humous surface 

layer, the vertical flow through the preferential flow paths, and the diverging flow in 

the wettable zone below the water repellent soil layers. 

2.4 CONCLUSIONS 

Within 11 days after a uniform surface application of bromide, distribution flow in the 

relatively wet humous layer resulted in a spatially heterogeneous bromide distribution 

within the experimental field. Just below the relatively wet surface layer, preferential 

flow paths were present with diameters generally ranging between 10 and 20 cm. 

Between the flow paths, dry soil regions were found with widths ranging from 5 to 30 

cm. Due to their extremely water repellent character, the dry soil parts were difficult 
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to wet from above, forcing infiltrating water and solutes to move laterally toward 

preferential flow paths, and then through the preferential flow paths to deeper regions. 

Deeper in the profile, in the wettable zone below a depth of around 45 to 50 cm, water 

and solutes diverged from the preferential flow paths toward surrounding areas below 

dry soil zones, as could be concluded from the double-peaked bromide profiles. Below 

this zone, bromide was transported to deeper regions with a tracer front which was 

more or less parallel to the soil surface. Despite this process, spatial variations in 

bromide concentrations remained high in both the wettable zone and the underlying 

groundwater system. 
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CHAPTER 3 

DISTRIBUTION FLOW 

Adapted version of 'Distribution flow: a general process in the top layer of water 

repellent soils' by C.J. Ritsema and L.W. Dekker, published in Water Resources 

Research 31:1187-1200, 1995. 

45 



DISTRIBUTION FLOW 

Abstract 
Water and solute input rates on the soil surface may vary considerably from place to 

place. Distribution flow, i.e. the process of water and solute flow in a lateral direction 

over and through the surface layer of the soil profile, is an important process in 

distributing the rainfall towards places where vertical transport occurs. The study 

reported on in this Chapter was carried out to quantify the process of distribution flow 

and its underlying process mechanism. A KBr tracer was applied to a water repellent 

sandy soil to follow the actual flow paths of water and solutes in the upper part of the 

profile. In the experimental field, distribution flow actually displaced the applied 

bromide laterally through a very thin surface layer, referred to here as the 'distribution 

layer'. Distribution flow was directed towards those locations within the 0-2.5 cm layer 

where the soil was the least potentially water repellent. At these relatively wet areas, 

bromide was detected at greater depths and concentrations of bromide were among the 

highest. 

3.1 INTRODUCTION 

Simulation models are widely used for predicting water and solute transport through 

the unsaturated soil (Gee et al., 1991; Van Genuchten, 1991). As models are a 

simplified schematization of reality, model output often shows discrepancies when 

compared with actual field measurements (Philip, 1991; Jury and Flühler, 1992). This 

is unfortunate, as models are supposed to be reliable tools for predicting water and 

solute transport under a variety of soil and climatic conditions. In reality, water and 

solute transport through unsaturated soil is often a much more complex process than 

assumed and formulated in simulation models. One of the main simplifications in 

models is the use of spatially uniform water and solute input rates on the soil surface. 

In reality these rates vary considerably from place to place (Beven, 1989, 1991a), 

sometimes even within short distances (Dunne et al., 1991; Agus and Cassel, 1992). 

Such highly variable input rates may locally accelerate the downward transport of water 

and solutes, leading to losses of surface-applied nutrients and/or to higher 
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contamination risks of groundwater reservoirs. 

Several factors contribute to the occurrence of spatially variable input rates. It is 

well-known that vegetation is able to intercept rainwater (Nâvar and Bryan, 1990) and 

to direct this water towards the root zone by stemflow (Gwyne and Glover, 1961; 

Saffigna et al., 1976; Crabtree and Trudgill, 1985; Parkin and Codling, 1990). 

According to Beven (1991b), stemflow may account for as much as 15 percent of the 

incident rainfall, depending on vegetation type and vegetation cover density (Glover 

and Gwynne, 1962; Reynolds, 1970; Dunne et al., 1991). The stemflow is concentrated 

on a narrow region around the base of the plant and, in the case of infiltration, a wetter 

soil can be expected at these spots than in surrounding areas (Specht, 1957; Glover and 

Gwynne, 1962; Hills and Reynolds, 1969; Van Wesenbeeck and Kachanoski, 1988a,b). 

If rainwater reaches the soil surface, either directly or via throughfall or stemflow, 

lateral flow over and within the soil profile may further displace water and solutes. 

Within the soil profile, textural discontinuities, characterized by pronounced 

permeability breaks, may induce lateral flow components parallel to the layer interfaces 

(Ahuja and Ross, 1982; Selim, 1987; Parlange et al., 1989; Steenhuis et al., 1991). 

Recently, it has been shown by McCord and Stephens (1987) and McCord et al. (1991) 

that such textural discontinuities are not a prerequisite for the inducement of lateral 

flow, because soil water differences themselves may already result in a system which 

behaves anisotropically with respect to water flow. In addition to these aspects, a 

certain degree of slope is generally needed to induce lateral flow over or through soils 

(Sinai'et al., 1981; Zaslavsky and Sinai', 1981a,b,c). 

The most pronounced textural and structural changes (Nielsen et al., 1973; Cameron, 

1978), and the most distinct soil water content differences (Hills and Reynolds, 1969; 

Loague, 1992) are often found in the upper part of the soil. Furthermore, the soil 

surface and layer interfaces themselves are to some extent irregularly configurated, at 

least at microscale (Bruneau and Gascuel-Odeux, 1990). At mesoscale or macroscale, 

particularly in uneven terrains, analogous topographic features or irregularities of a 

greater magnitude can be superimposed over those present at the microscale. These 

micro-, meso- and macrotopographic irregularities of soil surfaces and layer interfaces 

directly induce and promote the occurrence of lateral flow. The fact that in the top 

layer of soils, lateral flow may actually dominate vertical infiltration has already been 

demonstrated in previous studies for a variety of soils (Mosley, 1982; Bathke and 
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Cassel, 1991; Wilson et al., 1991; Bathke et al., 1992) and modeling studies (Hurley 

and Pantelis, 1985; Wallach and Zaslavsky, 1991; Jackson, 1992). However, the direct 

effects of this lateral flow process under natural field conditions have so far not been 

quantitatively evaluated. 

Recently, Ritsema et al. (1993) indicated that lateral flow within the surface layer 

of a water repellent sandy soil was the process responsible for displacing a uniformly 

applied bromide tracer (Chapter 2). In those places within the experimental field where, 

due to lateral flow, water and bromide were concentrated, distinct vertically directed 

preferential flow paths were found with diameters between 10 and 20 cm. The term 

'distribution flow' was introduced to account for the overall process of lateral flow 

over and through the surface layer of the soil profile towards places where vertical 

infiltration actually occurs. Subsequently, those places which receive considerably more 

water and solutes than the areal average are the places where accelerated downward 

transport can be expected. This may have serious environmental consequences such as 

local pollution of groundwater reservoirs. Reynolds (1970), Cameron et al. (1979), 

Beven (1989, 1991a), and Jury and Roth (1990) have already stipulated the existence 

of lateral flow in the top layer of soils and its possible consequences in terms of 

accelerating downward water and solute transport in specific places. However, no 

serious attempts have so far been made to quantify to what extent distribution flow is 

able to displace water and solutes at field-scale. The objectives of the present study 

were to describe and illustrate the process of distribution flow, and to quantify its 

effects on the displacement of water and solutes in a water repellent sandy soil. 

3.2 MATERIALS AND METHODS 

3.2.1 Tracer experiment 

In a 4 m by 30 m experimental field at Ouddorp, a KBr solution was applied manually 

with six nozzle sprinklers (Teejet 11002) on November 6, 1988 (see Chapter 2). The 

mean bromide application equalled 8.47 g.m2, with a standard deviation of 0.51 g.m2. 

The unsaturated zone was sampled twelve times (see Chapter 2) using the cylindrical 

soil core sampler (Hendrickx et al., 1991). The present Chapter focuses on the 

sampling campaigns on days 11, 17 and 45. On each sampling day, 20 soil cores were 
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