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PREFACE

This dissertation is a compilation of seven manuscripts. The introductory chapter is a

review of the general background of upward solute movement and the flow equations

thereof. The specific materials and methods used in this study are described in

Chapter 2. In Chapters 3, 4 and 5 the results and discussions on the effects of time,

flux rate and nitrate concentration in the groundwater on the upward movement and

spatial distribution of nitrate from a shallow water table are given. Chapter 6 presents

an estimation procedure used to quantify upward flux of nitrate from shallow water

tables. The manuscript concludes with some recommendations in Chapter 7. Due to

the fact that chapters represent independent topics some redundancy and lack of

continuity between chapters, has been unavoidable.
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ABSTRACT

Shallow water tables are common in areas that have been irrigated for several

decades and are reported to be one of the causes for increased salinity in large

irrigation fields. Upward flux of solutes from a shallow water table can occur as a

result of evaporation and plant water uptake. Evaporation-driven fluxes will have

positive and negative implications on agricultural production. Thus, characterization

of the upward flux of solutes in soils is important for the accurate prediction of arrival

times and spatial patterns of solutes coming from shallow water tables.

The main objectives of the study were as follows. Firstly to become acquainted with

tracing techniques used to quantify water and solute upward fluxes. Secondly to

quantify the effect of time, flux rate, and solute concentration on the upward

movement of nitrate ions. Thirdly to evaluate prediction procedures for nitrate

movement and/or hydraulic properties for the sandy loam soil.

Three laboratory experiments on repacked homogeneous sandy loam subsoil

columns were conducted with water tables maintained at a depth of 750 mm and

using nitrate as an anion tracer. These were, varying time with a constant

groundwater N03--concentration and flux rate, varying flux rate at a constant time and

groundwater N03--concentration and finally varying groundwater N03--concentration

at a constant time and flux rate.

The upward mass flow of N03- was measured and calculated by the mass flow

component of the convective-dispersion equation (eDE). Results of N03--

concentration and water content showed temporal and spatial variation in all the

experiments that agreed with the theoretical approaches found in literature. In all

three experiments the theoretically calculated and actual measured N03--

accumulations in the soil column were compared. The theoretically calculated values

were higher than the measured. Denitrification losses during the experiments were

put forward as the reason for the lower measured N03--concentration. The measured

upward mass flow N03--accumulation increased as a function of time, flux rate and

N03--concentration level in the groundwater solution with the highest accumulation in

the top surface layer. The hydraulic soil properties were determined and fitted to the

Amanuel ® 2002.



XIX

two-part retentivity function of Hutson & Cass. The hydraulic conductivity vs matric

potential and hydraulic diffusivity vs water content relationships were also derived for

the experimental soil.

It was concluded that higher N03--concentrations in the groundwater, than the 25 mg

N03- r' used in this study, should be used in future studies and a concentration of

100 mg N03- 1-1was recommended. The 20 day durations of the experiments were

also too short because it allowed for only about 0.6 to 0.8 pore volumes of cumulative

flux at rates of 6 to 8 mm d", This was insufficient to reach equilibrium conditions.

Longer experiments of up to 60 days were recommended.

Keywords: Upward mass flow, Nitrate, Groundwater nitrate concentration, Shallow

water tables.
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CHAPTER 1

INTRODUCTION

1.1 Background

Shallow water tables are common in soils that have been irrigated for several

decades. In irrigated fields, and partially waterlogged conditions, salt will be

transported to the soil surface by upward capillary rise from the water table (Marshall

et al., 1996; ConneIl & Haverkamp, 1996) either by evaporation or water uptake by

roots. Such conditions are more common in arid- and semi-arid regions during long

dry seasons with high evapotranspiration rates and reliance on irrigation where

shallow water tables are present (Ben-Hur et al., 2001; Zawislanski et al., 1992;

Mohamed et al., 2000). Under steady-state conditions there is a functional

relationship between evaporation rate and depth to the water table. Marshall et al.

(1996) assumed that an evaporation rate of 1 mm d-l from a 1.7 m deep water table

could increase to 5 mm d-l when the water table is at a constant depth of 0.7 m

below the surface. Under these conditions salt accumulation in the root zone or on

the soil surface will be evident (Hillel, 1980a).

Nowadays one of the most challenging problems facing groundwater hydrologists is

the accurate prediction of the arrival times and spatial patterns of toxic chemicals

stemming from subsurface waste disposal sites. This problem aggravates more when

solutes are close to the soil surface and tend to move upwards due to a high

evaporation rate in the presence of a shallow groundwater table (Mohamed et al.,

2000). To describe and predict water and solute transport processes, it is important

to know the soil hydraulic properties such as hydraulic conductivity, water retention,

and capillary height of the soil. These properties are strongly influenced by soil

structure and texture (Wendroth et al., 1993) and depth to the water table.

Flux of water and solutes in the soil profile can take place in both downward and

upward directions depending on the climatic conditions. This study will deal with the

Amanuel Oqbit Weldeyohannes @ 2002. A laboratory characteriz ation of the upward flux of nitrate from a shallow
water table in a sandy /oam soil

Department of Soil, Crop and Climate Sciences, University of the Free State, Bloemfontein 9300, R.S.A



CHAPTER 1 INTRODUCTION 2

upward flux of solutes from a shallow water table. The downward transport of solutes

has been extensively researched, especially in the last two to three decades, and

reliable prediction procedures were developed. However, studies on the upward flux

of solutes are also equally important particularly in arid- and semi-arid climatic

regions.

In summary, mobile solutes such as nitrates are leached out of the root zone during

periods of high rainfall and reach the groundwater. There may also be a reverse

process accompanied with upward flux of water during dry spells due to

evapotranspiration processes. Upward fluxes of solutes from a shallow water table

can in some cases serve a useful purpose by supplying nutrients to the root zone of

crops. On the other hand, this process entails the hazard of salinization, especially

where the groundwater is saline, and the potential evaporativity is high. The tendency

for water to be drawn from the water table toward the soil surface will persist as long

as the suction head at the surface is greater than the depth of water table (Hillel,

1980a; Hillel, 1982). Apart from irrigated areas, dry land salinity has also been a

threat to land and water resources in several parts of the world (Abrol et al., 1988).

1.2 Literature Review

1.2.1 Introduction

Evaporation of water from the soil surface creates an upward flux of the soil solution

with solutes concentrating or even precipitating at or near the soil surface. Drying of

the soil due to evaporation and/or root water uptake creates an upward soil water

potential gradient. In the case of evaporation the soil solution is transported from

deeper in the soil profile towards the soil surface, where the water evaporates and

the chemicals dissolved in it concentrate and precipitate. Together with the major

ions, Na+, Ca++, Mg++,S04= and cr, other dissolved elements, including trace

elements, will be subjected to the same redistribution (Zawislanski et al., 1992). In

their study, Zawislanski et al. (1992) assessed the magnitude of bare soil evaporation

and its effect on some salts and Selenium (Se) redistribution within the soil profile

using direct and indirect water flux measurements, under field and laboratory

Amanuel e 2002. UPWARD FLUX OF NITRATE ....



CHAPTER 1 Equations describing the upward flow of water 3

conditions. Their field data showed that the concentration of salts increased towards

the soil surface as shown in Figure 1.1.
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1.2.2 Equations describing the upward flow of water

Figure 1.1 Concentration of cations (a), anions (b) and Se ions (c) in a soil profile

(after Zawislanski et al., 1992)

Op

If the daily evaporation demand remains reasonably uniform for a long time, nearly

steady state conditions will exist and upward water flow from a water table to a bare

soil surface can be established (Jury et al., 1991; Hillel, 1980a; Marshall et al., 1996).

According to this assumption the upward flux (q) is given by Equations 1.1 and 1.2

(Hillel, 1980a):

Amanuel ® 2002. UPWARD FLUX OF NITRATE ....



CHAPTER 1 Equations describing the upward flow of water 4

(1.1)

or
de

q = D(e)--K(\jI)
dz

(1.2)

where: q = Flux (equal to evaporation rate under steady state conditions) (mm d")

\jl = Matric potential (mm)

K = Hydraulic conductivity (mm d-1)

D = Hydraulic diffusivity (rnrn" d")

e = Volumetric water content (mm" mm")

z = Height above the water table (mm).

Equation 1.1 can also be written as:

-q-+l = d\jl
K(\jI) dz

(1.3)

Integrating Equation 1.3 will give the relationship between depth and suction or

wetness (Equations 1.4 and 1.5).

(1.6)

or z = f D(e) de
D(e)+q

(1.5)

Moreover to use Equations 1.4 and 1.5 the functional relationships of K(\jI), K(e),
and D(e)has to be known. The empirical equation for K(\jI) is given by Equation 1.6

(Gardner, 1960, cited by Hillel, 1980b).

Amanue/@) 2002. UPWARD FLUX OF NITRATE ....



CHAPTER 1 Equations describing the upward flow of water 5

where parameters a, band n are constants which must be determined for each

soil. Accordingly, Equation 1.1 becomes,

(1.7)

where e is the evaporation rate (mm d-1).

With Equation 1.6, Equation1.4 can be used to calculate the suction distribution with

height at different fluxes, or the fluxes at different surface-suction values. The rate of

capillary rise and evaporation depend on the depth of the water table and the suction

at the soil surface. This suction is largely dependent on the external conditions

because a greater suction will develop where the atmospheric evaporativity, acting

on the soil surface, is high. Increasing the suction at the soil surface, even to infinite,

can increase the flux through the soil only up to an asymptotic maximal rate, which

depends on the depth of the water table. Even the driest and most evaporative

atmosphere cannot extract water from the surface faster than the soil profile can

transmit from the water table to that surface. The soil profile can control the rate of

evaporation under unsaturated flow conditions. The maximal transmitting ability of

the profile depends on the hydraulic conductivity of the soil (Hillel, 1980a).

Water rises in the soil from the free-water surface of a water table, due to capillary

flow. The capillary rise model regards the soil as analogous to a bundle of capillary

tubes (Hillel, 1980a; Hillel, 1980b), predominantly wide in the case of a sandy soil

and narrow in clay soils. Capillary rise is therefore a function of pore diameter. The

equation relating the equilibrium height of capillary rise, he (mm) to the radii of the

pores is (Equation 1.8):

(1.8)

where 'Y is the surface tension (g mm rnm' d-2 = g d-2), r = mean capillary radius of

the soil pores (mm), Pw = the water density (g mm"), g is the gravitational

acceleration coefficient (mm d-2), and a. the wetting angle which is normally, though

Amanuel@2002. UPWARD FLUX OF NITRATE ....



CHAPTER 1 Equations describing the upward flow of water 6

not always justifiably, taken as zero. However, soil pores are not uniform or constant

capillary tubes, and hence the height of capillary rise will differ in different pores.

Matric suction will generally increase with height above the water table. As a result,

the number of water-filled pores, and hence wetness, will decrease in the soil above

the water table. The rate of capillary rise, the flux, generally decreases with time as

the soil is wetted to greater heights and as equilibrium is approached (Hillel, 1980a).

Upward capillary flow, in its initial stage, is similar to infiltration but occurs in an

opposite direction. At a later stage the flux does not tend to become constant as in

downward infiltration but rather become zero. This is due to the upward flow against

a gravitational gradient, and when this becomes equal to the matric suction gradient,

the overall hydraulic gradient will approach zero (Hillel, 1980a).

Accurate estimation of capillary rise is important in formulating management

strategies to avoid degradation of soils especially when they overlie shallow saline

water tables. Prathapar et al. (1992) compared three mathematical models to

estimate capillary rise, which they defined as the volume of water leaving a static

water table due to soil and plant evaporation in the presence of a shallow saline

water table. The models were compared in a Iysimeter experiment, where an

undisturbed clay loam core was installed in the Iysimeter with an artificial water table.

The models were the quasi steady state analytical model (QSSAM), transient state

analytical model (TSAM) and numerical model (NM). The QSSAM model estimated

capillary rise J or q (mm d·1) from a steady state solution with the Richards' equation

as given in Equation 1.1. The matric potential 'l'rz of the root zone and hydraulic

conductivity (K( 'l'sub)) of the subsoil were determined using Campbell's (1974)

functions as follows:

(1.9)

K( ) = K ( / )2+3/~'I' s 'I' e 'I' (1.10)

where: 'l'e = Air entry value (mm)

Amanuel@ 2002. UPWARD FLUX OF NITRATE ....



CHAPTER 1 Equations describing the upward flow of water 7

Os = Saturated volumetric water content (mm" mm")

p = ° vs. 'I' Decay parameter

Ks = Saturated hydraulic conductivity (mm d-1).

The soil properties used in this model are given in Table 1.1 with their corresponding

values.

Table 1.1 Soil properties used in the aSSAM (after Prathapar et al., 1992)

Property Value

Initial volumetric water content of the soil profile

Saturated volumetric water content of the profile

Air entry value of the profile in (mm)

fJ of the soil profile

Saturated hydraulic conductivity of the soil profile (mm d·1)

0.29

0.40

-39.00

-8.24

2.00

The TSAM also used the same root zone and subsoil depths, uniform root

distribution, soil properties, and crop coefficients as in aSSAM. However, the matrix

flux potential distribution within a homogeneous soil profile with roots above the water

table was given by an infinite time series equation. The daily capillary rise J was then

calculated using Equation 1.11.

J = <Do -<Drz -K
L-DRZ <l>rz (1.11)

where: <Do and <D rz are matrix flux potentia Is, initial and at the root zone (rnrrr' d-1)

respectively.

L = Depth to water table (mm)

DRZ = Depth of root zone

K<I>rz = Unsaturated hydraulic conductivity at <D rz .

The third model, NM, used a process-based numerical model of water and solute

movement, plant uptake and chemical reactions in the unsaturated zone (LEACHM).

This model uses a one dimensional finite difference solution for the transient

Amanuel e 2002. UPWARD FLUX OF NITRATE ....



CHAPTER 1 Equations describing the upward flow of water 8

unsaturated flow equation together with the transient diffusive and convective solute

transport equation.

From these three models, NM estimated capillary rise satisfactorily throughout the

experiment as shown in Table 1.2, but it did not estimate salt deposition near the

surface satisfactorily and subsequent downward diffusion of salts. Moreover its

application to large irrigation areas with varying soil types, depth to the water table

and agronomic practices is limited due to the larger data and computing

requirements compared to the other analytical models.

Table 1.2 Capillary rise, pan evaporation and irrigation, all expressed in mm per

week (after Prathapar et al., 1992)

Week no. Pan Irrigation Measured Estimated capillary rise
evaporation capillary rise

aSSAM TSAM NM Uniform NM
roots Growing

roots
1 10.8 24.0 0.1 4.5 18.5 18.5
2 9.8 12.8 0.1 3.5 8.4 8.4
3 10.0 6.7 0.1 4.6 5.5 5.5
4 16.8 20.0 4.0 0.2 3.1 4.2 4.2
5 12.8 2.1 0.1 2.8 3.4 3.4
6 13.2 1.7 0.2 3.5 3.1 3.1
7 11.6 1.3 0.3 5.3 2.9 3.1
8 15.2 1.2 0.4 4.2 3.0 3.2
9 19.4 35.0 1.2 0.5 3.4 3.0 3.2
10- 18.5 35.0 1.0 0.5 2.0 2.7 2.9
11 22.0 1.0 0.5 6.7 2.5 2.7
12 42.5 60.0 1.3 0.4 2.0 2.4 2.6
13 39.5 20.0 2.5 0.6 5.9 2.3 2.5
14 41.9 25.0 2.5 0.8 0.4 2.4 2.6
15 40.6 25.0 3.6 1.6 5.3 2.7 2.9
16 33.7 4.0 5.5 7.4 2.7 2.9
17 59.8 85.0 6.2 3.6 0.4 3.1 3.1
18 42.7 45.0 4.0 1.1 1.5 2.8 2.8
19 56.8 45.0 4.3 0.9 3.1 2.5 2.5
20 58.0 51.0 5.1 0.8 3.4 2.5 2.5
21 49.0 71.0 2.8 0.5 0.6 2.5 2.5
22 54.2 1.8 0.5 3.9 2.4 2.4
23 35.0 1.7 0.7 3.8 2.4 2.4
24 62.0 1.0 1.9 6.7 2.4 2.4
25 70.2 1.4 4.9 6.0 2.1 2.1

The aSSAM model under-estimated the initial wetting of the subsoil because the

calculated \jl rz and K(\jl )SUb were too low to result in any capillary rise in the first 7

weeks. This resulted in lower estimations of salinization. This model is not

recommended when the soil water balance is frequently altered by irrigation. The

TSAM estimations were closer to the measured values. TSAM also responded to
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CHAPTER 1 Solute movement processes in the soil profile 9

irrigation and predicted the soil water status better than aSSAM. However, its use is

limited to a constant root depth only.

Prathapar et al. (1992) concluded that the TSAM model might be suitable for

estimating capillary rise from the water table where net long term effects are needed,

due to fewer input requirement and a shorter execution time.

1.2.3 Solute movement processes in the soil profile

Chemicals within the soil may be transported both vertically and horizontally,

depending on several major physical processes (Lindstrom & Piver, 1986) and/or

remain stagnant in the soil matrix along with the immobile. part of the soil solution.

Solute movement is dependent on the soil water content and the transport is

assumed to be governed by convection, diffusion, dispersion, and the thermal motion

within the soil solution (Bresier et al., 1982). Although these processes are

interrelated, this review deals with the upward flux of solutes from a water table into

the root zone. As been mentioned in different articles (e.g. Ross, 1989; Herald,

1999), the accurate prediction of the movement of specific ions is difficult due to the

interference of processes such as precipitation, dissolution, reaction and exchange

on solute movement. Anions such as cr and N03-, which tend to be non-reactive,

resisting interaction with the soil, are therefore usually selected for modeling solute

movement.

The dominant mechanisms by which solutes are transported in soil profiles are,

convective/mass flow, diffusion and plant uptake.

1.2.3.1 Mass flow

Mass flow consists of two components: in larger pores, turbulent flow dominates and

fast convection occurs; in micropores, slow laminar transport occurs adjacent to

particle surfaces. Soil water movement occurs when a difference in water potential

exist (Herald, 1999). This creates a pressure gradient for water and solute

movement. Mass flow depends on the flow velocity through macroscopic pores. The
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actual pore water velocity is distributed around an average value and is determined

by the distribution of pore sizes and pore shapes (Herald, 1999).

The transport of solutes seldom occurs by mass flow alone, as solutes move in and

out of the flowing water in response to concentration gradients, through the

processes of diffusion and dispersion. These two physical processes cause miscible

displacement between a resident and a different displacing solution (Marshall et al.,

1996; Herald, 1999).

1.2.3.2 Diffusion

Diffusion is the thermal agitation of all the molecular and ionic entities present in a

porous medium when solutions are in motion (Marshall et al., 1996). The movement

of a solute is affected by the solute concentration gradient, which have an effect on

the net movement of ions to equilibrate the gradient in the solution by the process of

diffusion. The speed of equalization depends on the concentration difference, thus

solute transport by molecular diffusion depends on the concentration gradient of the

ion (Herald, 1999).

In unsaturated soils, the volume of water available for diffusion is low with a tortuous

path, resulting in a lower diffusion coefficient of solutes (Herald, 1999). This was

proved by Mahtab et al. (1971) who found the diffusion coefficient to increase linearly

with the water content of a soil. As the water content of the soil decreases, the cross

sectional area available for diffusion also becomes smaller and the ions have to

travel a longer distance to reach a given point.

According to Ross (1989), diffusion coefficients in soil are controlled by:

1. The state of the medium within which ditfusiorr occurs. Diffusion is most rapid

in gaseous media, followed by liquids and then solids.

2. Soil water content, because ion diffusion increases as water content

increases. For example Schaff & Skogley (1982) found a two to four fold

increase in diffusion of potassium, calcium and magnesium when the water
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content was increased from 10% to 20%. The effect of water content on the

diffusion coefficient of selected ions is shown in Table 1.3.

3. Tortuosity of pore spaces, where smaller pores increase the tortuosity of flow

paths within the soil matrix and decrease ionic diffusion.

Table 1.3 Diffusion coefficient D for selected ions at a given soil water content (after

Rowell et al., 1967)

Ion Volumetric water content (%) D (mm cf)

Na 40 19.0

Na" 20 1.7

cr 40 77.8

cr 20 20.7
P04• 40 2:9 x 10.2

P04• 20 2.6x10·3

1.2.3.3 Dispersion

Mechanical dispersion also known as hydrodynamic dispersion (Marshall et al.,

1996) takes place because of local variations in velocity of the flowing solution in a

porous medium.

1.2.3.4 Equations describing solute movement

One-dimensional flow of a non-interacting, chemically inert solute through a porous

medium is usually analyzed with the convection-dispersion equation (CDE) given by

GeC) = J_(D(S) ac) ) _ aqc)
at az az az (1.12)

where Cl = Solute concentration in the pore water (g m"): S = Water content per bulk

volume (m3 m"): q = Flux of water (mm d-\ D = Hydraulic dispersion coefficient (mm"

d-1), which is related to the average pore water velocity V = q/S (mm d-1) and

D(S) = AV , where A = Dispersivity (mm); t = Time (d); and z = Vertical coordinate

(mm) positive upward. Mohamed et al. (2000) developed and tested a new method
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CHAPTER 1 Equations describing solute movement 12

for predicting upward solute movement due to evaporation in unsaturated sandy soil.

It was a laboratory study conducted in unsaturated, uniformly packed sand columns

with a cross section of 1.20 x 0.50 m2 and with a constant shallow groundwater table.

The measuring apparatus consisted of mainly three units: a ventilated chamber, a

soil box, and evaporation rate measuring equipment. This equipment was based on

the idea of covering some parts of the ground surface with a chamber made of

transparent sheet, injecting air from one side, and extracting this air from the

opposite side. The air can be moved through the chamber either by a blower system

or a suction system. Mohamed et al. (2000) used the same system to avoid the

pumping effects on both temperature and relative humidity of the air. All air

transportation pipes were insulated to minimize temperature effects. The temperature

and relative humidity of the sucked air were measured just before and after passing

through the chamber by a couple of temperature and humidity sensors. They also

measured the volumetric flow rate by a hot wire flow meter. A groundwater table was

established through six tubes connected to the bottom of the tank of a reservoir with

a seventh tube serving as a piezometer to compensate for a pressure difference

between the evaporation measurement chamber and atmosphere through an open

end connected to the measurement chamber. In their study, Mohamed et al. (2000)

used two tracer experiments lasting 25 and 14.5 days. The second experiment was

used to verify the parameters estimated from the first experiment. Sodium chloride

(NaGI) solutions, with different concentrations for the two experiments, were supplied

through the groundwater supply tank, maintaining the groundwater table at 0.38 m

depth. At the end of the experiment, two adjacent soil samples were taken at several

depths over the height of the sand columns to determine the gravitational water

content (em' kg kg-1) and NaGI concentration. The total salt water in the second

sample ( W pw,' g) was calculated from its wet weight (W wet' g) and em as follows:

v; =Wwet(~) 1+em

(1.13)

The Richards' equation (Equation 1.14) was used to calculate the groundwater flow

in unsaturated soil.
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CHAPTER 1 Equations describing solute movement 13

(1.14)

where C- = Specific water capacity (dO/dh, mm"): K = Hydraulic conductivity (rrmd");
ij

h = Soil-water pressure head (mm); t = Time (d); and z is the vertical coordinate

(mm) taken as positive upwards. To solve Equation 1.14 numerically, the initial and

boundary conditions applicable to evaporation experiments were as follows:

h(z, 0) = hj(z)

h(O, t) = 0

-K(: + I) = qevap(Ls, t)

(1.15)

(1.16)

(1.17)

where hj = Initial soil-water pressure head (mm); qevap(Ls, t) = Time-variable

evaporation rate imposed at the soil surface (mm d'); and l., is a coordinate of the

soil surface (mm). In addition, the unsaturated soil hydraulic properties were

assumed using the Van Genuchten model (1980) as follows:

(1.18)

(a >0) (1.19)

I
n=--

I-m
(O<m<l,n>l) (1.20)

K = x,s, 1/2{I-{l- O~/2r r
C. = a(n -IXOs -Or~~m {I_o~m r
ij

(1.21 )

(1.22)

where: Oe= Effective water content; Orand Os denote the residual and saturated

volumetric water content (rn" m"), respectively; Ks = Saturated hydraulic conductivity

(mm d-l); a (mrn'), n and m are Van Genuchten's parameters, which depend on

the soil type. Galerkin-type finite-element solution was used to solve Equation 1.14

with its initial and boundary conditions defined in Equations 1.15..,1.17. Mohamed et
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al. (2000) found a good agreement between the calculated and measured water

content profiles as shown in Figure 1.2.
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ê 200-N
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0
0.0

lEI
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Calculated

0.2 0.4 0.6 0.8 1.0
Degree of saturation

Figure 1.2 Measured and calculated water content profiles at the end of experiment 1

(after Mohamed et al., 2000).

The movement of er in the unsaturated sandy soil was analyzed with the one-

dimensional eDE given in Equation 1.12 with initial and boundary conditions as

follows:

C,(z,o)=o
C,(O,t)= Co

(1.23)

(1.24)

BC, =0
8z (1.25)

where C, = Input solute concentration (g m"). The results showed that the value of

the dispersion coefficient (D) changed in the vertical direction in such a way that D at

any location divided by the corresponding pore-water velocity CV) remained constant
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and had a value equal to the dispersivity (A). The agreement between the measured

and fitted data was excellent (Figure 1.3). From the data of experiment 1, the

350 Measured valll't,
---- Fitted curve

300

250

1200
N

150

100

50

o
Relative concentration

Figure 1.3 Measured and fitted relative concentration profiles at the end of

experiment 1 (after Mohamed et a/., 2000).

dispersivity (A) was found to be 0.017 m. This dispersivity value was compared with

those obtained from uniformly packed homogeneous sand columns during steady

saturated water flow and using NaCI breakthrough curves. They found that their

value was 21 times higher than the value obtained by Silliman et al. (1987), under

comparable saturated flow in a laboratory. Their study agreed with experiments done

by Krupp & Elrick (1968) and De Smedt & Wierenga (1984) under unsaturated

conditions. Mohamed et al. (2000) concluded that an accurate value for dispersivity

(A) makes it possible to predict the solute distribution in unsaturated sand for any

evaporation rate and time.

Wildenschild et al. (2001) used Darcy's Law (steady state) and the Richards'

equation (transient approach) to determine the influence of flow rate on soil hydraulic

characteristics for two soils with different pore size distributions in laboratory soil
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columns. HYDRUS-1D (Simunek et al., 1998) was used to numerically solve the

Richards' equation in one dimension using the Galerkin-type linear finite element

scheme. Equations 1.18 to 1.21 of Van Genuchten (1980) were used to parameterize

the hydraulic functions. Fujimaki (1998) pointed out that unsaturated hydraulic

conductivity in the low pressure head range is important for the accurate prediction of

evaporation rate. However, this is often estimated or extrapolated due to a lack of

measurement methods. To estimate hydraulic conductivity, he used the following

three methods: i) the linear approximation method (LAM), which determines hydraulic

conductivity directly from the flux to gradient ratio assuming a linear distribution of

head; ii) the polynomial approximation method (PAM), which approximates the water

content of a profile with a polynomial equation, and iii) the inverse method, which

assumes an unsaturated conductivity function beforehand and evaluates parameters

by nonlinear optimization of a predicted to measured water content profile. The LAM

and PAM methods were found to be sensitive to wet conditions (K>100-50 mm S-1)

while the inverse method was not very sensitive. A sensitivity analysis was used to

show that the optimized hydraulic conductivity in the wet range (K>100..,60 mm S-1)

can only indicate the lower limit of the hydraulic conductivity curve.

Fujimaki (1998) also evaluated the applicability of the eDE-model for solute transport

near an evaporating surface. He conducted an evaporation column experiment using

dune sand with a shallow water table containing a Nael solution. Diffusion and

mechanical dispersion coefficients as well as the hydraulic properties for the sand

were determined independently. The Richards' equation and the eDE were solved

simultaneously with the finite difference method. He included water vapor movement

and crystallization of excess salts in the prediction. The calculated concentrations

were found to be smaller than the measured values. This underestimation resulted in

a significant delay of salt crystallization at the soil surface compared to what was

observed, which could greatly reduce the evaporation rate. The argument here was

that the eDE uses an analogy of Fick's Law to describe the mechanical dispersion

and the dispersion term overestimated downward movement regardless of the

upward convective transport. The apparent dispersion coefficient, which agreed with

the measured data in the evaporation experiment, was 0.33 of the dispersion

coefficient determined in an infiltration experiment.
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•:. To become acquainted with tracing techniques used for water and solute upward

fluxes .

•:. To quantify the effect of time, flux rate, and solute concentration on the upward

movement of nitrate ions in a sandy loam soil.

.:. To evaluate prediction procedures for nitrate movement and/or hydraulic

properties of the sandy loam soil.

1.3 Objectives of the study

Almost all the experiments reported on in Section 1.2 were conducted in pure sand or

very sandy soils. For this study soil containing more clay, will be selected .
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CHAPTER 2

MATERIALS AND METHODS

2.1 Introduction

The general materials and methods are discussed in this chapter while those specific

to each experiment will be addressed in the relevant chapters. The experiments were

conducted on repacked soil columns under laboratory conditions.

2.2 Experimental equipment

Ten PVC columns, each segmented into nine cores with a height of 100 mm and 105

mm internal diameterwere used. The cores were held together by waterproof tape to

form the column. Each column was mounted on top of a 300 mm high gravel filled

column. The gravel filled column was connected with a 6 mm diameter rubber tube to

an artificial groundwater source column of the same size (Figure 2.1). The role of the

gravel was to allow rapid wetting or draining of the soil columns. To improve drainage

or wetting of the soil column an air vent was inserted at the contact of the gravel and

fine sand, which could be sealed tightly during the experiment. A 2 mm layer fine

sand was placed between the soil and the gravel and a cloth above the gravel to hold

the fine sand. This was done to prevent the soil from flowing into the gravel during

the experiment. The water level was maintained constant by an upside down 100 ml

measuring cylinder which was read and refilled on a daily basis.

Amanuel Oqbit Weldeyohannes ® 2002. A laboratory characteriz alion of the upward flux of nitrate from a shallow
water table in a sandy loam soil

Department of Soil, Crop and Climate Sciences, University of the Free State, Bloemfontein 9300, R.S.A.

A 250 x 246 mm rectangular metal tube, 1200 mm in length and with five 110 mm

diameter round holes in the base, was connected to an electric heater on the one

opening and an electric fan acting as a dehumidifier on the other. The air chamber

was placed with the holes over the top surface of the columns (Figure 2.1 and Plate

2.1). In this way, steady state upward fluxes were maintained by creating a constant
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surface evaporation rate through passing a stream of constant temperature air over

the surface.

Figure 2.1 Schematic illustration of the setup of the experimental equipment for one

soil column.

I~250 mm ~I
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340mm
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(Front view)(Topview)

Plate 2.1 Experimental equipment.

Three experiments were conducted with different treatments. In the first two

experiments there was no control column due to shortage of materials. However, in

each of these experiments a control soil sample was analyzed to determine the initial

N03--concentration. In the third experiment, a control column was added. Each

treatment was conducted with duplicate columns and the results were averaged.

2.3 Soil sampling and column preparation

The soil was a subsoil sampled from the Experimental Site of the Department of Soil,

Crop and Climate Sciences, University of the Free State. It was sampled by removing

the first 1m depth topsoil. The soil was air dried, passed through a 6 mm sieve and

mixed thoroughly. The soil was sampled at the same date for all the experiments.

The gravel was washed thoroughly with distilled water till the filtrate became clear.

Having done so unnecessary clayey dust particles were removed, which could have

contaminated the groundwater solution.
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(a)

(b) (c)

Plate 2.2 Processes of packing a column: (a) Gravel sieving and washing with

distilled water, (b) Gravel, cloth, and sand filling, and (c) soil column

preparation.

Firstly the bottom container was filled with washed gravel till 10 mm from the top. A

circular piece of cheese cloth was placed on top of the gravel after which the

container was filled with clean pure coarse sand (Plate 2.2a and b). The empty

column segments were then taped to the bottom container and filled with air-dry soil.

While filling, the dry soil was compacted with an iron rod (Plate 2.2c).

Before any treatment started, the soil columns were wetted by filling the supply

container with distilled water and keeping it full. When the level of the water in the

storage container stabilized, the height of the capillary rise in the column was noted

by removing the dry soil from the top. The excess distilled water was then drained

from the system and replaced by filling the supply container with the appropriate

Ca(N03)2·4H20solution. To correct for evaporation losses from the supply container,
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a similar container filled with the same solution was kept in the room and daily

evaporation was recorded.

Plate 2.3 Tensiometer filling with air free water.

The microtensiometers were filled with distilled, deaerated water and where checked

after a while for any air bubbles (Plate 2.3).

2.4 Determination of the physical and hydraulic properties of the soil

Soil texture was described in terms of percentage clay «0.002 mm), silt (0.002-0.05

mm), and sand (0.05-2.0 mm). The size fractions were determined by the pipette

method (The Non-Affiliated Soil Analysis Work Committee, 1990). Being sub-soil, no

pre-treatment for organic matter removal with hydrogen pero-oxide was done as no

organic matter interference was expected.

As mentioned before, capillary height was measured after the daily addition of water

to the supply container became negligible.

While an experiment was running, the suction head in each segment was measured

with a microtensiometer installed in the middle of each 100 mm segment. Solute flux

was measured every 12 hours by recording the volume loss from the measuring

cylinder. At the end of each experiment the cores were cut, each core sample was

Amanuel ® 2002. UPWARD FLUX OF NITRATE ....



CHAPTER 2 Determination of the physical and hydraulic properties of the soil 23

put in a separate paper bag, weighed and dried at 60°C temperature for three days

and weighed again to determine the gravimetric water content (Om) (kg kq") (Hanks, .

1992), dry bulk density (Pb) and was then prepared for chemical analysis. That is,

Om (kg kg-1) was obtained from the difference between wet and dry weight and

dividing it by the dry weight, while bulk density (Pb' kg rn") was obtained by dividing

the dry soil mass by the core volume occupied. Mathematically, it can be written as:

(2.1 )

where: Mw = Mass of water (kg) and Ms = Mass of solids (kg).

(2.2)

where: Vt = Total volume of the soil core (rrr'), i.e.; volume of solids and pores

together (Hillel, 1980b).

Volumetric water content was calculated according to the following relationship

described in Marshall et al. (1996) and Hanks (1992).

(2.3)

where: Ov = Volumetric water content (m3m-3)

Om = Gravimetric water content (kg kg-1)

Pb = Bulk density of the soil (kg m")

Pw = Density of pure free water taken as 1000 kg m-3.

As shown in Plates 2.1 or 2.3, the tensiometer tubes had a u-shaped form where the

suction head was the vertical distance from the center of the ceramic cup to the

water level according to the principle demonstrated in Hanks & Ashcroft (1980).
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Flux density (hereafter, called flux rate) (q, mm dol) was calculated with the general

liquid flow Equation 2.4 (Hillel, 1980b):

q =QjAt (2.4)

where: Qw (mm") is the volume of soil solution passing through the cross-sectional

area A (mrrr) of the column per unit time t (days, d).

Saturated hydraulic conductivity (Ks) of the soil was determined by the constant

head method as follows (Jury et al., 1991):

Ks = -qLl(b+ L) (2.5)

where: q =Flux rate (mm dol)

L = Length of the vertical soil column (mm)

b = Constant head of water maintained at the surface (mm). The gradient is

therefore (b+L)/L.

Unsaturated hydraulic conductivity K(",) was calculated using the steady-state form

of the Buckingham-Darcy flux law (Jury et al., 1991), as given in Equation 1.1. As an

approximation, K(",) (mm dol) between z( and Z2 was replaced by its average value

K( ~) ,where 0/ = ('II ( - 'II 2 )/2. Therefore, the equation becomes,

dH ~H
q = E = -K(",)- ~-K(",)-

dz ~z
(2.6)

( 0) ~z
K 'I' = -E ~H (2.7)
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Matric potential was directly measured with the tensiometers in the two experiments.

A soil water retention curve was determined from the measured water contents and

corresponding matric potentia Is from selected data points. The Hutson & Cass (1987)

equation was fitted through the data. This equation was used to estimate the matric

potentials of the segments from the measured volumetric water contents.

Hydraulic diffusivity, D(S) was calculated at different S -values with Equation 2.8

where dS/dh is the corresponding slope of the water retention curve.

D(S) = K(S) dh
dS

(2.8)

Porosity (<l» was calculated with Equation 2.9.

(2.9)

where: Pp = Particle mass density (kg rn") approximated to 2650 kg m-3 (Hanks,

1992).

Degree of saturation (S):

S=S)<l> (2.10)

Pore water velocity (V) (mm d"):

(2.11 )

Liquid tortuosity factor (SI (S)):

(2.12)

(Jury et a/., 1991).
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2.5 Tracer preparation and chemical analysis for nitrate

Nitrate (N03") was used as a tracer anion. The N03" solution was prepared from

calcium nitrate (Ca(N03)2"4H20) in the required concentration and added to the

groundwater supply container.

At the end of each experiment, the soil cores were segmented. After drying, the soil

in each core was passed through a 2 mm sieve, thoroughly mixed and kept in

separate bags for chemical analysis. The extraction solution was 0.005N calcium

chloride (CaCb). A 1:1 (soil: CaCb) ratio was used and shaked in a mechanical

shaker for 30 minutes, then filtered through a No.1 Whatman® filter paper.

The N03"-concentration in the extract was determined with the sodium salicylate

method (Hoffmann, 1974). One ml of sodium salicylate was added to 10 ml of the

extract after which the sample was evaporated on a sand bath for 3 - 4 hours,

regulating the temperature till it was dry. After adding all the required reagents,

nitrate in the extract was determined colorimetrically at 410 nm wavelength with a

spectrophotometer. Concentrations were computed from a calibration curve. The

analysis was done in triplicate and then averaged. N03"-concentration (C) in the soil

was expressed in mg N03" kg"1soil. N03"-concentration in the soil solution, Cl (g N03"

m"3soil solution) was then calculated using Equation 2.13.

(2.13)

where: C = N03" concentration in the soil (mg N03" kg -1 soil).

Relative concentration (Cl rel ) was calculated as:

(2.14)

where: C, = Groundwater solution concentration (mg N03" 1"1or g N03" m? solution).

Solute upward flux was calculated using Equation (1.12).
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2.6 Mass balance

Mass balance (Mb) (mg N03- column") was calculated from the difference between

the measured total N03--concentration in the soil column at the end of the

experiment, Tc (mg N03- column"), and sum of the initial N03--concentration in the

soil, le (mg N03- column"), and the amount added through upward mass flow, Ue (mg

N03- column") from the groundwater. When no gains or losses occurred Mb should

be zero.

(2.15)

The same method was used for all the nitrate determinations. Nitrate adsorption was

not measured or included in the mass balance calculations.
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There is a time for every thing ...
. Ecclesiastes 3:1.

CHAPTER3

UPWARD FLUX OF NITRATE AS AFFECTED BY TIME

3.1 Introduction

Time is a reference for all natural or artificial phenomena and all processes happen in

a course of time. During periods of high rainfall, mobile solutes such as nitrate are

leached from the root zone down into the groundwater. This process may also be

reversed as water flows upward during the dry season as a result of a potential

gradient created by evaporation and root water uptake. These processes need some

time to transport the solutes into the root zone or to the soil surface. It is difficult to

quantify or determine the exact time elapsed for a specific ion to reach the root zone

under natural conditions, as many complex processes are encountered. For

example, the soil hydraulic properties, depth to water table, root growth stage and

type, atmospheric evaporative demand, chemical reactions in the soil solution, type

of ion and management practices, etc. can be mentioned. A laboratory soil column

study can be used to quantify the temporal and depth distribution of solutes in the soil

profile. This study can also help to obtain the variables required to simulate field

conditions.

So far, it is evident that there is upward movement of nitrate and accumulation in the

surface or root zone during the dry season (Robinson & Gacoka, 1962; Stephens,

1962). Most of the earlier studies were conducted through application of tracers to

the soil. In this study, nitrate will be used as a tracer solution in the groundwater

supply. Secondly, the relationship between time and accumulation is very important

to estimate the amount of accumulation. The objective of this study is to determine

the arrival time and nitrate distribution with depth above the water table.

Amanuel Oqbit Weldeyohannes ® 2002. A laboratory characteriz ation of the upward flux of nitrate from a shallow '
water table in a sandy loam soil
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3.2 Specific method and approach

The same N03--concentration of 25 mg N03- r' was used in the groundwater supply

containers of all the columns. Two soil columns at a time were then removed after 5,

10, 15, 20 and 30 days, after which the columns were cut into 100 mm segments.

The nitrate concentration and water content of each segment was determined. The

N03--concentration in the segments was expressed relative to the concentration of

the groundwater solution (25 mg N03- r) to give the relative concentration of N03- at

successive heights above the shallow water table. The results in Table 3.1 were

calculated using the Equations 2.1 to 2.4 and 2.9 to 2.14.

3.3 Results and discussion

3.3.1 Relative N03--concentration and volumetric water content

The relative N03--concentration for the successive heights above water table (z) are

given in Figure 3.1 and the average physicochemical results are given in Table 3.1.

In addition the change in volumetric water content along the soil column is given in

Figure 3.2.

It can be observed from Figure 3.1 that the relative concentration of N03- in the first

200 mm above the water table decreased after which it gradually increased and

started to build-up at about zoo mm height. This trend was the same for all the

treatments. N03- accumulated in the top 700 to 800 mm segment. The N03--

concentration in this segment increased from 27 mg kg-1 after 5 days to 43 mg kg-1

after 20 days. After 30 days some accumulation between 500 and 700 mm can be

noted (Table 3.1). The decrease in the first 200 mm height above the water table can

be explained as a dilution of upward groundwater flux by the soil solution, which was

held in the micro pores. As have been discussed in Chapter 2, distilled water was

used to maintain uniform wetting of the soil column. Before running the experiment

the distilled water in the bottom and supply containers was drained from the system

over-night. But it is natural that most of the water filled pores in the soil did not drain.

After the groundwater supply and bottom containers were filled with the N03- solution

and the upward flux started, the N03- solution entering the soil will be diluted. The
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relatively high water content in the lower part of the column (Figure 32) creates an

anaerobic zone, which is a favorable condition for the denitrification process (Vinten

& Smith, 1993). Many studies have also shown that the denitrification activity in soils

is correlated with high water contents created during high rainfall or irrigation events

(Egginton & Smith, 1986; Ryden & Lund, 1980) as will be discussed later.

800

700

600 r
•500

........
E
5400
N

300

200

100

0 \.
0

-+- After 5 days
- After 10 days
_.,_ After 15 days
_.,_ After 20 days
--- After 30 days

5 10 15
Relative N03--concentration

Figure 3.1 Relative N03--concentrations in the soil as functions of height above the

20

water table and time.

In the top near the surface there was an accumulation or build-up of N03- near the

evaporating surface at 750 mm above the shallow water table. This is a clear

evidence that upward movement of N03- along with the flux of water occurred. The

water evaporated leaving behind the N03- ions in the soil surface layer.

Comparing the N03--concentration after the different days, it can be observed that

there was an increase in accumulation with time at successive heights above the

water table took place with the maximum accumulation occurring in the 20 days

treatment. The results are in agreement with the theoretical example given by Elrick

et al. (1994) where surface accumulation of solutes was found to increase with time,

both for a constant water content and for a decreasing water content with depth
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Table 3.1 Average physicochemical result for the different days with a 25 mg N03' 1'1

groundwater solution concentration

Treatm-
ent

vz C <l> s q S(9)

(days) (mm d")(mm)

5

10

15

750
650
550
450
350
250
150
50
o

0.126 0.183 1459 27.24 216.83
0.134 0.192 1431 2.98 22.43
0.162
0.187
0.212
0.237
0.236
0.263

0.232
0.269
0.304
0.332
0.333
0.354

0.177
0.208
0.232
0.281
0.296
0.329
0.328
0.329

0.158 1477
0.175 1424
0.226 1492
0.241 1463
0.272 1426
0.300' 1411
0.311 1421
0.333 1342

750 0.106 0.158
650 0.127 0.180
550 0.170 0.246

20

30

750
650
550
450
350
250
150
50
o

0.119
0.144
0.162
0.194
0.210
0.227
0.232
0.241

0.267
0.275
0.315
0.318
0.363

0.163
0.180
0.236
0.270
0.283
0.309

1431
1442
1438
1402
1408
1343

8.673
0.897
0.578
0.542
0.404
0.319

0.449
0.460
0.460
0.456
0.457
0.471
0.469
0.493

0.441
0.457
0.461
0.453
0.470
0.453
0.465
0.485

0.443
0.463
0.437
0.448
0.462
0.468
0.464
0.494

0.408
0.417
0.504
0.591
0.665
0.706
0.710
0.717

0.400
0.454
0.503
0.620
0.632
0.725
0.706
0.679

0.357
0.380
0.518
0.539
0.588
0.642
0.672
0.674

1496 43.55 408.38 16.335 0.435 0.363
1414 2.80 21.98 0.879 0.466 0.386

2.35
2.53
2.12
1.90
1.81
3.48

14.44
13.55
10.09
7.98
7.56 0.302
13.22 0.529
25.00 1.000

1451 2.57 15.16 0.607 0.452 0.545

150 0.223 0.314 1408
50 0.241 0.323 1340
o

750
650
550
450
350
250
150
50
o

0.107
0.123
0.152
0.165
0.191
0.213
0.219
0.248

1480
1438
1429
1450
1406
1449
1417
1364

34.24 287.73 11.509
2.53 17.50 0.700
2.48 15.34 0.614
2.26 11.64 0.466

11.63
8.36
8.00
12.96
25.00

0.465
0.335
0.320
0.518
1.000

450
350
250
150
50
o

0.185
0.201
0.218
0.225
0.281

2.44
1.90
1.85
3.12

39.53 369.29 14.772
2.85 23.25 0.930
2.94 19.32 0.773
2.71 16.42 0.657
2.21 11.61 0.464
1.63 7.64 0.306
1.54 7.04 0.282
2.71 10.93 0.437

25.00 1.000

1441
1366
1450
1414
1291

2.44
1.90
1.67
1.63
2.80

13.22
9.42
7.69
7.23
9.97

0.529
0.377
0.308
0.289
0.399

750
650
550
450
350
250

0.110
0.127
0.162
0.182
0.197
0.219

25.00 1.000
1482 41.38 375.51 15.020
1419 3.16 24.95 0.998
1456 3.21 19.80 0.792
1481 2.67 14.66 0.586
1438 2.30 11.72 0.469
1411 2.03 9.29 0.372

0.4.56
0.484
0.453
0.467
0.513

0.441
0.465
0.450
0.441
0.458
0.467

0.585
0.568
0.697
0.682
0.708

0.371
0.388
0.524
0.613
0.619
0.661

1.67 7.50 0.300 0.469 0.669
2.39 10.12 0.405 0.495 0.652

25.00 1.000
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11.2 0.017
11.2 0.019
11.2 0.036
11.2 0.061
11.2 0.091
11.2 0.115
11.2 0.117
11.2 0.129

8.31 0.016
8.31 0.025
8.31 0.036
8.31 0.071
8.31 0.081
8.31 0.119
8.31 0.113
8.31 0.106

8.25 0.011
8.25 0.015
8.25 0.037
8.25 0.044
8.25 0.061
8.25 0.083
8.25 0.095
8.25 0.105

8.25 0.011
8.25 0.015
8.25 0.046
8.25 0.059
8.25 0.058
8.25 0.104
8.25 0.101
8.25 0.130

6.25 0.012
6.25 0.016
6.25 0.040
6.25 0.067
6.25 0.072
6.25 0.091
6.25 0.096
6.25 0.094

61.0
58.4
48.3
41.5
36.8
33.6
33.6
31.6

47.1
40.1
35.9
29.7
28.2
25.3
25.3
25.3

52.2
47.4
36.5
34.2
30.4
27.5
26.5
24.8

52.3
45.8
33.5
31.0
30.0
26.2
25.9
22.7

38.3
34.8
26.5
23.2
22.1
20.2
19.9
19.4
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0.25
By (m3 m-3)

Figure 3.2 Volumetric water content profiles.

during steady state evaporation. Shimojima et al. (1996) also found that the chemical

precipitation increased with time. They recorded the volumetric water content and

density of deposition between depths of 10 and 20 mm below the surface for a time

range of 67 h, 191 h, 425 h, 670 h, and 1843 h (equivalent to 2.8, 7.8, 17.7, 27.9, and

76.8 days respectively).

For the 30 days treatment there was a slightly lower accumulation at the top

compared with the 20 days. This indicates that diffusion from the upper layer to the

lower parts may have started to occur. The increase in salt content near the soil

surface, due to evaporation, gives rise to a concentration gradient which tends to

move salts downward, by diffusion, against the upward mass flow of water (Hassan &

Ghaibeh, 1977).

The decrease in volumetric water content (ij y) towards the top of the soil column

stayed almost the same throughout the experiment (Figure 3.2).

850
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650

550
E
E 450-..-
N

350
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0.10

-+- After 5 days
--- After 10 days
-.- After 15 days
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The very little accumulation of N03- below the soil surface is an indication that the

experiment should have been conducted with a higher N03--concentration in the

groundwater or it should have run for a longer time.

The theoretical amount of N03- that was transported into the soil columns, through

upward mass flow, was calculated by multiplying the cumulative flux for each

treatment with the N03--concentration of the groundwater. The calculated N03--

accumulation from mass flow was plotted as a function of the cumulative flux in

Figure 3.3. The actual measured N03--accumulation in the columns was also plotted

as a function of cumulative flux on the same axis (Figure 3.3). Both relationships

were linear.

Equations 3.1 and 3.2 give the linear relationship between accumulation of N03- in a

soil column and the cumulative flux. The slopes of the equations give the

accumulation rate in mg N03- mm" flux.

45
........ 40
':'c
E 35~
8
Ol 30
E.........
c 25
0
:;Jro 20~
E~ 158ro
I 10I")

0z 5
0

0

o Measured accumulation (mg)
o Theoretical mass flow accumulation (mg)

100 15050
Cumulative flux, Q (mm)

Figure 3.3 Theoretical and measured accumulations of N03- as functions of

cumulative flux.
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Yl = O.2165Q (3.1 )

R2 = 0.97 (3.2)

where: Y1 = Theoretical N03--accumulation through mass flow of N03- (mg column")

Y2 = Measured accumulation of N03- (mg column")

Q = Cumulative flux (mm).

Theoretically the slopes of the two lines should have been the same. It is clear from

Figure 3.3 that less N03- accumulated above the water table than the amount

calculated from mass flow. Several possibilities for the deviation were investigated.

The N03--concentration of the groundwater solution was checked at the end of the

experiment by analyzing samples in duplicate. The concentration was right. It was

not possible for N03- to diffuse back from the soil into the groundwater solution

because the gradient was upward (Figure 3.1). There could have been a loss of N03-

from the columns due to denitrification, or a conversion of N03--ions to N02--ions. It is

known that at low N03--levels, as was used in this study, denitrification can occur

from subsoils with very low organic carbon contents (Und & Eiland, 1989; Yoemans

et al., 1992). The method of analysis only detects N03--ions. To quantify the loss,

mass balances for N03- in the columns wer:e drawn up.

3.3.2 Mass balance

No control column with a zero N03--concentration in the groundwater was included in

this experiment. A well-mixed sample of the bulk soil was analyzed for N03- along

with the treatment samples, using the same procedure. A mass balance for N03- was

calculated for each treatment using Equation 2.15. The results are presented in

Table 3.2.

The mass balance column shows negative values, which indicates that, the increase

in N03--concentration of the soil column was less than the amount added by the

upward flux. It was lost from the soil column probably due to denitrification and other

related processes.
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Table 3.2 Mass balance after different days of upward flux with a 25 mg N03- 1-1

solution concentration in the groundwater

Treatment Calculated Total N03- measured in Initial N03- in Mass balance

NO; added by mass flow the column the soil

(days) (mg column") (mg column") (mg column") (mg column")

5 12.1 59.5 53.4 -6.0

10 18.0 63.0 53.9 -8.8

15 26.8 69.6 53.9 -11.1

20 35.7 73.0 53.4 -16.1

30 40.6 72.9 53.9 -21.5

It is also interesting to relate the trend with time as shown in Table 3.2, where the

losses increased with the duration of the treatment. Patel et al. (2001) also found a

decrease in N03--concentration with time below the root zone and came to the

conclusion that either plant uptake or denitrification was responsible for the losses.

The N03--losses were plotted as a function of time in Figure 3.4, showing a linear

decrease. The relationship can be written as in Equation 3.3.

L = -0.6374t - 2.5166 R2 = 0.99 (3.3)

where: L = N03--loss per column (mg column")

t = Number of days of treatment (day).

The loss rate was 0.64 mg N03- d'. Relatively high rates (>0.2 kg N ha" d-l) have

been found to associate with soil N03- contents exceeding 5 mg kg-l (Vinten & Smith,

1993). Water content is also another contributing factor. A loss range of 0.024 to 1.92

kg N ha-l d-l and 3.36 kg N ha-l d-l was found following irrigation and periods of rain

(Ryden & Lund, 1980). This dependence on water content is a direct consequence of

the fact that the diffusion rate of oxygen through a water-filled pore is only one ten-

thousandth of that through an air-filled pore (Vinten & Smith, 1993). Where fertilizers

containing nitrogen in the N03- form are applied, much of the loss due to

denitrification occurs in the period immediately following the application, or from

arable lands following the release of N03- from the mineralization of crop residues

and an increase in soil water content (Vinten & Smith, 1993). In some aquifers with
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slow percolation rates through the unsaturated zone, as noted by Burt & Trudgill

(1993), significant rates of denitrification could influence the pattern of decreasing

N03--concentration with depth.

When the loss rate of 0.64 mg N03- per column per day, for this experiment, is

converted, a loss of 0.167 kg N ha" d" was found. This value is slightly less than the

values> 0.2 kg N ha' d-1 found by Vinten & Smith (1993) for topsoils with higher

organic matter contents.

An accumulation of solutes has a detrimental impact on surface soil quality and

agricultural production. In addition, once solutes are near the surface, they can be

transported to streams during rainy seasons, which will increase the salt content of

these water bodies. Upward flux of water from a shallow water table can occur as a

result of evaporation and plant water uptake. In arid- and semi-arid climatic regions

evaporation-driven fluxes can have a beneficial effect by being a source of nutrients

and negative effects by increasing the salinity of the root zone. Plant roots are

Number of days, t (day)

5
o

20 302510 15

~- -5Oe:
E
::::J
(5
o -10
CJ)
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~ -15o
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,
<')o
z -20

-25

Figure 3.4 Increase in N03--loss with time.

3.3.3 Implications for agricultural production
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selective and absorb specific ions in quantities and types required. Doing so, those

ions not taken up by roots can accumulate in the root zone over time. Here N03- was

used as an anion tracer, other anions such as chlorides, sulfates, ete will react in a

similar way during the upward flux of water.

The increasing demand for agricultural land to produce more because of an increase

in the world population, leads to the adoption of intensive systems within limited

areas of land. Intensive use of land and the application of large quantities of different

agro-chemicals can pollute the environment, especially surface and subsurface

waters. Once these water bodies are polluted, they will have negative effects both for

human health and agricultural production.

The investigation into the effect of time on the upward movement of N03- in this

experiment gave a clear indication of the amount of N03- and other anions that can

accumulate on the soil surface during dry spells. Prediction procedures for upward

. flux of N03- in this sandy loam soil will be evaluated and discussed in Chapter 6.

3.4 Conclusion

The upward flux of N03--ions, as affected by time of up to 30 days, was investigated

in this chapter. The accumulation of N03-, especially on the surface of the soil

column, increased with time. It was concluded that 20 days will be used as a duration

for the next experiments. The mass balance approach was used to quantify the gains

and losses of N03- in the soil column. It was found that the losses increased with

time, maybe due to denitrification. It was also noted that time affected upward flux

and accumulation of N03- linearly. Accordingly, linear equations relating the amount

of accumulated N03- to the cumulative flux were obtained.
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UPWARD FLUX OF NITRATE AT DIFFERENT FLUX RATES

4.1 Introduction

There are several factors that control the rate of bare soil evaporation. Collectively, it

can be termed as internal and external factors. The external factors or atmospheric

evaporative demand include the intensity of the evaporating energy and the vapor

pressure gradient between the evaporating soil surface and the bulk of air. The

internal factors include the flow resistance along pathways through the soil profile

and the depth between the water table and the evaporating surface (Hassan &

Ghaibeh, 1977; Hillel, 1980a). Generally, bare soil evaporation rate will be equal to or

less than the potential evaporation rate.

The water content of the soil at the surface, as well as physical and chemical soil

properties, will control the evaporation rate (Zawislanski et aI., 1992). Vapor flow

close to the soil surface is also an important flow mechanism under extremely dry

conditions. For example, Gardner & Fireman (1958), cited by Zawislanski et al.

(1992), found that the evaporation rate from a sandy loam decreased from nearly 10

mm d-1 to less than 0.5 mm d-1 because of a 6 mm thick dry sand mulch on the

surface. They concluded that water moved through the mulch in the vapor phase.

Amanuel Oqbit Weldeyohannes @ 2002. A laboratory characteriz ation of the upward flux of nitrate from a shallow
water table in a sandy loam soil

Department of Soil, Crop and Climate Sciences, University of the Free State, Bloemfontein 9300, R.S.A.

Under field conditions, every field under cultivation may not necessarily be bare or

covered all the time. The degree of soil cover differs with the management practices'

for a particular field at a specific time of the year. The degree of soil cover will affect

the upward flux rates of water and solutes from an underlying groundwater table. In

arid- and semi-arid regions it is common practice and it is recommended to use

mulching as a soil water conservation practice. A laboratory soil column study of

upward solute movement in the profile at different flux rates can help to obtain the

variables required to simulate field conditions.
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In this chapter, the main objective was to quantify the effect of different flux rates on

the upward flux and distribution of nitrate in the soil columns. Varying flux rates were

achieved by using different percentages of soil cover.

4.2 Specific materials and methods

A 5 mm thick layer of molten paraffin wax was poured on the surface of each column.

Round holes with a diameter of 16 mm were punched through the wax layer. The

number of holes was adapted to give 0 (no wax layer), 50, 70, 80, 90% soil cover. An

example of 90% soil cover can be seen in Plate 4.1. The rest of the experimental

procedures were the same as for the previous experiment. The experiment was run

for 20 days based on the results discussed in Chapter 3.

Plate 4.1 90% cover soil columns.

4.3 Results and discussion

4.3.1 Relative N03--concentration

Average physicochemical results of two replications per treatment are presented in

Table 4.1. The flux rate decreased with an increase in the percentage soil cover as

indicated in Figure 4.1. The flux rates varied between 2.4 and 6.6 mm d'.
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Table 4.1 Average physicochemical result for different flux rates from a 25 mg N03- 1"1

solution concentration in the groundwater

Trea!m- Z
en!

vc C, rei. s q ~(e)

(%Cover) (mm) (mm d·')(KgKg·') (mJm') (Kgm"') (mgNO,· (g NO,·m')
k .,

o

50

70

80

750
650
550
450
350
250
150
50
o

0.111 0.155 1399 41.90 380.78 15.231
0.146 0.204 1399 4.04 27.61 1.105
0.160 0.220 1377 3.74 23.45 0.938
0.203 0.281 1389 3.18 15.67 0.627
0.234 0.320 1371 1.99
0.192 0.326 1395 1.83

8.52 0.341
7.80 0.312
3.80 0.152
6.91 0.276
25.00 1.000

0.238 0.334 1401 0.90
0.279 0.359 1290 1.93

750
650
550
450
350
250
150
50
o

0.122
0.136
0.162
0.204
0.232
0.242
0.246
0.285

0.173
0.188
0.231
0.289
0.315
0.338
0.340
0.360

0.175
0.192
0.225

0.157
0.166
0.234
0.285
0.322
0.323
0.333
0.356

750 0.116 0.160

750
650
550
450
350
250
150
50
o

0.124
0.137
0.160

650 0.138 0.199
550 0.143 0.203

90

0.192 0.267 1393
0.232 0.312 1342
0.244 0.338" 1382
0.235 0.331 1408
0.271 0.354 1309

750
650
550
450
350
250
150
50
o

0.113
0.124
0.162
0.205
0.230
0.229
0.239
0.269

0.272
0.302
0.334
0.329
0.352

1425
1379
1421
1420
1357
1396
1381
1267

35.22 289.48 11.579
3.90 28.73 1.149
3.92 24.20 0.968
3.00 14.73 0.589
2.87 12.36 0.494
1.83 7.55 0.302
1.86 7.56 0.303
2.47 8.73 0.349

25.00 1.000

0.472
0.472
0.481
0.476
0.483
0.473
0.471
0.513

0.462
0.480
0.464
0.464
0.488
0.473
0.479
0.522

0.328
0.432
0.459
0.591
0.665
0.688
0.708
0.700

0.375
0.392
0.497
0.623
0.646
0.714
0.710
0.691

0.470 0.372
0.472 0.408
0.471 0.477
0.474 0.565
0.494 0.631
0.478 0.706
0.469 0.706
0.506 0.700

0.472 0.333
0.493 0.337
0.456 0.514
0.474 0.602
0.471 0.684
0.468 0.690
0.474 0.704
0.500 0.711

1381 30.61 265.81 10.632 0.479 0.335
1440 5.25 37.99 1.520 0.457 0.436
1423 4.74 33.21 1.328 0.463 0.439

1406 35.65 286.88 11.475
1400 4.10 29.89 1.196
1402 4.33 27.16 1.087

3.54 18.42
2.73 11.76
1.96 8.02
1.57 6.71
1.86 6.87

25.00

0.737
0.470
0.321
0.268
0.275
1.000

450
350
250
150
50
o

0.188
0.216
0.237
0.233
0.265

1399 32.304 287.07 11.483
1342 4.055 32.76 1.311
1442 4.155
1394 4.088
1401 2.882
1409 1.474
1395 1.743
1324 1.944

25.57
19.97
12.54
6.43
7.29
7.23
25.00

1.023
0.799
0.502
0.257
0.292
0.289
1.000

1447
1396
1408
1412
1326

3.67 19.71 0.789
2.14 9.88 0.395
1.41 5.94 0.237
1.37 5.88 0.235
1.36 5.10 0.204

25.00 1.000
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0.454
0.473
0.469
0.467
0.500

0.599
0.639
0.712
0.705
0.704

(mm d·')

6.59 0.009
6.59 0.022
6.59 0.029
6.59 0.065
6.59 0.097
6.59 0.106
6.59 0.116
6.59 0.125

5.36 0.014
5.36 0.017
5.36 0.035
5.36 0.074
5.36 0.090
5.36 0.120
5.36 0.120
5.36 0.122

5.03 0.014
5.03 0.018
5.03 0.031
5.03 0.055
5.03 0.084
5.03 0.117
5.03 0.114
5.03 0.123

3.42 0.009
3.42 0.010
3.42 0.038
3.42 0.068
3.42 0.103
3.42 0.106
3.42 0.115
3.42 0.128

2.37 0.010
2.37 0.022
2.37 0.023
2.37 0.064
2.37 0.083
2.37 0.117
2.37 0.113
2.37 0.123

42.7
32.4
30.1
23.5
20.6
20.2
19.8
18.3

31.0
28.6
23.3
18.6
17.1
15.9
15.8
14.9

28.8
26.2
22.3
18.8
16.1
14.9
15.2
14.2

21.7
20.6
14.6
12.0
10.6
10.6
10.3
9.6

14.91
11.93
11.66
8.78
7.86
7.10
7.19
6.74
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Figure 42 Relative N03--concentrations in the soil as functions of height above the

water table and flux rate.
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Figure 4.1 Flux rate as a function of percentage surface cover.
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The concentrations of N03-, relative to that of the groundwater solution are shown in

Figure 4.2 as a function of height above the water table, for the different flux rates.

The relative concentration of N03- in all the treatments decreased in the first 200 mm

above the water table to approximately 0.3 whereafter it gradually increased and

started to accumulate at about 600 mm. The N03- accumulated in the top 700 to 800

mm segment, with the 6.59 mm c' flux rate showing the highest accumulation. The

concentration of N03- in the 700 to 800 mm segment increased from 31 mg kg-1 for

the 90% cover soil to 42 mg kg-1 for the 0% cover soil. The reason for the decrease in

the first 200 mm height above the water table can be due to dilution by the soil

solution for the reasons discussed in Chapters 3. The relative concentrations

between the water table and 600 mm above, were practically the same for all the flux

rate treatments.

4.3.2 Volumetric water content

The volumetric water content of the columns decreased gradually from 0.356 above

the water table to 0.164 at a height of 750 mm (Figure 4.3). There were little

differences among the different flux rate treatments.

The pore water velocity 01) was calculated with Equation 2.11. Since the volumetric

water content was nearly the same at corresponding heights above the water table,

for all the treatments (Figure 4.3), the flux rate decreased from 6.6 to 2.4 mm d" as

the percentage soil cover increased from 0% to 90% as shown in Figure 4.1.

Therefore, the pore water velocity was merely a function of flux rate for this particular

experiment. The pore water velocities 01, mm d') increased with height above the

water table for all the flux rates because of the decrease in water content, and

decreased with a decrease in flux rate (Table 4.1). It is known that the movement and

accumulation of N03- can be related to pore water velocity. For example Elrick ef al.

(1994) found that an increase in water flux, and thus pore water velocity V, increased

the solute concentration at the surface as well as the amount of solutes that

accumulated in the profile. Differences in pore water velocity affect the distribution of

N03- above the water table. This can be explained by the process of dispersion.

Spatial variations in solution flow velocity allow some solutes to travel faster and
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some slower than the average flow velocity (Todd & Kemper, 1972). This can bring

about differences in the accumulation and mass flow of N03- in a soil column.

850

750

650

550
.-

~ 450........
N

350

250

150

50
0.10

q,mm d-I

-+-6.59
-5.36
-6-5.03
~3.42
---2.37

0.15 0.30 0.35 0.40

The amount of N03- that was transported into a soil column by mass flow over the 20

day period was calculated by multiplying the cumulative flux (mm) by the N03--

concentration of 25 mg r' in the groundwater converted to mg mrn'. This was done

for all the treatments. The calculated theoretical accumulations of N03- through mass

flow into the soil columns were plotted as a function of the cumulative flux at the

different flux rates in Figure 4.4. The actual measured N03--accumulation per column

(Table 4.2) was also plotted as a function of cumulative flux in Figure 4.4. In both

cases the lines were forced through zero (Equations 4.1 and 4.2).

0.20 0.25

(4.1)

(4.2)

where: Yl = Calculated N03--accumulation per column by mass flow (mg column")

Y2 = Measured N03--accumulation per column (mg colurnn')

By (m3 m-3)

Figure 4.3 Volumetric water content profiles for the different flux rates.

Yl = O.2165Q

Y2 =O.1447Q R2 = 0.97
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Q = Cumulative flux for the varying flux rates (mm) over 20 days.
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c: 25
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0
0

o Measured accumulation (mg)
o Theoretical mass flow accumulation (mg)

100 12020 40 60 80
Cumulative flux, Q (mm)

Figure 4.4 Theoretical and measured accumulations of N03- in the columns as

functions of cumulative flux.

140

The slopes of the linear relationships represent the N03--accumulation rates (mg

N03- mm" cumulative flux). The actual measured N03--accumulation rate of 0.1447

mg mrn' flux is less than the theoretically calculated value of 0.2165 mg mm" flux.

Three explanations can be given. Firstly the N03--concentration in the groundwater

solution was slightly less than 25 mg N03- r'. Samples of the groundwater solution

were analyzed, using the same procedure as for the soil solution and the mean value

of the samples was 24.8 mg 1-1.Secondly the N03--ions could have diffused back

from the soil into the groundwater. This is unlikely because of the unfavorable

concentration gradient. Thirdly N03- could have been lost from the soil columns

through denitrification. It was therefore decided to draw up a mass balance.

A close observation of the relative N03--concentration below the top layer (700-800

mm) at heights of 650 and 550 mm (Figure 4.2 and Table 4.1) reveals that the

downward diffusion of N03- was higher at the lowest flux rate of 2.37 mm c' and a
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pore water velocity of approximately 11.8 mm d-l. A more detailed evaluation of the

transport processes will be conducted in Chapter 6.

4.3.3 Mass balance

No control column with a zero N03--concentration in the groundwater solution was

included in this experiment. A well-mixed sample of the bulk soil was analyzed for

N03- using the same procedure as for the treatment samples. A mass balance for

N03- was calculated for each treatment by using Equation 2.15. The results are

presented in Table 4.2. The mass balance column shows negative values, which

indicate that the increase in N03--concentration of the soil column was less than the

amount added by the upward flux through mass flow. The losses can possibly be

attributed to denitrification and other related processes.

Table 4.2 Mass balance for the different flux rates with a 25 mg N03-I-l solution

concentration in the groundwater

Treatment Calculated Total N03' measured Initial N03- in Mass balance

NO; added by mass flow in the column the soil

(%Cover) (mg column") (mg column") (mg column") (mg column-')

0 28.5 70.8 51.7 -9.4

50 23.2 65.5 51.7 -9.4

70 21.8 66.3 51.7 -7.1

80 14.8 63.2 52.1 -3.8

90 10.3 '61.2 52.6 -1.6

L = 2.8782 - 2.0074q R2 = 0.93 (4.3)

As indicated by Figure 4.5 the N03--losses increased as a function of flux rate, with

the highest flux rate having highest loss. This observation can be explained by the

fact that a higher flux rate resulted in higher N03--concentrations in the columns. This

increase in N03--concentration in a soil column will favor denitrification.

The N03--loss (L) per column can be estimated with Equation 4.3, derived from

Figure 4.5.
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where: q = Flux rate (mm d"),

0

0

...-... -2~.
c
E
::J -4
0o
Cl
E -6-Cl)
Q)
Cl)
Cl)

-80
I
(")

0z -10

2

Flux rate, q (mm d-1)

4 6 8

Figure 4.5 N03--loss as a function of flux rate.

-12

The mean flux rate for the experiment reported on in Chapter 3 was 8.45 mm d".

When this mean flux is used in Equation 4.3 an estimated N03--loss of 14.08 mg

N03- per column over 20 days convert to 0.704 mg N03- d-1 per column or 0.184 kg N

ha" d'. This value agrees well with the 0.167 kg N ha" d-1 found in Section 3.3.2 but

is much lower than the denitrification values of 16 kg N ha" d-1 for a soil at saturation

reported by Colboum et al. (1984) and the values of 1.92 kg N ha" c' subsequent to

irrigation and 3.36 kg N ha" d-1 following periods of rainfall (Ryden & Lund, 1980).

4.4 Conclusion

The results from this chapter showed that at a relative low N03--concentration of 25

mg N03- r', flux rates lower than approximately 6.6 mm d-1 will result in the same

accumulation of N03- above the water table over a 20 day period. The amount of

N03--accumulation was rather linearly related to the cumulative flux.
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The actual measured N03--accumulation above the water table was less than the

calculated theoretical mass flow. The loss was directly related to the amount of

cumulative mass flow. The most acceptable explanation for the loss was that

denitrification occurred.

It was obvious that a N03--concentration of 25 mg 1-1in the groundwater was too low

to obtain meaningful results over 20 days. The effect of higher N03--concentrations in

the groundwater will be investigated in the next chapter.

As a general conclusion, it can be stated that the amount of cumulative flux, rather

than the flux rate per se, will affect the N03--accumulation above a water table over a

short duration in the order of 20 days.
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CHAPTER 5

Ye are the salt of the earth; but if the salt have lost its savour
... it is henceforth good for nothing but to be cast out and trodden underfoot.

Matthew 5: 13.

UPWARD FLUX OF NITRATE AS AFFECTED BY CONCENTRATION

5.1 Introduction

In arid- and semi-arid regions shallow water tables, resulting from irrigation, are

thought to be one of the main sources for salinity (Ben-Hur et al., 2001; ConneIl &

Haverkamp, 1996; Feigin et a/., 1991; Bresier et a/., 1982). As a solution many

researches have suggested leaching of salts from the root zone and lowering of the

water table (e.g. Bradford & Letey, 1992; Ben-Hur et a/., 2001; Daka, 1990). This

proposed solution is controversial because once these salts are leached from the

root zone into the groundwater, they increase the salt concentration of the

groundwater. Plant water uptake will also facilitate the reverse process even much

faster than bare surface evaporation (ConneIl & Haverkamp, 1996).

It is desirable to understand the upward flow processes from groundwaters with

different solute concentration levels to avoid-accumulation in the root zone or on the

soil surface. Mobile and less reactive ions are usually used to trace the movement of

solutes to and from the groundwater. In this laboratory soil column study, N03' was

used as a tracer for the upward movement of solutes. In Chapters 3 and 4 a

groundwater solution containing 25 mg N03' 1'1 was used in the experiments. At the

end of both experiments it was concluded that the N03'-concentration was too low for

obtaining meaningful results. The main objective of this chapter was to investigate

the effect of the upward flux from shallow water tables with different levels of N03' on

the accumulation of N03' above the water table.

5.2 Treatments

Five N03'-concentration levels in the groundwater solution were used namely: 0

(Control), 25, 50, 1aa, and 200 mg N03' 1'1. Distilled water with zero N03'-content

Amanuel Oqbit Weldeyohannes ® 2002. A laboratory characteriz ation of the upward flux of nitrate from a shallow
water table in a sandy /oam soil

Department of Soil, Crop and Climate Sciences, University of the Free State, Bloemfontein 9300, R.S.A.
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was used for the control treatment. Each treatment was conducted in duplicate

columns for 20 days. The N03--concentration and water content of each segment in a

column was measured after 20 days. The relative concentration in a segment was

expressed relative to the concentration of the groundwater solution, except for the

control columns. For the control columns a reference value equal to the 5.428 mg

N03- kg-1 of the bulk soil was used. The control columns were used to compare the

relative upward movement of N03- from varying groundwater concentration levels.

The nett N03--concentration in each segment was obtained after the concentration

for the corresponding depth of the control soil column was deducted from the value

for each segment. The results in Table 5.1 were calculated using Equations 2.1 to

2.4 and 2.9 to 2.14.

5.3 Results and discussion

5.3.1 Relative and actual nitrate concentrations in the columns

The average results of the duplicate soil columns are summarized in Table 5.1 and

the respective relationships are given in Figures 5.1, 5.2, 5.3, 5.4, and 5.5.

In general, the relative N03--concentration above the water table showed the same

trend. for all the concentration levels. As shown in Figure 5.1, the relative N03--

concentration decreased in the first 100 to 200 mm above the water table after which

it stayed nearly constant to a height of about 600 mm. N03--accumulation took place

in the top 700 to 800 mm segment. The N03--accumulation in the top segment

increased from 30 mg kg-1 for the control to 52 mg kg-1 for the 200 mg N03- 1"1

groundwater solution soil column.

For the control treatment the relative N03--concentration increased gradually to about

700 mm above the water table and started to accumulate in the surface layer.

The nett actual N03--concentration of the soil in each segment above the water table,

after the concentration of the control segments has been deducted, is given in Figure

5.2. The soil N03--concentration in all the treatments showed a decreasing
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Treatm- Z
ent

v

Table 5.1 Average physicochemical result for the different N03--concentration levels

of the groundwater solution

C c, rel. s q

(mgNOl'
r'

(mm) (KgKg") (m3m"') (Kgm"') (mgNOl' (g NOim"')
k .,

o

25

50

750
650
550
450
350
250
150
50

0.130 0.188 1443 29.82 228.70
0.137 0.194 1420 2.34 17.12
0.175
0.188
0.210
0.211
0.207
0.269

0.261
0.267
0.307
0.306
0.302
0.354

0.183
0.206
0.251
0.281
0.308
0.307
0.310
0.348

0.176
0.185
0.230
0.282

750
650
550
450
350
250
150
50
o

0.212
0.202 0.296

0.300

0.217 0.309
0.261 0.345

750 0.135 0.195
650 0.142 0.201
550 0.173 0.252

750
650
550
450
350
250
150
50
o

0.127
0.146
0.173
0.195
0.216
0.216
0.217
0.261

100

0.122
0.134
0.162
0.196

450 0.193 0.277
350 0.212 0.292
250 0.211 0.300
150 0.211 0.305
50 0.261 0.344
o

750 0.140 0.200
650 0.152 0.217
550 0.180 0.260
450 0.201 0.288
350 0.218 0.304
250 0.214 0.309
150 0.232 0.322
50 0.262 0.343
o

200

1490 2.80 15.98
1417 2.23 11.85
1464 1.69 8.05
1454 1.34 6.38
1460 0.86 4.14
1314 1.60 5.94

1440
1410
1452
1439
1430
1420
1431
1337

11.33
0.85
0.79
0.59
0.40
0.32
0.21
0.29

20.18 1.00
37.63 295.89
2.79 19.08
2.29 13.22
2.02 10.32
1.41 6.54
1.33 6.16
1.08 4.94
1.69 6.47

25.00
1441 36.38
1384 2.71
1419 2.80
1438 2.00
1415 1.86
1465
1423
1322

1439
1414
1451
1432
1380
1422
1446
1320

1426
1427
1444
1431
1392
1443
1390
1308
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1.60
3.31
5.34

302.7
20.3
17.3
10.2
8.7
8.0
15.2
20.3
50.0

42.9
6.8
10.6
11.7
12.0
11.2
12.0
12.5

323.8
47.7
61.0
60.8
56.7
53.0
56.7
47.5
100.0

51.7
14.2
21.8
26.7
27.4
27.0
29.6
32.0

369.7
94.1
121.5
132.6
125.5
126.3
128.1
122.2
200.0

11.84
0.76
0.53
0.41
0.26
0.25
0.20
0.26
1.00

0.456
0.464
0.438
0.465
0.447
0.451
0.449
0.504

0.456
0.468
0.452
0.457
0.460
0.464
0.460
0.495

6.05
0.41
0.35
0.20
0.17

0.456
0.478
0.464
0.457
0.466

0.16 0.447
0.30 0.463
0.41 0.501
1.00
3.24 0.457
0.48 0.466
0.61 0.452
0.61 0.459
0.57 0.479
0.53 0.464
0.57 0.454
0.47 0.502
1.00

1.85 0.462
0.47 0.461
0.61 0.455
0.66 0.460
0.63 0.475
0.63 0.456
0.64 0.476
0.61 0.506
1.00

0.413
0.419
0.597
0.573
0.686
0.678
0.673
0.702

0.402
0.440
0.555
0.616
0.670
0.661
0.674
0.703

0.387
0.388
0.498
0.617
0.645
0.662
0.668
0.688

0.427
0.431
0.557
0.605
0.612
0.647
0.671
0.686

0.432
0.470
0.571
0.627
0.640
0.677
0.677
0.678

8.60 0.018
8.60 0.020
8.60 0.060
8.60 0.056
8.60 0.097
8.60 0.095
8.60 0.092
8.60 0.123

8.29 0.017
8.29 0.024
8.29 0.049
8.29 0.070
8.29 0.093
8.29 0.090
8.29 0.096
8.29 0.121

8.02 0.016
8.02 0.016
8.02 0.036
8.02 0.071
8.02 0.084
8.02·. 0.086
8.02 0.093
8.02 0.114

8.47 0.023
8.47 0.023
8.47 0.049
8.47 0.068
8.47 0.074
8.47 0.084
8.47 0.092
8.47 0.114

8.50 0.022
8.50 0.029
8.50 0.054
8.50 0.075
8.50 0.083
8.50 0.096
8.50 0.101
8.50 0.111

45.7
44.3
32.9
32.3
28.0
28.1
28.5
24.3

45.3
40.4
33.1
29.5
26.9
27.0
26.7
23.8

45.7
43.3
34.8
28.4
26.7
27.2
25.9
23.2

44.4
42.5
33.7
30.7
29.1
28.2
27.8
24.6

42.6
39.2
32.7
29.5
28.0
27.5
26.4
24.8
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Relative N03--concentration

Figure 5.1 Relative N03--concentration above the water table as a function of height

and groundwater N03--concentration.

trend from the water table up to 700 mm with a built-up in the top 700 to 800 mm. As

it can be expected, the nett N03--accumulation in each soil column from upward flux

increased from 0 for the control to 188 mg N03- per column for 200 mg N03- 1-1

groundwater solution. The N03--concentration of the soil in the lower segments,

which were in contact with the groundwater table, increased with an increase in the

N03--content of the groundwater solution.

The amount of N03- that was transported into the soil columns through upward mass

flow, was calculated by multiplying the cumulative flux for each treatment with the

N03--concentration of the groundwater solution. Both the calculated and the actual

measured N03--accumulations were plotted as a function of the N03--concentration in

the groundwater solution (Figure 5.3).

The accumulated N03- per column over 20 days increased with increasing

groundwater solution concentration, as shown in Figure 5.3.
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850
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-5 0
N03- concentration (mg kg-1 soil)

Figure 5.2Nett actual N03--concentration in the soil as a function of height above the

water table.
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Groundwater N03-- concentration (Co) (mg N03- r1)

Figure 5.3Theoretical and measured accumulations of N03- as functions of the

groundwater solution concentration.
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Yl = 1.4668Co (5.1 )

The N03--concentration values in Figure 5.3 are the actual concentrations in a soil

column after the concentration of the control soil column was deducted. For every 1

mg r' increase in the groundwater N03--concentration, the N03--accumulation in the

column increased by a factor of 1.4668.

Equation 5.1 gives the linear relationship between accumulation of N03- in a soil

column and the groundwater solution concentration while Equation 5.2 was a second

order polynomial. The slopes of the equations give the accumulation rate in mg N03-

for every mg N03- r' in the groundwater solution.

Y2 =O.0029Co2 +O.3732Co R2 = 0.99 (5.2)

where: Y1 = Theoretical N03--accumulation through mass flow of N03- (mg column")

Y2 = Measured accumulation of N03- (mg column")

Co = Groundwater solution concentration (mg N03- 1.1).

Theoretically, the slopes of the two lines should have been the same. It is clear from

Figure 5.3 that less N03- accumulated above the water table than the amount

calculated from mass flow. At the end of the experiment, the groundwater solution

concentrations were checked by analyzing samples in triplicate. The N03"-

concentrations were correct. Therefore N03--losses could have occurred from the soil

columns due to denitrification, or a conversion of N03--ions to NO£-ions. To quantify

this, the loss mass balances for N03- in the columns were drawn up.

5.3.2 Volumetric water content

Figure 5.4 illustrates the decline in volumetric water content as a function of height

above the water table. There was little difference among treatments and on average

the volumetric water content decreased from 0.347 directly above the water table to

0.188 in the top segment. The average water content of all the columns was 0.273.
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Figure 5.4 Volumetric water content profiles.

5.3.3 Nitrate mass balance in the soil columns

Table 5.2 summarizes the mass balance calculated using Equation 2.15. The same

approach was followed as with the previous chapters in calculating the mass

balance. The control was used to calculate the initial N03--concentration of the

columns. The mass balance calculations indicated that losses of N03- occurred in all

treatments. The losses were higher at higher N03--concentrations in the groundwater

solution.

Figure 5.5 shows N03--losses as a function of the square root of the N03--

concentration levels of the groundwater solution. The losses increased from 0.9 mg

per column in the control to 66 mg per column in the soil column with a 200 mg N03-

r' groundwater solution concentration. N03- was lost from the soil solution possibly

by denitrification as discussed in the previous chapters (Sections 3.3.2 and 4.3.3). In

this experiment, samples of the groundwater solution were taken from the top of the

gravel column at the end of the experiment for analysis. The N03--concentrations of
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the groundwater solutions of the different treatments were still the same as in the

beginning. This indicates that no N03- was lost from the solution and losses must

have occurred through the soil at the surface of the columns.

Table 5.2 Mass balance for the different N03--concentration groundwater

solution

Treatment Calculated Total N03' measured in Initial N03- in the soil Mass balance

N03- added byflux the column

(mg NOir') (mg column-') (mg column-') (mg column-') (mg column-')

0.0 0.0 52.5 53.4 -0.9

25.0 36.0 61.8 53.4 -27.6

50.0 69.5 68.3 53.0 -54.1

100.0 146.7 142.1 53.0 -57.6

200.0 294.4 281.1 53.0 -66.3

0
0
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-20,.......~,
c
E-30
:J
(5

~40
E.._..
~-50
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a-60
z
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-80

Groundwater N03--concentration (Co, mg N03- r1) 1/2

5 10 15

o Measured losses

o

o

Figure 5_5N03--loss as a function of different groundwater N03--concentration levels.

To estimate the N03--loss (L) at a given concentration level, a relationship was

developed from Figure 5.5 (Equation 5.3) The relationship was a second order

polynomial to the square root of the groundwater solution concentration (Figure 5.5).
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L = O.2598Co - 8.4098Co 1f2 R2 = 0.96

where: Co= N03--concentration level of the groundwater solution (mg r').

5.3.4 Nitrate content of the soil solution

(5.3)

The changes in the N03--concentration of the soil solution above the water table are

illustrated in Figure 5.6. The differences between the soil solution N03--concentration

after 20 days and the control, representing the N03- added through upward flux, are

given in Figure 5.7.
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Figure 5.6 N03--concentration in the soil solution as a function of height above the

water table.

750

Two observations can be made from Figure 5.6. Firstly the equilibrium N03--

concentrations in the soil solutions above the water tables were lower than the

groundwater concentrations. Secondly the 600-700 mm segment did not reach

equilibrium. The following explanations can be given for both observations.

150

50

o 100 200 300
N03--concentration (g m-~
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Figure 5.7 Nett N03--concentration in the soil solution as a function of height above

the water table.

The average volumetric water content above the water table, for all treatments, was

0.273. If this value is taken to calculate one pore volume of soil solution, a value of

218 mm per column is obtained. The total cumulative flux for all the treatments, at a

mean of 8.4 mm c', over 20 days was 168 mm. This value represents only a pore

volume of 0.77. This means that the total flux was only sufficient to replace part of the

initial soil solution to a height of approximately 800 x 0.77 = 600 mm. The total flux

and the duration of the experiment were insufficient to replace the total soil solution

by the groundwater solution. More than one pore volume of evaporation will be

required to reach equilibrium between the soil solution N03--concentration and that of

the groundwater solution.

The effect of different N03--concentration levels in groundwater on the upward flux of

N03- was investigated allowing for 20 days flux at a mean rate of 8.4 mm c:'. The
N03--concentration in the soil columns increased with an increase in the N03--
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5.4 Conclusion
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concentration levels of the groundwater solution. The actual N03--concentration that

was added through upward flux in a soil column ranged from 0 in the control soil

column to 188 rnqin the soil column above a 200 mg N03- 1"1 groundwater solution.

The N03--accumulation in the top 700 to 800 mm segment increased from 30 mg kg-1

for the control to 52 mg kg-1 for the 200 mg N03- 1"1 groundwater concentration

treatment. A N03--concentration of 100 mg 1"1 in the groundwater gave more

prominent and measurable concentration profiles above the water table compared to

the 25 mg N03-1-1used in the previous experiments (Figures 5.6 and 5.7).

Due to a lot of time spent on developing the experimental techniques and methods,

and the fact that the study had to be completed within 11 months, the experiments

(Chapters 3 to 5) were conducted over 20 days. It was clear from the results that 20

days, during which 0.77 pore volume of evaporation or 168 mm cumulative upward

flux occurred, were insufficient to reach equilibrium N03--concentrations in the soil

solution above the water table. It is expected that at least 1.5 to 2 pore volumes or

327 mm (39 days) to 436 mm (52 days) of upward flux will be required to obtain

equilibrium N03--concentrations between the groundwater and soil solutions.

It is recommended that for future research a constant N03--concentration of 100 mg 1-1

in the groundwater solution should be used and times up to 60 days. These

conditions should give more representative results that would be more suitable for

deriving the parameters of the convective-dispersive equation.
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CHAPTER 6

UPWARD NITRATE FLUX ESTIMATION

6.1 Introduction

6.1.1 Upward flux of water through soils

Flux of water through a soil profile occurs under saturated and unsaturated

conditions. Under steady state conditions, vertical flow of water has the general form

given in Equation 2.4 which can also be written as in Equations 1.1 or 1.2 if the

hydraulic conductivity-matric potential, hydraulic conductivity-water content and

diffusivity-water content functions are known.

6.1.2 Soluteflux through soils

If a chemical exists in more than one phase, it can move through a soil column either

as a vapour or as a dissolved constituent where the sorbed phase is assumed to be

stationary. Accordingly, the total solute flux, J s (g m-2d'), is given as in Equation 6.1

(Jury eta/., 1991):

where: J) and Jgare fluxes of dissolved solute and solute as vapour respectively

both in 9 m-2 c:'.

The flux of dissolved solutes, J), has two terms, namely: mass flow of the dissolved

chemical constituents transported with the flowing soil solution and the diffusive flux

Amanuel Oqbit Weldeyohannes ® 2002. A laboratory characteriz ation of the upward flux of nitrate from a shallow
water table in a sandy loam soil
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of dissolved solutes resulting from molecular motion in the soil solution from a higher

towards a lower concentration.

The mass flow component of dissolved solutes, Jle (g m-2 d-1), is given by Equation

6.2:

(6.2)

where: Cl = Dissolved solute concentration (g rn")

q = Water flux (m c').

Since q does not describe the tortuous convective motion in porous media, the

hydrodynamic dispersion (J Ih) term (Bear, 1972, cited by Jury et al., 1991) was

included into Equation 6.2 to give the total convection (Equation 6.3):

Total convection = qCI +Jlh (6.3)

(6.4)

where: Dlh is the hydrodynamic dispersion coefficient (mnr' d') which is proportional

to the pore water velocity (V) (Equation 2.11) and is given as Equation 6.5:

(6.5)

(6.6)

where A is the dispersivity (mm).

The second term of the dissolved solute flux is the liquid diffusion flux (J Id) written as

Equation 6.6:
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where: D~ and D~ are the binary diffusion coefficient of solute in water and the

solute liquid diffusion coefficient in soil respectively both in mm2 d' and ~I (e) is the

liquid tortuousity factor which was given in Equation 2.12.

Combining Equations 6.3 and 6.6, the total flux of dissolved solutes in the

convection-dispersion model is given by Equation 6.7:

(6.7)

where: D is the effective diffusion-dispersion coefficient.e .

The transportation of inert and non-adsorbing solutes with water flowing uniformly at

a steady rate through a homogeneous soil column follows the general one-

dimensional convection-dispersion equation (CDE) given in Equation 1.12.

6.2 Procedures for the estimation of upward flux of nitrate

6.2.1 Hydraulic soil properties

Upward movement of water and N03- was measured under steady state conditions.

Matric potential in two of the' experiments was. measured with microtensiometers

installed in the center of each segment at 100 mm intervals in the soil columns,

starting from 150 mm above the water table (Table 6.1). The Hutson & Cass (1987)

two-part retentivity function was used to relate the tensiometer readings to volumetric

water content. The measured water content and matric potential values were also

fitted to the Van Genuchten equation using the RETC-code with retention data of

MTYPE=3 Mualem-based restriction, m = I-I/n (Van Genuchten et al., 1991),

where m and n are Van Genuchten's parameters. The best fit and estimated values

were obtained by using the Hutson & Cass (1987) smoothed curve, two-part

retentivity procedure, for this particular sandy loam soil (Table 6.3).
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The saturated hydraulic conductivity was determined with the procedure described in

Section 2.4 and calculated with Equation 2.5. An average value of 1181 mm c' was
obtained (Table 6.2).

Table 6.1 Average measured water content and corresponding matric potentials for

two of the experiments

Matric potential, '" (mm) -851 -661 -545 -440 -336 -236 -135 -35 0.0

Volumetric water content, 9 (m3 m") 0.175 0.200 0.235 0.278 0.307 0.318 0.322 0.350 0.350

Height above water table, Z (mm) 750 650 550 450 350 250 150 50 o

Table 6.2 Soil parameters used for the Hutson & Cass (1987) two-part retentivity

function estimation

Property Value

Volumetric water content at 'air entry, 9 e (mm" mm") 0.235

Saturated volumetric water content, 9s (mm" rnrn") 0.350

Air entry pressure, '" e == a (mm)

b (constant)

Saturated hydraulic conductivity, Ks (mm dOl)

-536

1.5008

1181

The volumetric water content of 0.235 at the air entry value of -536 mill water was

determined from a water retention curve developed from fitting Equations 6.8 and 6.9

to the data in Table 6. t.

For 9 s ge I '" = \jl e (9/9e tb (6.8)

\jl = -c(9/9s y + d(9/9J- k (6.9)

where: \jl = Matric potential (mm)

\jl e = Bubbling pressure (air entry pressure) (mm)

9 = Measured volumetric water content (rn" m-3)

9e = Water content at air entry value (rn" m-3)
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95 = Water content at saturation (rn" rn')

b, c, d and k are experimentally determined constants for each soil.

Table 6.3 Two-part retentivity equations for water content, matric potential and

specific water capacity (after Hutson & Cass, 1987)

Conditions Water content Matric potential Specific water capacity

II ae 9
5
",(IIb+I)

-=-
d", ba -lib

1* 9=9.
1 9. = 2b9s

1 1+2b (
2b )-b

'Vi =a 1+2b

III ao -29s(1-9J9s)'l'
d", a2(9J9J-2b

*Three parts of the curve are indicated as:

I - point of inflection, ("'j ,9j)
II - exponential portion, and

III - parabolic portion.

K( ",) = 1420 x (1O-O·727210gl'l'l ) R2 = 0.94 (6.10)

Unsaturated hydra~lic conductivity, K(",), between segments in the soil columns

was calculated from the matric potential difference and corresponding flux using

Equation 2.7. The range data points in Appendix 6.1 were selected from the

measured tensiometer readings and volumetric water contents. This data set was

used to calculate the hydraulic soil property values presented in Appendix 6.2. These

values were used to compile the relationships presented in Figures 6.2 and 6.3.

Plotting log K(",) vs log 1",1 (Figure 6.2) gave an equation that can be used to

estimate K(",) from matric potential (Equation 6.10):
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Figure 6.1 shows the general water retention curve for the sandy loam soil used in

the experiments.
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Figure 6.1 Water retention curve for the sandy loam soil used in the experiments.
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Figure 6.2 Hydraulic conductivity as a function of matric potential.
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Hydraulic diffusivity, D(e) was calculated using Equation 2.8 at different e -values.
The slope of the water retention curve is given by d\jl/ de which is the reciprocal of

the specific water capacity (C-) (Table 6.3). The corresponding results are given in
9

Appendix 6.2. Diffusivity as a function of water content is shown in Figure 6.3. D(e)
can be estimated from measured water content by using Equation 6.11 which is of

the same form as the one used by Gardner & Mayhugh (1958). Equation 6.11 applies

only to the relatively wet part of the curve (Figure 6.3).

D(e) = O.3326e38.759 R2 = 0.88

2.0E+05

ClDOQO 0

1.6E+05
o Calculated values

~~ 1.2E+05

'"E
E
;:; 8.0E+04

4.0E+04

O.OE+OO
0.10 0.15 0.20 0.25 0.30

8v (mm" mm")

Figure 6.3 Diffusivity as a function of water content.

(6.11 )

o

0.35
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6.2.2 Upward mass flow of nitrate

6.2.2.1 Introduction

The equation used in this study to calculate the upward flux of N03- was of the form

given in Equation 6.7. Because of the short duration of the experiments and relatively

low concentration gradients that were observed, the diffusion-dispersion part of the

equation was excluded. The CDE model (Equation 6.7) is valid when sufficient time

has elapsed to smooth out the solute transport by convective velocity differences

along the direction of motion (Jury et al., 1991).

If conservative solutes are considered no gains or losses and no solute/surface or

solute/solute interactions occur (Ross, 1989). Under these conditions, mass flow of

N03-, Jle (mg N03- mm" d'), along with flowing water is given by Equation 6.2. The

dissolved N03--concentration in the groundwater solution was represented by Co.

In this study, steady state conditions were attained, thus the flux rate was constant

throughout the soil column. The dissolved N03--concentration (Co) was taken as the

N03--concentration in the groundwater solution and was expressed in g m-3 and then

converted to its equivalent mg mm? to simplify computation. The results of the three

experiments, namely effects of time, flux rate and N03--concentration level of the

groundwater solution on upward flux of N03- are presented in Table 6.4.

6.2.2.2 Estimation of N03- upward mass flow as a function of time

The theoretically calculated mass flow N03--accumulation (J, mg column") was

calculated by multiplying the mass flow of N03- (Jlc) by the corresponding number of

days (t) and surface area of the column (Table 6.4). A second order polynomial

equation, forced to pass through zero, was fitted to the estimated values. Cumulative

upward mass flow of N03- increased with time and can be estimated using Equation

6.12 (Figure 6.4).
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J = 2.3094t - O.0313t 2 R2 = 0.98 (6.12)

The theoretically calculated and measured cumulative upward mass flows of N03'

per soil column are given in Table 6.4. A comparison of the calculated and measured

cumulative upward mass flow of N03- over 5, 10, 20 and 30 days showed that the

calculated values were almost twice the measured values. For the 15 days treatment

the calculated N03--accumulation was 1.7 times higher than the measured

accumulation. The observed overestimation with time can be ascribed to the

denitrification losses referred to in Section 3.3.2.

Table 6.4 Calculated and measured upward mass flow of N03- for the different

treatments in the three experiments

Treat- Flux rate N03'-concentration Mass flow of Theoretical Measured N03'

ment (q) of groundwater N03' (J1c) calculated mass flow -accumulation

solution N03'-accumulation

(days) (mm d") (mg mm') (mg mm' d") (mg column' ) (mg column' )

5 11.2 25 x 10' 2.80 x 10 12.1 6.1

10 8.31 25 x 10-6 2.08 X 10-4 18.0 9.2

15 8.25 25 x 10-6 2.06 X 10-4 26.8 15.7

20 8.25 25 x 10-6 2.06 X 10-4 35.7 19.6

30 6.25 25 x 10-6 1.56 X 10-4 40.6 19.1

(%Cover)

0 6.59 25 x 10-6 1.65 X 10-4 28.5 19.1

50 5.36 25 x 10-6 1.34 X 10-4 23.2 13.8

70 5.03 25 x 10-6 1.26x 10-4 21.8 14.6

80 3.42 25 x 10-6 8.55 X 10.5 14.8 11.0

90 2.37 25 x 10-6 5.93 X 10.5 10.3 8.6

(N03'- concentration of the groundwater solution. mg N03' mm·3)

8.60 0 0 0.0 0.0

8.29 25 x 10-6 2.07 X 10-4 36.0 7.6

8.02 50 x 10-6 4.01 X 10-4 69.5 13.3

8.47 100 x 10-6 8.47 X 10-4 146.7 77.0

8.50 200 x 10-6 1.70 X 10.3 294.4 187.7

To estimate the travel height of upward N03- flux above the water table (Lz, mm)

(Equation 6.13), the apparent N03- velocity was assumed to be equal to the pore

water velocity, V (mm d-1) (Equation 2.11). The volumetric water content was
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assumed to be equal to the average of the water contents in the soil column

(Appendix 6.3).

where: t is number of days (days) and

V is the pore water velocity, q/ey'

20
Time, t (days)

Figure 6.4 Cumulative calculated and measured upward mass flows of N03- as
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functions of time.

L, = 40.255t - 0.528ge R2 = 0.98 (6.14)

The estimated mass flow N03- travel heights above the water table are given in

Appendix 6.3. A good fit through the estimated values was obtained with a second

order polynomial function (Figure 6.5 and Equation 6.14).

Figure 6.5 shows the relationship between time and the height of upward N03- flux.

The height, that the N03- solution travelled, increased from 204 mm after 5 days to

722 mm above the water table after 30 days. From the N03--accumulation - and flux
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height - time relationships, (Figures 6.5 and 6.4 respectively), it can be derived that

12.1 mg N03- column" was displaced up to 204 mm above the water table after 5

days and this increased with time, so that 40.6 mg N03- column"accumulated up to

a height of 722 mm above the water table after 30 days.

The initial N03--concentration of the soil solution was not much different for the 25 mg

N03- 1'1 of the groundwater solution (Figure 5.2). The upward flux of N03- from the

groundwater merely replaced the upward flux of N03- from the soil solution (Figure

3.1). It was therefore impossible to identify a boundary between the initial soil and

incoming N03- through mass flow from the water table. For this reason, it is

impossible to verify the validity of Figure 6.5 and Equation 6.14.
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Figure 6.5 Height of N03- flux above water table as a function of time.
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6.2.2.3 Estimation of N03- upward mass flow after 20 days as a function

of flux rate or cumulative flux

J = O.2165Q

where: Q = Cumulative flux over 20 days (mm).
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The calculated and measured upward mass flow of N03- after 20 days, at the

different flux rates, are given in Table 6.4. Figure 6.6 shows the relationships

between calculated and measured mass flow of N03-and flux rate.

The theoretically calculated mass flow accumulation of N03-, J (mg column"), can be

estimated from the cumulative flux with Equation 6.15:

Cumulative flux, Q (mm)

Figure 6.6 Calculated and measured upward mass flows of N03-as functions of

cumulative flux.

At the lower flux rates namely, 2.37 and 3.42 mm d-1 or cumulative fluxes of 47.4 and

68.4 mm, the measured and calculated upward mass flow of N03--accumulation were
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nearly comparable. For the higher flux rates, the theoretical upward mass flow of

N03--accumulation overestimated the measured values. The theoretical values were

about 1.5 times higher than the measured N03--accumulation for the 6.59 mm d" flux

rate over 20 days, which can be attributed to the denitrification losses discussed in

Section 4.3.3.

The height of N03-flux above the water table also increased linearly with an increase

in flux rate by a factor of 3.633 for every 1 mm cumulative flux as shown in Figure

6.7. The linear increase in flux height of N03-above water table (lz) can be estimated

with Equation 6.16.

Again the low N03--concentration in the groundwater, compared to the initial N03--

concentration in the soil solution makes it impossible to verify Equation 6.16.

L, = 3.633Q
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Ê
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Figure 6.7 Height of N03- flux above the water table vs cumulative flux.
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6.2.2.4 Estimation of N03- upward mass flow after 20 days as a function

of groundwater N03--concentration level

Results of the calculated and measured upward flux of N03- by mass flow after 20

days, are given in Table 6.4. The relationships obtained between groundwater N03--

concentration level and the theoretically calculated and measured mass flow are

given in Figure 6.8. Equation 6.17 relates the calculated mass flow after 20 days (J,

mg column") to the groundwater N03--concentration (Co, mg r').

J = 1.4668Co (6.17)
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Figure 6.8 Calculated and measured upward mass flows of N03- after 20 days as

functions of groundwater N03--concentration.

As shown in Figure 6.8, the theoretically calculated upward mass flow of N03-

overestimated the measured values, which can be attributed to denitrification losses

(Section 3.3.2). This overestimation was relatively more evident in the soil columns

with a lower groundwater N03--concentration levels, namely 25 and 50 mg N03- r',
which were about 5 times higher than the measured values in the corresponding soil
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columns. The estimated upward mass flow of N03--accumulation was nearly double

for the 100 mg N03- 1-1and 1.5 times higher than the measured value for the 200 mg

N03- 1"1 groundwater solution concentration (Table 6.4). This could be ascribed to

N03--losses from the soil columns with an increase in the groundwater N03--

concentration level as was discussed in Section 5.3.3.

6;3 Conclusion

The estimation of upward mass flow of N03- was investigated in this chapter. The

estimation procedure was conducted with the following assumptions. Steady state

conditions with a constant flux rate, average volumetric water content, and no loss or

gain of N03- throughout the soil column was assumed. The upward flux of N03- from

the shallow water table was estimated using only the mass flow component of the

eDE equation. The duration of each experiment was too short, so the dispersion-

diffusion component was assumed negligible.

The amount and height of upward movement of N03- could be estimated for a given

time, from the flux rate or cumulative flux and N03--concentration of a groundwater

solution. It was clear from the study that using N03- as a tracer for solute transport is

complicated, unless the nitrification and denitrification rates are known. It was evident

that considerable denitrification losses can take place. Patel et al. (2001) came to the

same conclusion when they investigated the feasibility of using polluted N03--

enriched water through subsurface drip irrigation.

The calculations of the upward mass flow of N03- also confirmed that durations

longer than 20 days should have been used, preferably with higher N03--

concentrations in the groundwater solution. All the measured upward fluxes of N03-

over 20 days could be explained by mass flow alone. The downward concentration

gradients that developed were insufficient for any of the dispersion processes to

make a significant contribution.

For the varying flux rate experiment, a small downward diffusion of N03- below the

top 700-800 mm layer was observed at the lowest flux rate of 2.37 mm d" or a pore
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water velocity of approximately 11.8 mm c'. The low flux rate and corresponding low

average pore water velocity, was conducive for downward diffusion to occur against

the slow upward flow of soil solution. To illustrate the effect that pore water velocity

can have on downward diffusion, the flux rate of 8.5 mm d' for the 100 mg N03- 1"1

groundwater treatment in Chapter 5 was used as an example (Appendix 6.4). It can

be observed from Table 5.1 that for the 200 mg N03- 1"1 treatment the volumetric

water content decreased from 0.340 just above the water table to 0.200 in the top

segment. The corresponding increase in the pore water velocity (8_5/e) was from

24.8 to 42.6 mm d". For downward diffusion to occur against mass flow velocities of

higher than 40 mm .d" in the upper part of the column, steep concentration gradients

will be required. It is expected that much more N03--accumulation in the upper parts

of the columns than the values measured during the experiments of this study, will be

necessary to create large enough concentration gradients that will facilitate

downward diffusion. On the other hand much lower upward mass flow flux rates and

the corresponding lower pore water velocities will also favor downward diffusion over

periods longer than 20 days. From this observation it can be concluded that at a

relatively low flux rate, longer time and higher groundwater N03--concentration levels,

it should be possible to obtain all the variables required for both components of the

convective-dispersion equation.

The hydraulic properties of the packed soil columns were also quantified, that is the

soil water content (e)-matric potential (",), hydraulic conductivity (K(",))-matric

potential, and soil water content (e)-hydraulic diffusivity (D(e)) functions. These

functions and equations can be used to quantify the upward flux of water and

therefore also mass flow of solutes under transient state conditions in the same soils

or very similar to the experimental soil. Due to a lack of time and insufficient solute

diffusion data this exercise was omitted from the study.
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CHAPTER 7

SUMMARY AND CONCLUSIONS

Shallow water tables are common in areas that have been irrigated for several

decades and are reported to be one of the causes for increased salinity in large

irrigation fields. Upward flux of solutes from a shallow water table can occur as a

result of evaporation and plant water uptake. Especially in arid- and semi-arid

regions, evaporation-driven fluxes will have two implications: positive as source of

nutrients and negative by increasing the salinity of the root zone. To substantiate this

argument, a laboratory study was conducted on repacked homogeneous sandy loam

subsoil columns with water tables maintained at a depth of 750 mm, where nitrate

was used as an anion tracer.

The main objectives of the study were as follows. Firstly, to become acquainted with

tracing techniques used for water and solute upward fluxes. Secondly, to quantify the

effect of time, flux rate, and solute concentration on the upward movement of nitrate

ions in a sandy loam soil. Thirdly, to develop prediction procedures for nitrate

movement and/or hydraulic properties for the sandy loam soil.

The soil was sampled from the Experimental Site of the Department of Soil, Crop and

Climate Sciences, University of the Free State. Three experiments were conducted to

investigate the upward flux of nitrate from shallow water tables. These were: i)

upward flux of nitrate at varying time in the order of 5, 10, 15, 20 and 30 days, ii)

varying flux rate obtained from 0, 50, 70, 80 and 90% percentage surface cover,

which gave flux rates of 6.59, 5.36, 5.03, 3.42 and 2.37 mm d" respectively over 20

days and iii) varying groundwater N03'-concentration levels in the order of 0 (control),

25, 50, 100 and 200 mg N03- r' for 20 days. Both the time and flux rate treatments

were conducted with a 25 mg r' N03--concentration in the groundwater. Each

treatment was conducted in duplicate soil columns.

Amanuel Oqbit Weldeyohannes @ 2002. A laboratory characteriz ation of the upward flux of nitrate from a shallow
water table in a sandy loam soil
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In the varying time experiment, the temporal and depth related distribution of N03- in

a soil column above the water table was investigated. The concentration of N03- in
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the soil solution, relative to the concentration in the groundwater solution, generally

showed the same trend in all five treatments. N03--concentration decreased in the

first 200 mm above the water table and increased gradually above that level. N03-

accumulated in the top 700 to 800 mm segment from 27 mg kg-1 after 5 days to 44

mg kg-1 after 20 days. The findings of this study agreed with earlier investigations

(Elrick et al., 1994; Shimojima et al., 1996) done on solute accumulation with time.

After 30 days some accumulation between 500 and 700 mm was noted. Slightly

lower accumulation was observed at the top after the 30 days compared to the 20

days treatment. This indicates that diffusion from the upper layer to the lower parts

may have started to occur. Such a condition suggested that the longer the duration of

a treatment, the more N03- would accumulate in the top segment to create a

concentration gradient conducive for diffusion to occur.

The decrease in volumetric water content (a v) towards the top of the soil column

stayed practically the sa~e throughout the experiment. A good relationship was

observed between water content (av) and relative N03--concentration profiles. The

N03--concentration level increased as the water content decreased. This can be

related to denitrification and dilution effects.

Time also affected the upward flux and accumulation of N03- linearly and relating

equations were developed. The theoretically calculated and actual measured N03--

accumulations, transported upward by mass flow were compared. The calculated

values were higher than the measured N03--accumulations, which were explained in

terms of denitrification N03--losses. A mass balance approach was used to quantify

the N03--losses in the columns. The mass balance results indicated that the increase

in N03--concentration of the soil column was less than the theoretical amount added

by the upward flux. N03--loss occurred from the soil column probably due to

denitrification and other related processes. The N03--loss increased linearly with an

increase in the duration of the treatment. The N03--losses were within the range of

the denitrification N03--losses found by earlier studies (e.g. Vinten & Smith, 1993;

Ryden & Lund, 1980; Burt & Trudgill, 1993; Patel et al., 2001).

The low levels of accumulation of N03- below the top segment is an indication that

the experiment should have been conducted with a higher N03--concentration in the
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groundwater or it should have run for a longer time. Still, the investigation into the

effect of time on the upward movement of N03- in this experiment gave a clear

indication of the amount of N03- and other anions that can accumulate on the soil

surface during dry spells.

Upward flux and distribution of N03- from shallow water tables were investigated at

five different flux rates. Varying flux rates were achieved by using different

percentages of soil cover, consisting of 5 mm thick paraffin wax, perforated to the

desired percentage soil cover. The flux rate decreased from 6.6 to 2.4 mm d-1 as the

percentage soil cover increased from 0% to 90%.

In all the treatments, the relative concentration of N03- decreased in the first 200 mm

above the water table. to approximately 0.3, whereafter it gradually increased and

N03- started to accumulate at about 600 mm. The N03--accumulation in the top 700

to 800 mm seqment was the highest at the 6.59 mm d' flux rate. The concentration

of N03- in the 700 to 800 mm segment increased from 31 mg kg-1 at the lowest flux

rate to 42 mg kg-1 at the highest flux rate.

The volumetric water content of the columns decreased gradually from approximately

0.356 above the water table to 0.164 at a height of 750 mm with only small

differences among the different flux rate treatments. The pore water velocities ry,
mm d-1) increased with height above the water table for all the flux rates because of

the decrease in water content, and decreased with a decrease in flux rate. The pore

water velocity increased merely as a function of flux rate for this particular

experiment. The movement and accumulation of N03- can be related to pore water

velocity, which agreed with the finding of Elrick et al. (1994).

The amount of N03- that was transported into a soil column by mass flow over the 20

day period, calculated from the cumulative flux and N03--concentration in the

groundwater (25 mg N03- 1-\ was compared with the actual measured N03--

accumulation in the soil column. The calculated accumulations of N03- through

upward mass flow (mg column") were higher than the actual measured N03--

accumulation (mg column") over 20 days, which could be due to N03--losses from

the soil column. A mass balance for N03- was calculated for each treatment to
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quantify the N03--losses in each soil column. The mass balance results indicated that

the increase in N03--concentration of the soil column was less than the amount

added by the upward flux through mass flow. N03--losses increased linearly with an

increase in flux rate or cumulative flux. This observation was explained by the fact

that a higher flux rate resulted in higher N03--concentrations in the columns by mass

flow, which favored denitrification.

A small downward diffusion of N03- was observed below the top layer (700-800 mm)

at heights of 650 and 550 mm. The downward diffusion of N03- was higher at the

lowest flux rate of 2.37 mm c:' or at an average pore water velocity of approximately

11.8 mm d". At the higher flux rates or pore water velocities higher than 30 mm c',
no signs of downward diffusion could be found.

The results for the varying flux rate showed that at a relative low groundwater N03--

concentration of 25 mg N03- 1-1,flux rates lower than approximately 6.6 mm o' will
result in a significant accumulation of N03- above the water table over a 20 day

period. The amount of N03--accumulation was linearly related to the cumulative flux.

Thus as a general conclusion it was stated that the amount of cumulative flux, rather

than the flux rate per se, will affect the N03--accumulation above a water table, over a

short duration in the order of 20 days.

The results discussed so far have shown that a N03--concentration of 25 mg 1-1in the

groundwater was too low to obtain meaningful results over 20 days. The effect of

higher N03--concentrations in the groundwater on the upward flux and spatial

redistribution of N03- above the water table was further investigated over 20 days by

varying the N03--concentration levels of the groundwater solution where distilled

water was used as a control treatment.

The N03--concentration and water content of each segment in a column was

measured after 20 days and average results of the duplicate soil columns were

presented. In general, the relative N03--concentration above the water table showed

the same trend for all the concentration levels. The relative N03--concentration

decreased in the first 100 to 200 mm above the water table after which it stayed

nearly constant to a height of about 600 mm. N03--accumulation took place in the top
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700 to 800 mm segment and increased from 30 mg kg-' for the control to 52 mg kg-'

for the 200 mg N03- 1-1groundwater treatment. For the control treatment the relative

N03--concentration increased gradually to about 700 mm above the water table and

started to accumulate in the surface layer.

The nett actual N03--concentration in the soil for each segment above the water table

was calculated by deducting the corresponding concentration of the control

segments. The soil N03--concentration in all the treatments decreased from the water

table up to 700 mm with a built-up in the top 700 to 800 mm. The nett N03--

accumulation in each soil column from upward flux increased up to 188 mg N03- per

column for the 200 mg N03- 1"' groundwater solution. The N03--concentration of the

soil in the lower segments, which were in contact with the groundwater table,

increased with an increase in the N03--content of the groundwater.

The amount of N03- that was transported into the soil columns through upward mass

flow was calculated from the cumulative flux for each treatment and the

corresponding N03--concentration of the groundwater solution. The theoretically

calculated N03--accumulation (mg column")compared to the actual measured N03--

accumulation (mg column") was higher, which indicated that N03--losses in the soil

column had occurred. The theoretically calculated N03--accumulation over 20 days

increased with an increase in the groundwater solution N03--concentration. The N03--

losses in the soil columns were quantified with the mass balance approach. N03--loss'"

increased from 0.9 mg column" in the control to 66 mg column" in the soil column

with 200 mg N03- 1-' in groundwater. To estimate the N03--loss at a given N03--

concentration level in groundwater, a second order polynomial equation was

developed.

In this experiment, the volumetric water content also decreased as a function of

height above the water table with only little difference among treatments. On average

the volumetric water decreased from 0.347 directly above the water table to 0.188 in

the top segment. The average volumetric water content of all the columns was 0.273.

The N03--concentration of the soil solution above the water table and the nett soil

solution N03--concentration after 20 days showed that 0.77 pore volume or 168 mm

Amanuel®2002. UPWARD FLUX OF NITRATE ....



CHAPTER7 SUMMARY AND CONCLUSIONS 80

cumulative upward flux, were insufficient to reach equilibrium N03--concentrations. It

is estimated that at least 1.5 to 2 pore volumes or 327 mm (39 days) to 436 mm (52

days) of upward flux will be required to obtain equilibrium N03--concentrations

between the groundwater and soil solutions. A N03--concentration of 100 mg 1"1 in the

groundwater gave more prominent and measurable concentration profiles above the

water table than the 25 mg 1"1 used in the preceding experiments.

The decrease in the first 200 mm height above the water table in the foregoing three

experiments was explained as a dilution by the soil solution, which was held in the

micro pores. Secondly, the relatively high water content in the lower part of the

column created an anaerobic zone, which created favorable conditions for

denitrification (Vinten & Smith, 1993; Egginton & Smith, 1986). Thirdly, the

groundwater solution flowed through and mixed only with the soil solution in the

larger pores of the wetter soil above the water table.

The estimation of upward flux of N03-was done. with the assumptions of steady state

conditions with a constant flux rate, an average volumetric water content for the soil

column, and no loss or gain of N03- throughout the soil column. The upward flux of

N03- from shallow water tables was calculated using. only the mass flow component

of the convective-dispersive equation (eDE). Because of the short duration of the

experiments and relatively low downward concentration gradients that were

observed, the diffusion-dispersion part of the equation was excluded.

Results of the three experiments, namely effects of time, flux rate and N03--

concentration level of the groundwater solution on upward flux of N03-, were

evaluated using the theoretical flow equations.

A comparison of the calculated and measured cumulative upward mass flow of N03-

over 5, 10, 20 and 30 days showed that the calculated values were almost twice the

measured values. For the 15 days treatment the calculated N03--accumulation was

1.7 times higher than the measured accumulation. The observed overestimation with

time was ascribed to denitrification losses. The equation for calculating the travel

height of upward N03- flux above the water table (Lz, mm) could not be validated

because of the relatively low groundwater N03--concentration that was used.
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Nearly comparable results were obtained between the theoretical calculated and

measured upward N03- mass flow at the lower flux rates namely, 2.37 and 3.42 mm

d' or cumulative fluxes of 47.4 and 68.4 mm. For the higher flux rates the theoretical

upward mass flow of N03--accumulation overestimated the measured values. The

theoretical values were about 1.5 times higher than the measured N03--accumulation

for the 6.59 mm d' flux rate over 20 days, which was attributed to denitrification

losses.

The theoretically calculated upward mass flow of N03- from the groundwater with

different N03--concentrations overestimated the measured values, and was explained

by denitrification losses. This overestimation was relatively more evident in the soil

columns with lower groundwater N03--concentration levels, namely 25 and 50 mg

N03- 1"1, which were about 5 times higher than the measured values in the

corresponding soil columns. The estimated upward mass flow N03--accumulation

was nearly double for the 100 mg N03- 1"1 and 1.5 times higher than the measured

value for the 200 mg N03- 1"1 groundwater concentration. The calculations of the

upward mass flow of N03- also confirmed that durations longer than 20 days should

have been used in the other two experiments, preferably with higher N03--

concentrations, for example 100 mg N03- 1"1 in groundwater. All the measured

upward fluxes of N03- over 20 days could be explained by mass flow alone. The

downward concentration gradients that developed were insufficient for any of the

dispersion processes to make a significant contribution.

For downward diffusion to occur against pore water velocities higher than 40 mm c'
in the upper part of the column, steep concentration gradients will be required. It is

expected that much more N03--accumulation in the upper parts of the columns than

the values measured during these experiments, will be necessary to create large

enough concentration gradients that will facilitate downward diffusion. On the other

hand much lower upward mass flow flux rates and the corresponding lower pore

water velocities will also favor downward diffusion over periods longer than 20 days.

From this observation, it can be concluded that at a relatively low flux rate, longer

time and higher groundwater N03--concentration levels, it should be possible to

obtain all the variables required for both components of the. convective-dispersion

equation.
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The hydraulic properties of the packed soil columns were also quantified, that is the

soil water content (e)-matric potential (\jl), hydraulic conductivity (K(\jI))-matric

potential, and soil water content (e)-hydraulic diffusivity (D(e)) functions. These

functions and equations can be used to quantify the upward flux of water and

therefore also mass flow of solutes under transient state conditions in the same or

similar soils. Due to a lack of time and insufficient solute diffusion data this exercise

was omitted from the study.

On concluding this study, the following recommendations can be made .

•:. For future research, it is recommended that a constant N03--concentration of 100

mg r' in the groundwater solution be used and times varying from 20 to 60 days

at a relatively low, <4 mm c' flux rate. These conditions should give more

representative results that would be more suitable for deriving the parameters of

the convective-dispersive equation .

•:. Conservative tracers, for example cr or Br', should be used in combination with

N03-. From the mass balances of these tracers it will be possible to quantify the

nitrate losses .

•:. In using nitrate as an anion tracer, a denitrification inhibitor should be mixed with

the soil.

.:. Salinity test sensors along with the tensiometers are also recommended to

measure the exact amount of upward flux of solutes per day as well as the

change in electrical conductivity (total dissolved salts) per segment over time.
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Appendix 6.1 Selected data points used for estimation of soil hydraulic properties

Volumetric water content e v Matric potential \jl Hydraulic conductivity K(",)
(mm mm') (mm) (rnrn d' )

0.167
0.169
0.171
0.172
0.187
0.193
0.195
0.220
0.253
0.257
0.266
0.274
0.286
0.295
0.296
0.302
0.323
0.350

5.64
3.93
5.17
6.54
6.22
3.82
6.73
10.9
10.9
15.5
17.0
19.3
14.3
13.7
15.4
12.7
19.1

1181

-1640
-1611
-1588
-1568
-1386
-1336
-1301
-1086
-879
-859
-808
-765
-701
-652
-645
-605
-458

-1

Appendix 6.2 Summary of measured and calculated soil hydraulic properties

e e '" '" K(",) c- D(e)a

(mm3mm·3) (mm3 mm·3) (mm) (mm) (mmd·l) (mm-l) (mm2d·l)

0.167 -1640
0.169 0.168 -1611 -1626 6.565 0.00088 7468
0.171 0.170 -1588 -1600 6.643 0.00090 7355
0.172 0.172 -1568 -1578 6.708 0.00092 7263
0.187 0.180 -1386 -1477 7.039 0.00103 6825
0.193 0.190 -1336 -1361 7.470 0.00118 6321
0.195 0.194 -1301 -1319 7.645 0.00125 6135
0.220 0.208 -1086 -1194 8.219 0.00147 5587
0.253 0.237 -879 -983 9.468 0.00203 4654
0.257 0.255 -859 -869 10.352 0.00250 4147
0.266 0.262 -808 -834 10.671 0.00268 3988
0.274 0.270 -765 -787 11.131 0.00051 21848
0.286 0.280 -701 -733 11.716 0.00047 24674
0.295 0.291 -652 -677 12.420 0.00044 28341
0.296 0.296 -645 -649 12.808 0.00042 30488
0.302 0.299 -605 -625 13.156 0.00040 32495
0.323 0.313 -458 -532 14.801 0.00034 42990
0.350 0.337 -1 -230 27.260 0.00015 183362
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Appendix 6.3 Summary of volumetric water content, flux rate, N03- flux height above

water table and pore water velocity for the three experiments

Experiment Treatment Flux rate, Average Fraction of Average V NO; flux

q Sv pore volume height, Lz

displaced

(days) (mmá) (mm mm (mmá) (mm)
column"

5 11.2 0.275 0.254 40.7 204

10 8.31 0.272 0.381 30.5 305

15 8.25 0.252 0.613 32.7 491

20 8.25 0.265 0.777 31.1 622

30 6.25 0.260 0.903 24.1 722

0 6.59 0.275 0.599 24.0 479

50 5.36 0.279 0.480 19.2 384

2 70 5.03 0.274 0.459 18.3 367

80 3.42 0.272 0.314 12.6 251

90 2.37 0.269 0.220 8.8 176

0 8.60 0.272 0.789 31.6 631

25 8.29 0.274 0.789 30.2 604

3 50 8.02 0.265 0.755 30.2 604

100 8.47 0.271 0.755 31.3 626

200 8.50 0.280 0.782 30.3 607

Appendix 6.4 Pore water velocity as a function of height above the water table for

the 100mg N03- 1"1 groundwater concentration after 20days
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