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ABSTRACT 

 

 Tracer methods are commonly used for estimation of soil water and groundwater 

recharge flux especially in arid and semiarid regions. These tracer methods are based on 

the solute profile shape (distribution of concentration with depth) and peak position.  For 

soils of semi-arid to sub-humid climates, vertical water movement may seasonally vary in 

direction due to climate conditions and vegetative demands. The first objective of this 

thesis was to show that TDR (time domain reflectometry) can be a useful tool for 

estimation of soil water fluxes using tracer methods. The second objective was to study 

the effects of repeated cycles of directionally-varying flow upon solute profile shape and 

position used by tracer methods under controlled laboratory conditions. Three soil 

columns with a KCl tracer and Beaver Creek sand were used for this study. Rain and 

evaporative systems were used to cause the downward and upward soil water movements 

in the column, respectively. Soil moisture content and solute concentration were 

measured using TDR. 

 

The result for the first objective was that the peak migration and the soil water balance 

methods gave similar average upward and downward soil water fluxes. This result 

indicates that the TDR method can be recommended for determination of soil water 

fluxes with tracer methods in fields or in laboratory studies for sufficient time and depth.  

 

In the second objective, three different seasonal flow regimes were studied using the sand 

columns, and each flow regime simulated climatic seasons that might occur in the field. 

Several apparent and statistical parameters were used to evaluate the change of the solute 

profile shape and position under cycling conditions of the three different flow regimes. 

These parameters showed that the solute profile shape and position clearly changed under 

the three different repeated regimes of downward and upward seasonal flows. It was 

concluded that climate (seasonality) can have significant impacts on the estimation of soil 

water fluxes using tracer methods. The result from this investigation shows that the 

profile shape and position after a number of cycles (years of fluctuations) can provide a 

description of the previous climatic effects on the concentration profile. Therefore, the 
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profile shape can be used as an indicator of the flow regime that has affected the solute 

profile shape. Moreover, if a reference of a solute profile is available (a solute profile 

before a period of time), it is easier to determine the flow regime affected the profile 

shape and position by determining the change of the profile shape and position using 

statistical parameters presented in this thesis. 
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CHAPTER 1: INTRODUCTION 

 

 This chapter establishes the relevance of the subject area and provides a brief 

background and the importance of the research. The background includes the effect of 

climate on vertical soil water movement, the causes and the magnitude of unsaturated soil 

water fluxes beneath the root zone, and the definition of seasonality. The objectives of the 

study are also listed and explained. Thesis organization is provided in the end of the 

chapter to lay out the structure of the thesis in order to facilitate the task of understanding 

the presented material. 

 

 1.1 Background 

 

For soils of semi-arid to sub-humid climates, vertical water movement may 

seasonally vary in direction due to climate conditions and vegetative demands. Canadian 

prairies, with its long cold winters, wet spring with snowmelts and warm dry summers 

with intense convective storms, can have distinct seasonal effects on water movement in 

the vadose zone between the bottom of the root zone (1.2 m depth) and a deep water table 

(>3 m depth) (Maule et al. 1993). Upward movement of vadose zone water can occur due 

to winter freezing (during winter, the ground may be frozen up to two meters in depth) 

(Maclean 1974) or due to summer drying caused by evaporation and plant transpiration. 

On the other hand, wet rain periods and/or spring snowmelt, will result in excess water 

moving downward through the soil and into the vadose zone.  

 

Due to low precipitation and high evaporative conditions of the Canadian prairies, 

downward water flow past the root zone on agricultural fields is low, between 2 and 20 

mm yr
-1

 (Christie et al. 1985; Zebarth and de Jong 1989; Joshi and Maule 2000). 

Transported with these vadose zone water fluxes are nutrients (e.g., nitrates), dissolved 

salts (e.g., Mg
+2

, Na
+
, Cl

-
, SO4

-2
), or various potential pollutants (excess nutrients, 

dissolved organics, insecticides). The rate of transport and the accumulation of nutrients, 

salts, and potential pollutants are of concern for any agricultural soil-groundwater system. 

In general, the groundwater zone is defined as the region below the root zone (1.2 m 
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depth); it includes the saturated and the unsaturated soils (Figure 1.1). The study of the 

process of flow and the solute transport within the vadose zone of semi-arid to sub-humid 

climates is difficult due to the unsaturated conditions and the slow rate of transport, 

relative to humid regions.  

 

Water table

Vadose

zone

Groundwater 

zone

Study region 

1.2 - >10 m

Soil (root) zone

0 – 1.2 m

 
 

Figure 1.1: Soil and groundwater definitions. 

 

One approach towards the quantification of unsaturated flow and solute transport in dry 

regions is the use of tracer profiles (Allison et al. 1994; Scanlon et al. 1997). The rate of 

downward movement is determined by the position of the tracer peak relative to time, 

concentration, and depth. As the Canadian prairies have distinctly upward and downward 

flow regimes that vary with seasons and annual climate variation (Maule et al. 1993), it is 

hypothesized that this seasonality will affect not only the net transport rate of tracers, but 

also the shape and concentration of the tracer profile. To date no literature has considered 

the effect of flow, seasonally varying in direction, upon tracer profiles. As this might not 
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only affect correct calculations of recharge rates but could perhaps enable further 

interpretation of tracer profiles, the study is focused upon this. The primary focus of this 

study is the seasonality of flow and flow direction and its affect upon solute concentration 

with depth. The method used for investigation of this study was time domain 

reflectrometry (TDR).  Although TDR has been used to determine and investigate soil 

hydraulic properties (Ward et al. 1994; Buttle and Leigh 1995; Wang et al. 1998; Si et al. 

1999; Lee et al. 2001; Noborio et al. 2006), no literature has been found that shows the 

application of TDR for estimation of soil water flux using tracer methods. 

 

Studying the seasonal effects on deep unsaturated water movement in the vadose zone 

(i.e., that between the bottom of the root zone and the top of the water table) will improve 

understanding about the contribution and loss of water and solutes from the root zone, the 

process of soil salinization, and potential long term pollutant movement from prairie soils 

to the groundwater zone. Groundwater inflow and outflow can also strongly affect the 

water quality of wetlands. Wetlands recharging groundwater have low salinity water and 

can be easily distinguished from discharge wetlands that have high salinity water.  As 

tracer profiles have become a more common way of studying recharge in deep 

unsaturated regimes (Allison et al. 1994; Scanlon et al. 1997; Dyck et al. 2003; Si and 

Kachanoski 2003), it is hoped that such a study will enable greater interpretation of field 

data. Also, understanding the relationship between the seasonal effects and soil water 

movement gives an opportunity to better determine the seasonal contribution of 

precipitation and snowmelt to the soil water and ground water systems and to evaluate the 

ground water recharge or to understand the effects of climate on the ground water 

recharge and discharge.  

 

 1.2 Objectives 

 

The primary purpose for this thesis was to study the effect of different seasonal 

flow regimes upon the distribution of the solute concentration with depth of the vadose 

portion of the groundwater zone (Figure 1.1) under controlled laboratory conditions. 

Although a laboratory study cannot simulate all field conditions, it does offer the 
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advantage of isolating a few important parameters and changing a complex system into 

something that can be easily studied.  Some field conditions that can affect seasonal flow 

are climate variability, textural variability, plants, land use, and preferential flow paths. 

Additionally, solute transport from the soil to the groundwater vadose zone may take 

decades to occur or reach equilibrium given a land use change that affects water or solute 

input. As an initial study, it was proposed to focus upon a sandy soil (no preferential flow 

paths) of homogeneous density with depth and under controlled conditions of upward and 

downward fluxes that would enable 20 years of seasonal effects to be simulated within 

four months.    

  

The general objective of the thesis is to study the effect of different flow regimes that 

seasonally vary in direction (upward vs downward) upon the tracer „profile‟ shape and 

position (Figure 1.2). Profile shape refers to how solute concentration varies with soil 

depth. The seasonal flow regime can be defined as a number of different climatic seasons 

that occur within one year or „cycle‟. In this study there are two different climatic seasons 

within each cycle, one of upward flow (caused by evaporation) and one of downward 

flow that occurs due to excess rain.  

 

The study assumes that at depth within the soil profile (0.6 m for the lab columns, 1.5 to 

5 m within field situations), there is a peak concentration that has occurred as the result of 

at least 20 years of seasonal flow regimes upon the profile shape. 

 

The specific objectives of this study are: 

1. To show that TDR (time domain reflectrometry) and tracer methods, used for field 

studies, can be successfully used for determination of hydraulic fluxes; and   

2. To investigate the effect of repeated cycles (15-20) of directionally-varying flow 

upon solute profile shape and position used by tracer methods. This objective will 

help to investigate the following questions that occur with field data: 

 Can profile shape and/or profile position be used to indicate whether flow 

is dominantly upward or dominantly downward?  

 Do profile shape and/or position change with repeated cycles? 
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 What is the accuracy of the tracer method in determining long-term net 

flux values in deep unsaturated systems under directionally varying flow? 

 

To meet the second objective of investigating the effect of numerous cycles of 

directionally-varying flow upon solute profiles using tracer methods, the following 

different seasonal flow regimes were studied: 

 Downward seasonal flow = upward seasonal flow (15-20 „years‟ where 

each year consists of two seasons, one of downward flow and another of 

upward at similar flow amounts);  

 Downward seasonal flow > upward seasonal flow (15-20 „years‟, where 

the downward flow is greater than the upward flow); and 

 Downward seasonal flow < upward seasonal flow (15-20 dry „years‟, 

where upward flow is greater than the downward flow). 

 

 

 

KCl peak 

1. Downward seasonal 

flow = upward seasonal 

flow 

2. Downward seasonal 

flow > upward seasonal 
flow 

3. Downward seasonal 

flow < upward seasonal 

flow 

 

Figure 1.2: Hypothetical KCl peak shape and location with three conditions of seasonal 

flow. 

Depth 

Concentration 
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The objectives were studied in the context of 1.05 m deep sand columns with KCl used as 

a tracer. The columns were maintained at moisture contents between saturation and field 

capacity. Water and the KCl solution were added using a drop sprinkler such that water 

or the solution were added evenly across the surface. Seasons involved small amounts of 

water added or removed over short periods of time; e.g. 60 mm depth in soil of rain 

(distilled water) added over several hours was the „wet‟ season and 60 mm depth in soil 

of evaporation was the dry season. Thus „one year‟ took between three to four days.  

TDR instrumentation installed in the column measured the moisture content and the 

electrical conductivity (EC) concentration „profile‟ (Figure 1.2) at 20 mm depth intervals.  

 

1.3  Thesis organization 

 

The thesis‟ structure is summarized and listed below in order to facilitate the task 

of understanding the material presented subsequently: 

1) Chapter 1: Introduction: This chapter shows the background of the subject area 

and presenting the importance of the research. The objectives of the study are also 

listed and explained. 

2) Chapter 2: Literature Review: This chapter provides a broad overview of the 

available literature. The literature presented is related to specific topics including: 

classification of semi-arid environments, a review of methods for estimation of 

soil water fluxes, the use of TDR, tracer methods, and the fluctuation of seasonal 

flow below the soil root zone.  

3) Chapter 3: Materials and Methods: This chapter describes the laboratory 

procedures for soil column construction and setup, and the analytical methods that 

were used in the study to investigate and measure solute flow in the soil columns. 

4) Chapter 4: Results and Discussion: This chapter includes three sections: the 

physical, chemical, and hydraulic properties of the sand columns; determination 

and comparison of soil water fluxes; and investigation of the effect of repeated 

cycles of directionally-varying flow upon tracer profile shape and position. The 

third section provides a comprehensive discussion about: the change of soil 
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moisture and concentration under cycling conditions; an evaluation of the change 

of the solute profile shape and position under cycling conditions, and estimation 

of soil water fluxes under cycling conditions. 

5) Chapter 5: Summary and Conclusions: This chapter provides a summary of the 

major results and important conclusions. Some suggestions for recommendations 

and future work are also listed. 
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CHAPTER 2: LITERATURE REVIEW 

 

This chapter gives a broad overview of the available literature. The literature 

covers specific topics related to the application of unsaturated soil water fluxes. These 

topics include: classification of semi-arid environments, a review of methods for the 

estimation of soil water fluxes, using TDR in soil columns and field studies, using tracer 

techniques for determination of groundwater recharge, and seasonal flow fluctuation 

within unsaturated groundwater regime.  

 

2.1 Semi-arid environments 

 

Due to this study being based on soil water movement under semiarid climate 

conditions, a description of different climate regimes is provided. Some classifications of 

arid, semiarid, humid regions have been based on mean annual precipitation (Lloyd 

1986):  

hyper-arid, 0-50 mm;  

arid, 50-200 mm;  

semiarid, 200-500 mm; and  

humid, > 500 mm.  

 

Climate regimes may also be classified on the basis of precipitation/potential evaporation 

ratios (Potter 1992): 

arid is < 0.5;  

semiarid is 0.5-1.0; and  

humid is > 1.0.  

 

Semiarid areas have been classified by Allison (1987) as receiving less than 700 mm per 

year of precipitation, and where native vegetation has often developed such extensive 

root systems that most of the precipitation is consumed by evapotranspiration. 
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The Canadian Soil System classifies the soil moisture regime as (Soil Classification 

Working Group 1998):  

Humid, slight soil water deficits in the growing season (25 to < 65 mm) or a 

CMI (Climate Moisture Index) of 74-84%; 

Sub-humid, significant deficits in the growing season having soil water deficit 

of 65 to < 130 mm or a CMI of 59 to 73%; and 

Semiarid, moderately severe deficits in the growing season, having a soil water 

deficit of 130 to < 190 mm or a CMI of 16% to 58%; (PET-P is 130-190 

mm). 

 

The CMI is defined as: 

 

            CMI = 100 * P/ PE (2.1) 

 

The Canadian prairies, which account for about 80% of Canada‟s farmland, have the 

shortest frost-free period of any of the major agricultural dry land areas in North 

America.  

 

To study the seasonal effects on soil water movement in the Canadian prairies, it is 

necessary to consider using a water balance method. The water balance method may be 

considered as similar to an accounting procedure where water inputs and outputs to the 

soil are algebraically added. It assumes that air temperature and day-length represent the 

energy required for evaporation and transpiration. Precipitation represents the water input 

and the soil moisture storage is regulated by assuming a maximum capacity based on the 

soil texture. Other operations regulate the water through the cycle for example, snowmelt, 

runoff, infiltration, and vegetative interception.  

 

In the Canadian prairies, the average annual precipitation varies from 300 to 500 mm, 

being the lowest in the southwest near Lethbridge, Alberta, and the greatest in the eastern 

and northern extremities with approximately half of the yearly precipitation occurring 

during the growing season. Generally, two thirds of the precipitation is in the form of rain 



 

 10 

with the remainder as snow (Steppuhn 1980; Dey 1982). Most of the rains occur between 

May and August (Bonsal et al. 1999). Much of the growing season rain is in the form of 

light showers although heavy rainstorms occur occasionally from mid June to early July 

and can wet much of the root zone (Bonsal et al. 1999). 

 

 During much of winter the ground is frozen often to depths surpassing 2 m (Maclean 

1974) and any accumulated snow cover melting may not completely infiltrate due to 

reduced infiltrability of the frozen soil (Granger et al. 1984; Gray et al. 1986). 

The observed snowfall and the accumulation of the snow cover throughout a particular 

area differ due to the physical nature of the receiving surface. Variability in the snow 

cover of a particular area can be caused by interception evaporation and wind action. The 

density of the vegetative cover can cause variability of the amount of intercepted snow. 

Snowmelt occurs when there is sufficient heat transfer from external sources, for 

example, observed solar radiation, net long wave radiation, convection, release of latent 

heat transfer conduction, and heat from rain water. The characteristics of the snowpack 

can also be important. However, the air temperature can serve as an index of the many 

heat transfer processes, and melting is dependent on all terms of the energy complex, not 

just air temperature, and the average air temperature at which melting begins varies 

seasonally (Ripley 1988). 

 

Estimated potential evapotranspiration over the prairies ranges from 500 to 900 mm 

annually and gives the region its semiarid character. Extreme temperatures vary between 

43°C in summer and -48°C in winter (Dregne and Willis 1983). Most of the region has 

between 80 and 100 frost-free days. January is generally the coldest month with average 

daily temperatures ranging from -15°C to -10°C and July the warmest with average daily 

temperatures of 16°C to 20°C. Therefore, the prairie climate is distinctly seasonal, 

consisting of cold winters and warm summers.  

 

As a consequence of this climatic pattern in the Canadian prairies, soil moisture 

accumulates from about September to May and is then rapidly lost, along with summer 
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rains, by evapotranspiration between May and September (van Der Kamp and Maathuis 

1991).   

 

2.2 Methods to estimate soil water fluxes 

 

In arid and semiarid regions, both physical and chemical methods have been used 

to estimate the soil water fluxes. Chemical methods are more accurate than physical 

methods (water balance and Darcy flux approaches) in determining the groundwater 

recharge in dry regions (Gee and Hillel 1988; Allison et al. 1994; Scanlon et al. 1997). 

Physical methods, which are based on hydrological parameters, are problematic because 

in arid and semiarid regions, the fluxes are low and very variable in both time and space, 

and changes in hydrological parameters are small and difficult to detect (Gaye and 

Edmunds 1996; Salle et al. 2001). The downward water movement in arid and semiarid 

regions is low because of low precipitation rates and high evapotranspiration rates, so the 

ratio of annual recharge to total volume of the aquifer is often small. The disadvantage 

with physical methods under these conditions is that measurements are required for 

several years to obtain a reliable estimate of mean values, and a large number of sampling 

locations are required to assess recharge variability due to variation in topography and 

soil texture (Allison et al. 1994).  

 

Both natural (environmental) and applied chemical tracers have been used in obtaining 

quantitative estimates of soil water fluxes. Marshall and Holmes (1979) described natural 

tracers as tracers that are not added artificially to the aquifer or soil water, but occur 

naturally as a peculiar feature of the hydrological cycle. Applied tracers are those injected 

into the aquifer or soil water system for purpose of experiments. Since natural systems 

are voluminous and travel times are long, applied tracers may not always be the best 

method (Joshi 1997). Therefore, the use of natural tracers has been more common in 

estimating soil water fluxes. Stable oxygen and hydrogen isotopes have been used in 

groundwater studies to investigate recharge, mixing, ground water/surface water 

interaction, advective-diffusive transport, paleohydrogeologic interactions, and to 

estimate groundwater ages (Harvey 2001).  
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Scanlon et al. (1997) stated that using environmental tracers to quantify unsaturated flow 

is more appropriate than physical approaches because hydraulic conductivity can vary 

over orders of magnitude. However, both approaches should be used because physical 

data provide information on current processes, whereas environmental tracers provide 

information on longer term net water fluxes. A variety of environmental tracers should 

also be used because some are restricted to liquid phase flow (chloride and chlorine-36), 

whereas others are found in liquid and vapor phases (tritiated water). Bekele et al. (2006) 

studied the effects of changing the vegetation cover on groundwater recharge and also 

stated that several recharge estimation techniques are required for better understanding of 

recharge processes and evaluation of recharge.  

 

Natural tracers can represent a spatially uniform input to the soil water and groundwater 

system. The most commonly used natural tracers in recharge studies are tritium, carbon-

14, chlorine-36, nitrogen-15, oxygen-18, deuterium, carbon-13, and chloride. Deuterium, 

tritium, and oxygen-18 may be expected to simulate water movement more accurately 

since they are form part of the water molecule itself. Tritium may be subject to 

vaporization under very dry conditions (Allison 1987). In most soils, chloride and nitrate 

move as the water does but anion exclusion may be a problem in soils with high clay 

content. Chlorine-36 may be useful for studying low recharge rates due to its long half 

life (300,000 years), though it has not been employed frequently due to lack of analytical 

facilities (Allison 1987). An advantage of tracers is that they integrate all of the processes 

that combine to effect water flow in the unsaturated zone. A tracer‟s behavior is generally 

a much more robust indicator of water movement in a porous medium than is the 

solutions of the equations of water flow, especially when soils are relatively dry (Allison 

et al. 1994). Gaye and Editor (2001) suggest that isotope techniques are particularly 

effective for identifying the sources of salinity and the inflow of fresh groundwater. 

Allison and Hughes (1978) and Gaye and Edmunds (1996) both state that the agreement 

between estimates of recharge using chloride and tritium suggests that both tracers‟ 

behavior represents a very good indicator of water movement in unsaturated porous 

media, and the chloride method represents the most widely applicable and most reliable 
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technique for recharge estimation in semiarid regions. Compared with tritium, chloride 

has the advantage of simple analysis, but information about fallout and land use changes 

at the sampling sites is essential. Danquigny et al. (2004) used NaCl in laboratory 

experiments to define effective hydraulic conductivity and macrodispersivity. 

 

Hsieh et al. (1998) stated that the oxygen isotopic composition of soil water provides an 

extra quantitative dimension in water balance analysis which allows separation of 

evaporation from transpiration. Landon et al. (1999) used stable oxygen and hydrogen 

isotopes to compare two different methods, suction lysimeters and wick samplers, of 

collecting soil water in the unsaturated zone of sand and gravel aquifer.  

 

As a summary, both physical and tracer methods have been used to determine and study 

the groundwater and soil water fluxes; however, tracer methods are recommended 

especially in arid and semiarid environments because the soil water fluxes are low, very 

variable, and chemical methods are easier to use. Other advantages of using tracer 

methods are that natural tracers can represent a spatially uniform input to the soil water 

and groundwater systems and some tracers are part of the water molecule or travel with 

water. However, there are several disadvantages of using tracer methods. For example, 

changing land use can effect the determination of the soil water and groundwater fluxes. 

Also, using some of the tracers may face the problem of anion exchange or exclusion in 

soils with high clay content. Using natural tracers requires long-term records of rainfall 

chemistry and/or of landuse. Determining the groundwater recharge using tracer methods 

may be influenced by seasonality because seasonality may affect the downward flow 

rates and shape and concentration of the tracer profile; therefore, the purpose of this study 

is to study these seasonal effects on soil water movement under laboratory conditions.  

 

2.3 Using TDR in soil columns and field studies  

 

TDR has been used by previous researchers to simultaneously measure both soil 

water content and electrical conductivity (EC). There are several traditional techniques 

for measuring the soil water content. Although gravimetric sampling for water content is 
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the most accurate method, soil samples must be removed from a soil mass. Widely 

accepted in situ methods to measure soil water content are radioactive methods such as 

the neutron scattering method and the gamma ray attenuation method. However, these 

methods require some calibration and special caution to avoid possible health hazards.  

 

Time domain reflectometry has become an established method to measure both soil 

volumetric water content and bulk soil electrical conductivity. It is based on measuring 

the travel time and the attenuation of the amplitude of an electromagnetic pulse launched 

along a transmission line of unknown length embedded in the soil. Time domain 

reflectometry is a less-destructive and more cost-effective method enabling continuous 

readings at different soil depths (Vanclooster et al. 1996). According to Robinson et al. 

(2003), the underlying success of these techniques can be considered in two parts. First of 

all, the equipment‟s ability can accurately measure the bulk dielectric permittivity and 

electrical conductivity of a material. Second, there is a close relationship between the 

measured dielectric permittivity and the volumetric water content, and between the ionic 

concentration and the bulk electrical conductivity of the material. Using TDR, water 

content measurement is only slightly susceptible to changes in soil bulk density, 

temperature, and salinity (Topp et al. 1980). Sabburg et al. (1997) found a dependency 

for volumetric water content on soil bulk density for swelling clay soils, but not for non-

swelling soils. Wraith and Baker (1991) suggested that TDR usually does not require site-

specific calibration because it is nearly insensitive to variations in bulk density, mineral 

composition, and salinity. Nadler et al. (1991) used time domain reflectometry for 

simultaneous measurement of soil water content and bulk soil electrical conductivity for 

uniform and layered soil profiles in the laboratory. They stated that volumetric soil water 

contents were found to be accurately determined by the TDR method except in the case 

of very dry soil overlying very wet soil. This may be attributed to the difficulty in 

interpreting the TDR trace and not to the basic principles of the TDR technique. Zhang 

and van Geel (2007) studied the use of TDR to measure vertical moisture content profile 

in a soil column. They found a good agreement between moisture content measurements 

taken by vertical and horizontal TDR probes in the soil column under various drainage 

conditions.    
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In addition, the TDR has been widely used to measure soil salinity (Ward et al. 1994; 

Ferre et al. 1998; Amente et al. 2000; Vogeler et al. 2000). To measure salinity, TDR 

provides a simpler method of monitoring than traditional methods involving soil extracts. 

Traditional techniques for solute concentration measurements (e.g., soil coring and 

solution extractors) are usually inappropriate for obtaining high quality data with good 

spatiotemporal resolution. For this reason, time domain reflectometry (TDR) has become 

increasingly popular as it allows for continuous and simultaneous measurements of the 

soil water content and the electrical conductivity of the soil solution (Ritter et al. 2005). 

 

“When the tracer is a saline solute, and for certain temperature conditions and low 

background salinities, changes in EC can be linearly related to changes in the solute 

concentration” (Ritter et al. 2005). Ritter et al. (2005) used TDR and bromide as a tracer 

to analyze solute transport in volcanic soils. They stated that bromide resident 

concentrations were monitored successfully with TDR technology. They also stated that 

one limitation with TDR is in accurately measuring electrolyte concentrations at low soil 

moisture conditions, which may be observed in sandy profiles. This should be less 

problematic for finer textured soils, but these soils generally have much larger anion-

exchange capacity, which may limit the usefulness of independently derived functions 

relating solute concentration and TDR-measured electrical conductivity. Jury and Roth 

(1990) stated that solute concentration can be classified as resident concentration and flux 

concentration. They defined the resident concentration as “the mass of solute per unit 

volume of soil” and the flux concentration for one dimensional flow as “the ratio of 

solute mass flux to the water flux”. Si and Kachanoski (2003) stated that the solute 

concentration measured by soil coring or horizontally installed TDR probes is the 

resident concentration, and the outflow concentration from a soil column is the flux 

concentration. 

 

Moreover, TDR can be used to determine other soil hydraulic properties such as solute 

transport. Ward et al. (1994) stated that measurement of solute transport at different 

depths in layered soil columns using TDR and KCl as a tracer, provides more information 
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than traditional outflow measurements. They found that the measurement of volumetric 

water content and subsequent calculation of bulk soil electrical conductivity are sufficient 

to obtain transport parameters for homogeneous soils and packed columns or 

multidimensional flow cells. Buttle and Leigh (1995) used 
18

O and Cl with TDR and 

laboratory columns to study the influence of macropores on meltwater infiltration 

through the unsaturated zone. Hart and Lowery (1998) suggest that instantaneous loading 

may be estimated using TDR with a relative error of about 10 to 30% if the flow fields 

are correctly identified. Wang et al. (1998) used TDR and tensiometers during field 

tension infiltrometer experiments to provide simultaneous measurements of soil water 

content, tension, and transient infiltration rate. 

 

As a summary, TDR has been used widely in laboratory and field studies to measure the 

soil water content, electrical conductivity, and other soil hydraulic properties. TDR has 

the advantage of allowing for continuous and simultaneous measurements of the soil 

water content and the electrical conductivity, and it usually does not require site-specific 

calibration. However, TDR is not accurate for measuring soil water content in very dry 

overlying very wet soils, and there is a limitation with measuring electrolyte 

concentration at low soil moisture conditions and large CEC. 

 

2.4 Estimating groundwater and soil water fluxes  

 

 TDR and/or tracers have been used to determine and study groundwater and soil 

water fluxes. Groundwater is increasingly being used as a water source. As the world‟s 

population is growing, concerns are being raised about the overall health of this water 

and the possibility of contamination. The term “recharge” has been generally used to 

describe downward water movement in the unsaturated zone; however, in thick 

unsaturated sections where water is moving slowly, it may be impossible to determine 

whether downward moving water in shallow depths will recharge the aquifer at deep 

depths. To avoid the  problem of using the “recharge” term, “infiltration” can be used to 

refer to water movement from the surface into the subsurface and “percolation” or 

“drainage” to refer to penetration of water below the shallow subsurface, where most 
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evapotranspiration occurs. “Recharge” is restricted to situations where it is likely that the 

water reaches the water table. Although the terms “percolation” and “recharge” imply 

downward water movement, determining short-term direction of water movement is often 

difficult. In these situations, “water flux” is better because it implies no particular 

direction.  

 

To estimate local recharge, some techniques rely on measurements in the unsaturated 

zone and others in the saturated zone. In semiarid areas, measurements in the unsaturated 

zone need to be made below the zone where uptake of water by roots is significant. 

Different tracers have been used to determine the groundwater recharge. Gaye and 

Edmunds (1996) used environmental chloride, deuterium, oxygen-18, and tritium in deep 

sand profiles in Senegal to estimate their relative value for measuring groundwater 

recharge. They reported that chloride has the advantage over tritium of simple analysis 

and of being conserved during the recharge process so that a mass balance approach can 

be used. However, the chloride technique is limited by the need to have long-term records 

of rainfall chemistry. They found that using the three-year average data for rainfall, a 

mean value of 31.7 mm yr
-1

 for the two profiles based on chloride is slightly higher than 

the average for the two tritium profiles (24 mm yr
-1

). Nakayama et al. (1973) studied the 

movement and accumulation of chloride at shallow depths in a bare soil following 

irrigation under field conditions. Gee and Hillel (1988) stated that lysimetry and tracer 

tests offer the best hope for evaluating recharge at arid and semiarid sites, and tracer tests 

using long-lived tracers as 
36

Cl or stable isotopes (
18

O, deuterium) can provide qualitative 

estimates of recent recharge at a given site. 

 

Tracers and/or TDR have been widely used to study the factors which can influence the 

groundwater recharge in semiarid regions. TDR and tracers can be used to determine the 

effect of preferential solute transport on groundwater recharge. For example, Magesan et 

al. (2003) used TDR with Br and Cl as tracers with undisturbed soil columns to determine 

the extent of preferential solute transport in the topsoil. They suggested that the TDR data 

also can be used to look at the depth dependence of the transport properties. The effect of 

changing land use on the groundwater recharge can be studied using tracers. Allison and 
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Hughes (1983) used chloride, tritium, oxygen-18, and deuterium to study the effect of 

changing land use from Eucalyptus scrub to cropping with wheat on the mechanism of 

the movement of soil water and the amount of deep drainage in semiarid area of southern 

Australia. Tracers and TDR has been used to determine the recharge from depressions. 

Derby and Knighton (2001) used granular potassium chloride and TDR to investigate 

depression-focused recharge and to monitor solute movement through the vadoze zone 

into the shallow groundwater in southeastern North Dakota. Seasonal contribution of 

precipitation, also, was investigated using tracers. Maule et al. (1992) used deuterium and 

oxygen-18 to study the seasonal contribution of precipitation (snow and rain) to soil 

water and groundwater in the Canadian prairies. Edmunds et al. (2002) used stable 

isotopes, radiocarbon, and major and trace elements to determine the natural baseline 

conditions, the extent of any contamination and the effectiveness of the overlying 

aquitard seal; they were capable of determining the groundwater age. Onodera and 

Kobayashi (1995) investigated the seasonal variation in the transport of Br
-
 through 

macropores, mesopores, and micropores in a forest soil. They found that the flux 

estimated by using the water balance was similar to the results by the tracer method. 

 

The upward movement of the soil water under semiarid conditions has been also studied 

and in some of these studies, TDR and/or tracers has been used. Marshall and Gurr 

(1954) studied the movement of chlorides in soil packed in shallow cups from which 

water was allowed to evaporate. They found that chlorides moved from the lower to the 

upper halves of the cups in soils that were as dry as the wilting percentage. Also, they 

concluded that water can move in the liquid phase throughout the whole range in which it 

is available to plants. Stephens (1993) suggested that where soil water fluxes are very 

low, upward vapor phase transport may be significant in quantifying recharge. Warner et 

al. (1997) used TDR to study the upward movement of water into the root zone from 

shallow water tables, and they concluded that upward fluxes are a significant contribution 

to soil water available for plant growth and should not be ignored. 
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2.5 Estimating groundwater recharge from tracer profiles  

 

Three techniques have been suggested (Allison et al. 1994) for estimating 

recharge rate from tracer profiles in the unsaturated zone: 1) from the total amount of 

tracer stored in the profile; 2) from the shape of the tracer profile in the soil; and 3) from 

the position of the tracer peak (the peak migration method). For this column study, it was 

not possible to determine the soil water fluxes using the first technique; there is 

insufficient information within the literature for the second technique and thus, just the 

peak migration method is considered in this review. 

 

The peak migration method is based on the argument that a volume of water equal to that 

present above the peak at the time of sampling has been displaced. This method relies on 

steady-state flow and spatially uniform solute input assumptions (Joshi and Maule 2000).  

The peak method has been used mostly to estimate recharge fluxes from tritium data 

(Smith et al. 1970; Allison and Hughes 1974; Gaye and Edmunds 1996) because the 

number of years elapsed since 1963 is known. Piston flow through the unsaturated zone 

is assumed (Daniels et al. 1991). Annual precipitation is assumed to be infiltrating as a 

slug and that it vertically displaces residual precipitation from the preceding year. Since 

tritium originates in the atmosphere and is deposited with precipitation, a low-high-low 

tritium profile will be recognized in the field. This reflects the movement of peak tritium 

concentration in the soil through time. The moisture content is taken as the average 

moisture content from the ground surface to the peak depth (Wood et al. 1997). However, 

most studies do not specify how the moisture content was calculated (Ward 2003). 

Potential problems with this method are the violation of the piston flow assumption and 

the absence of a distinct tritium peak (Allison et al. 1994).  

 

2.6 Seasonal flow fluctuation within unsaturated groundwater regime 

  

In semiarid regions, annual groundwater fluctuations have been monitored, and 

they are commonly considered as evidence of recharge. The water-table fluctuation 

method may be the most widely used technique for estimating recharge; it requires 
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knowledge of specific yield and changes in water levels over time (Healy and Cook 

2002). However, groundwater levels may change as a result of natural causes other than 

recharge such as changes of barometric pressures, lunar and solar tides, and other factors. 

Zebarth et al. (1989) stated that the annual fluctuation of the water table in the sloughs in 

Saskatchewan, Canada, is in the order of 2 m. Fullerton et al. (1987) studied the seasonal 

salt and water fluxes into black Solonetz soils at two sites in east-central Alberta, Canada, 

and they described the groundwater dynamics in Canadian prairies. They reported that 

groundwater recharged from May to August, discharged from September to December 

and was lateral from January to March. Therefore, in general, the water tables were 

closest to the soil surface during or immediately following periods of high precipitation, 

under recharging or lateral groundwater flow conditions when all horizons had 

temperatures above 0˚C (May to November). They also suggested that the addition of salt 

and moisture into the soil zone resulted from capillary movement from the water table, 

and values for moisture content and soil salinity are related. They concluded that 

capillary movement and evaporation were the major means by which the salt became 

transported, concentrated, and deposited during the warmer months. Moreover, from 

December to March when soil temperatures were below 0˚C, maximum moisture content 

and salt concentrations were recorded in the soil pedons. Water moved upwards from the 

water table towards the freezing zone depositing salts upon freezing.  

 

As another example of annual groundwater fluctuation studies, Armstrong et al. (1996) 

studied the seasonal changes in the distribution of salt and water in fields of both arable 

and grassland saline sodic clay soils under rainfed conditions, and they used soil columns 

to investigate leaching of topsoils during winter rains. They concluded that during winter 

rains, the water moving through the macropores uniformly leached salt from the soil 

profile to a depth of 1.2 m, but in late summer the salt content of the grassland and arable 

soils had increased again by 11% and 35%, respectively compared with their early spring 

salinity levels. Therefore, they stated that the salt leached in winter was not lost, but 

leached below 1.2 m, only to rise again as the soil profile dried in the summer.  
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Annual groundwater fluctuations are not always related to groundwater recharge. For 

instance, van Der Kamp and Maathuis (1991) studied the long term hydrographs for deep 

confined aquifers in southern Saskatchewan, Canada. They found that annual fluctuations 

were characterized by a gradual rise in head from October to May/June and a rapid drop 

from May/June to October. They stated that these fluctuations are distinctly different 

from the seasonal fluctuations observed in surficial and shallow semi-confined aquifers 

which reflect the response of these aquifers to recharge derived from snowmelt and early 

spring rains. This pattern of hydraulic head fluctuations observed for the deep confined 

aquifers and theoretical considerations do not reflect recharge to the aquifer by transient 

flow through the confining layer, but instead it reflects changes of the total mechanical 

load on the aquifer-aquitard system, mainly because of changes in total soil moisture, 

snow, and groundwater storage at the water table. They concluded that the loading effects 

have to be taken into account in any analysis of seasonal changes in groundwater levels.  

 

In summary, the annual soil water fluctuation has been investigated in field studies and it 

was taken as evidence of groundwater recharge. However, some literatures have shown 

that the water table fluctuation does not reflect the groundwater recharge. Also, the effect 

of seasonality on the soil water movement under laboratory conditions of different 

upward and downward regimes has not been considered and it needs to be studied. 
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CHAPTER 3: MATERIALS AND METHODS 

 

This chapter provides detailed description on the laboratory procedures for soil 

column construction and setup including; fabrication and use of rain, drainage, and 

evaporative systems, instrumentation, and column preparation. It also gives a description 

on the analytical methods that were used in this study to carry out the conclusions. These 

methods include: determination of sand properties, estimation of soil water fluxes, using 

and calibrating TDR readings, correcting and simulating EC data, and evaluating changes 

of the solute profile shape and position. In the end of the chapter the expected 

measurement and experimental errors are discussed.  

 

3.1 Column construction 

 

The research of this thesis is entirely based upon solute transport in a sand column 

within controlled laboratory conditions. Three (PVC pipes) columns were used for this 

study. Each column was 1.2 m length, and 0.25 m in diameter. Each column was sealed 

in the bottom except a hole for drainage. The columns were set on stands, so the bottom 

was approximately 0.43 m high from the floor. The sand at the upper end was exposed to 

allow water addition by a sprinkler system or losses by evaporation. Approximately 50 

pairs of TDR probes were installed in each column spaced at 20 mm intervals with depth. 

The TDR probes were inserted through pre-drilled holes in the plastic of the column. The 

holes were 3.2 mm in diameter and the horizontal distance between each rod in a pair was 

12 mm. The holes were made on helical form on the column to avoid the influence of 

each other with regards to water and solute flow. The horizontal offset angle between 

each successive pairs was 10 degrees. Several large holes (30 mm in diameter) were 

made in the top 100 mm of each column, above the sand surface, to allow the air to enter 

above the soil surface to better enhance evaporation from the sand surface (Figure 3.1).   
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3.2 Soil used in columns 

  

Beaver Creek sand was chosen for this study. Beaver Creek sand has been widely 

used for laboratory studies at the University of Saskatchewan, Canada (Wilson 1990; 

Bruch 1993). This sand was so chosen to better control soil porosity and pore size 

distribution and to avoid cracks and aggregates, such as would occur with soils with any 

clay content. This sand was located southeast of Saskatoon, Saskatchewan, Canada. This 

olive brown oxidized fine to medium sand was dried for several days then sieved using a 

2 mm screen (sieve).  

 

 

Figure 3.1: The column with the rain, evaporation, and the drainage systems with the TDR and 

the temperature loggers. 
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3.3 Rain, evaporative, and drainage systems 

 

Rain, evaporative, and drainage systems were made and used with the columns 

(Figure 3.1).  For „rain‟ water, a tube pump was used to supply the water to a rain cap. 

The rain rate was set by controlling the speed of the pump. The rain cap was designed to 

add the water equally distributed to the sand surface of the column. The rain cap was 0.25 

m in diameter with water received in a top inlet and water outflow through numerous 

equally spaced 0.5 mm (i.d.) needles. The tube pump insured a constant rate of water 

application through the needles.   

 

Evaporation was used to cause upward movement of soil water. To evaporate the water 

from the sand surface, a 90 mm diameter fan placed within a 0.25 m diameter plastic dish 

was located on top of each column. Fan speed could be controlled and varied between 

380 and 3270 RPM.  

 

A tygon tube of 9.5 mm diameter was used for draining the water from the columns. The 

tube outlet was maintained in a container of water located beside the sand column. This 

tube was used to initially saturate the sand columns from the bottom, and to control the 

water level in the sand columns at a height of 0.32 m. 

 

3.4 Instrumentation 

 

Four soil temperature probes were located at depths of 20, 50, 200, and 500 mm. 

The soil temperature was recorded every hour using a soil temperature logger.  Later 

these values were used to correct TDR measurements and helped with evaporation 

interpretation. The air temperature and relative humidity in the room were also recorded 

hourly by another logger with two probes. One of these probes was located immediately 

above the sand surface during the evaporation period, and the other probe was located in 

the centre of the room.  
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Soil moisture content and solute concentration were measured using time domain 

reflectometry (TDR) with a MP917 Moisture Point (Environmental Sensors, Victoria, 

British Columbia) TDR instrument. The length of the TDR probes was 0.21 m with 

approximately 0.19 m of the probe inserted into the sand of the column. A computer 

program was set up to analyze data which was collected by the TDR. After packing the 

sand to the column, the 50 pairs of the TDR probes were inserted into the sand 

horizontally through the column wall.  Thirteen millimeter of each probe was left outside 

the column for the TDR‟s cable connection. Glue (contact adhesive and sealant glue) was 

used to seal the gap between each probe and the column‟s wall. 

 

3.5 Column preparation 

 

 To pack the sand to the columns, all probe holes were sealed by tape. A piece of 

metal screen (screen opening of 1.2 mm), with three layers of cloth above the metal 

screen were located at the bottom of the column to prevent loss of sand during draining 

the column. Approximately 0.05 m depth of high hydraulic conductivity sand (no silt or 

clay particles) was packed first. Approximately 100 mm depth of Beaver Creek sand was 

packed each time, by a funnel connected to a 30 mm diameter plastic tube, with shaking 

and tapping the column with a rubber mallet and moving around the plastic tube inside 

the column. The procedure was repeated until the top of the column. 

 

TDR measurements were obtained of the dry sand and of saturated sand for later probe 

calibration and soil description. A 20 liter container, located beside each column, was 

used as a water source to saturate the column from the bottom by connecting the drainage 

tube. After saturating the column, it was covered for one day before TDR measurements 

were taken. All sand columns were leached with a pore volume of 7 dS m
-1 

KCl to avoid 

the tracer interaction in the sand column. Then the columns were leached with distilled 

water several times to reduce background salinity. Initial exfiltrate from this sand was 1.4 

dS m
-1

 after saturating column 1 from the bottom using distilled water. 
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3.6 Determination of hydraulic and physical sand properties 

 

The saturated hydraulic conductivity (Ksat) was calculated using Darcy‟s law 

(Equations 3.1a and 3.1b) for each sand column using two different methods; upward 

flow and downward flow conditions. Darcy‟s law is discussed and presented in a number 

of soil physics books (Kirkham and Powers 1972; Marshall and Holmes 1979; Hillel 

1980; Jury et al. 1991; Hillel 1998). 

 

                                
h

QZ
Ksat


                                                               (3.1a) 

                                  
A

Q
Q                                                                    (3.1b) 

 

Where: 

       Ksat is the saturated hydraulic conductivity (m s
-1

), 

       Q is the water flux calculated from cumulative outflow volume as a function of  

           time (m
3
 m

-2
 s

-1
), 

       ∆h is the change of the total hydraulic head across the system (m),  

       Z is the sand column length (m), 

      Q  is the water flow (cumulative volume per time) from the sand column (m
3
 s

-1
), and 

       A is the column area (m
2
).                                                                                 

  

The bulk density of sand was calculated using the mass method for each sand column 

during packing the columns. Three different methods were used to determine the porosity 

in the sand column. The first method calculated the sand porosity from the dry bulk 

density (Equation 3.2a) as it was described by Marshall and Holmes (1979), Maidment 

(1993), and Hillel (1998) assuming a particle density of 2650 kg m
-3

 (Marshall and 

Holmes 1979; Maidment 1993; Lehmann et al. 1998). The moisture content, which is 

measured by TDR, for the saturated sand (beneath the water table), can indicate the sand 

porosity because the moisture content for saturated sand is equal to the sand porosity 
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(Maidment 1993). Porosity was also estimated from the concentration data which was 

measured by TDR under upward or downward movement conditions of the concentration 

peak. Equation 3.2b can be used to determine the sand porosity from the concentration 

data. 

 

                             
p

bn



1

                                                                (3.2a) 

                            
Z

W
n                                                                      (3.2b) 

 

Where: 

          n is the porosity (m
3
 m

-3
),  

          ρb is the bulk density (kg m
-3

),    

          ρp is the particle density (kg m
-3

),                

          Z is the distance of upward or downward movement of the concentration peak (m),  

          W is the amount of water added to the system to cause Z (m). 

 

3.7 Estimation of soil water fluxes 

  

Two methods were used to determine upward and downward soil water fluxes; 

the peak migration method and the soil water balance method. We chose these methods 

to estimate the soil water fluxes because these methods are applicable for data available 

in this research. 

 

3.7.1 Peak migration method 

 

  The peak migration method depends on the concentration peak in the sand 

column. The soil water fluxes can be estimated using this method by considering the 

movement of the concentration peak through time and the average water content for the 

distance which the peak moved. This method relies on steady-state flow, spatially 
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uniform solute input, and piston flow through the unsaturated zone assumptions. The soil 

water flux can be calculated by the peak migration method using the following equation 

used by Ward (2003). 

 

                                      
t

Z
Q


                                                                         (3.3) 

 

Where: 

            Q is the upward or downward soil water flux (m
3
 m

-2
 s

-1
),  

            Z is the distance that the peak moved up or down (m),  

            t is the time for the peak to move Z (s), and 

            θ is the average volumetric water content for Z (m
3
 m

-3
).  

 

3.7.2 Soil water balance method 

 

 The soil water balance technique was used to estimate soil water fluxes for the 

sand columns. This method can give the actual upward and downward soil water fluxes 

under evaporative and rain conditions and considers the total amount of accumulated 

moisture in the sand column rather than the peak. This method was used to evaluate the 

performance of the peak migration method in determining soil water fluxes in a column 

study. Equation 3.4 can be used to estimate the soil water flux in a sand column using the 

soil water balance method. This equation is presented in a number of papers (Gee and 

Hillel 1988; Allison et al. 1994; Scanlon et al. 1997). 

 

            SEPQ                                                           (3.4) 

 

Where:  

            Q is the upward (-) or downward (+) soil water flux (m s
-1

),                                                              

             P is the rate of rain (m s
-1

), 

             E is the rate of evaporation (m s
-1

), and 
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             ∆S is the rate of the change of total soil moisture (storage) in the sand column,         

                  where a negative value means a loss, and a positive value a gain (m s
-1

). 

 

Total soil water flux was calculated using both the peak migration and the water balance 

methods in each column and under each regime of directionally-varying flows. The 

estimated average net soil water flux using the peak migration method was calculated 

using the total peak movement during the study period and the average soil moisture in 

the depth where the peak moved. The estimated average net soil water flux using the 

water balance method was calculated using the total water evaporated from the sand 

column (as measured from the water container used to establish the water table), the total 

added water to the sand column as rain, and the total change of the total soil moisture 

(storage as measured with the TDR) during the study period. 

 

3.8 Using and calibrating TDR readings 

  

 TDR was used to measure soil moisture content and concentrations at different 

depths in the sand columns. Measuring the soil water content using the TDR is based on 

the linear relationship between volumetric soil water content and the ratio between the 

travel time of radio frequency pulse in soil and air (T/Tair) (Hook and Livingston 1995). 

The following equation, established by Hook and Livingston (1995) and described by 

Ebrahimi-Birang et al. (2006), was used to calculate the soil moisture from the TDR 

readings: 
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Where:  

            v is the volumetric water content of soil (m
3
 m

-3
), 

            w is water dielectric coefficient. It is 80.362 at 20ºC (Weast 1986), and 

             t, ts, and tair are the travel time of a radio frequency pulse in soil, in oven-dried   
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                      soil, and in air, respectively (s). 

 

The value of a constant voltage approached by the TDR signal (Vf) and relative to the 

TDR input signal (V0) can be used to obtain the bulk electrical conductivity (EC) of the 

porous media (Ebrahimi-Birang et al. 2006). TDR readings were calibrated using the EC 

meter and a small column (0.102 m in diameter and 0.305 m length) with the sand 

(Beaver Creek sand) packed dry into the column. The column was sealed at the bottom 

except a hole for draining and saturating the sand column from the bottom. A piece of 

metal screen (a screen opening of 1.2 mm), and several layers of cloth were located 

above of the metal screen at the bottom of the column to prevent loss of sand during 

draining the column. The sand column was flushed three times (a pore volume each time) 

by distilled water before using it. A pair of TDR probes (0.21 m length) was inserted 

vertically into the sand in the column. Four KCl solutions (0.5, 1.0, 2.0, and 3.0 g L
-1

) 

were prepared and added, starting with the lowest concentration, to the sand column. The 

column was saturated with one of the solutions from the bottom and left for 24 h each 

time to allow for equilibrium. Each time the solution was added to the column, a TDR 

reading was taken. Also, EC readings were taken of the drainage waters using the EC 

meter. A polynomial relationship was observed and yielded a coefficient of determination 

(R
2
) of 0.95 between the TDR readings (dV) and the EC measured in drainage by the EC 

meter. Equation 3.6 was developed from these readings and used to calculate the 

electrical conductivity (EC).  

 

                             EC = 0.0002 dV
2
 – 0.0467 dV + 3.0326                                           (3.6) 

 

Where: 

             EC is the electrical conductivity (dS m
-1

), and 

             dV is the change of voltage measured by TDR (V). 

 

The EC values measured by the EC meter also were calibrated. A solution of 2.2 g L
-1

 

KCl was prepared and diluted many times (22 times and the lowest concentration was 

0.084 g L
-1

). EC measurements were taken using the EC meter each time the solution was 
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diluted. A polynomial relationship yielded a coefficient of determination (R
2
) of 0.99 

between the EC readings and the concentration in the solution was obtained and equation 

3.7 was developed and used to convert the EC readings to concentration. 

 

                             C = 0.0465 EC
2
 + 1.3513 EC + 0.1318                                             (3.7) 

                             

Where:  

            C is the salt (KCl) concentration (g L
-1

), and 

            EC is the electrical conductivity (dS m
-1

). 

 

The soil moisture content was not considered in calibrating the TDR readings because the 

sand columns were mostly saturated, and the only change of soil moisture was in the top 

part of the sand columns (e.g. 0 - 0.07 m depth under evaporative conditions) which was 

not considered in evaluating the profile shape and position. 

 

3.9 Expressing EC data at a reference temperature 

 

The EC data was expressed at a reference temperature using a method that 

was described and taken verbatim from Rhoades et al. (1999) with the exception of a 

few sentences as indicated by „….‟:  

“Electrolytic conductivity (unlike metallic conductivity) increases at a rate of 

approximately 1.9% per degree centigrade increase in temperature. 

Therefore, EC needs to be expressed at a reference temperature for purposes 

of comparison and accurate salinity expression; 25ºC is most commonly used 

in this regard. ... For practical purposes of agricultural salinity appraisal, EC 

is measured at one known temperature other than 25ºC and then adjusted to 

this latter reference using an appropriate temperature-coefficient (fT). This 

coefficient varies for different salt solutions but is usually based on sodium 

chloride solutions, since their temperature coefficients closely approximate 

those of most salt-affected surface, ground, and soil waters. Another 

limitation in the use of temperature coefficients to adjust EC readings to 25ºC 
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is that they vary somewhat with solute concentration, the lower the 

concentration, the higher the coefficient, due to the effect that the temperature 

has upon the dissociation of water. However, for practical needs, this later 

limitation may be ignored and the value of (fT) may be assumed to single-

valued. It may be estimated as: 

         

         fT = 1 - 0.20346 (T) + 0.03822 (T
2
) - 0.00555 (T

3
)                            (3.8) 

 

Where:  

          T = [temperature in degrees Celsius - 25] /10 

 

(The symbol “T” here is alternate to symbol used in the reference “t”) 

 

This relation was derived from data given in Table 15 of Handbook 60 (US 

Salinity Laboratory Staff 1954). In turn, the electrical conductivity at 25ºC 

(EC25) can be calculated as: 

 

                     EC25 = fT * ECT                                                               (3.9) 

                       

Where:  

          ECT is the EC at the measured temperature (T). 

 

The above approach and fT-temperature relation have been routinely used to 

reference soil electrical conductivities…The applicability of these fT factors 

were tested for their appropriateness in this regard and concluded to be 

appropriate by McKenzie et al. (1989), Johnston (1994), and Heimovaara 

(1995)”. 
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3.10 Correcting EC data and simulations 

 

High EC (1.4 dS m
-1 

in exfiltrate) was monitored in this sand since the beginning 

of the experiment, and the contribution of dissolved salt from the sand to the solution was 

thus of concern. The dissolved salts from sand had to be determined because it could 

influence the evaluation of the change of the concentration profile shape. The measured 

EC by the TDR in this sand does not give the actual change of the concentration profile 

shape under the cycling conditions because part of the change of the concentration profile 

shape occurs due to the dissolved salt contribution from the sand. Therefore, measured 

EC by TDR had to be corrected by subtracting the contributed salts by sand (change of 

EC) from the measured EC data.  

 

In the end of the experiment, and after the cycles were done for the thesis objectives, the 

three columns were flushed by distilled water (one pore volume), and then the three 

columns, 1, 2, and 3, were left covered with no loss by evaporation or drainage for 100, 

94, and 96 days, respectively. TDR readings taken weekly for each column showed that 

the EC changed with depth and time. A general linear regression model (Equation 3.10) 

was developed (using SPSS) and was used to simulate the change of concentration as a 

function of time and depth in each column. This equation was then used to represent the 

contribution of the salts from the sand to the EC determined for the thesis objectives. This 

contribution was subtracted so the effect of the added KCl tracer could be properly 

determined.  

 

                           dC = 0.04530 – 0.00064 Z + 0.00224 t                                          (3.10) 

 

Where: 

             dC is the change of salt concentration (g L
-1

), 

              Z is the depth from the sand surface (cm), and 

              t is time since column was first saturated (day). 
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3.11  Evaluating changes of profile shape and position 

 

 The main purpose of this thesis (the second objective) is to investigate the effect 

of repeated cycles of directionally-varying flows upon solute profile shape and position 

used by tracer methods. It was hypothesized that there could be changes of the solute 

profile shape and position under cycling conditions of directionally-varying flow regimes 

depending on the seasonal net movement of the solute and soil water (Figure 1.2). The 

profile shape refers to the distribution of solute concentration with depth in the column 

(soil profile). The profile position refers to the peak location or “depth” in the column 

(soil profile). To evaluate the change of the concentration profile shape and position, 

several apparent parameters were developed and considered. These parameters are rising 

point, peak, falling point, and total mass above and below the peak depth (Figure 3.2). 

Moreover, several statistical parameters were considered to describe and determine the 

change of the profile shape and position under the cycling conditions. These statistical 

parameters are: mean, standard deviation, skewness, and kurtosis. These parameters were 

calculated so that profiles could be compared with time (within a flow regime) and 

among the three different regimes of upward and downward flows.  Variation in readings 

due to unexpected differences in soil properties, or/and instrumental and measurement 

error was corrected so as to minimize their influence on the statistical parameters 

(Appendix H). The comparison amongst several profiles within one regime was done in 

terms of depth and concentration of the rising point, peak, and falling point for each 

profile. The rising point is the point where the concentration profile starts to rise up from 

the baseline; and the falling point is the point where the concentration profile falls down 

and meets the baseline (Figure 3.2). Comparing these parameters with time can describe 

the change of the concentration profile shape and position. The total mass of salts above 

and below the peak depth also was considered as an indicator of change of the profile 

shape (Figure 3.2).  

 

The mean is defined as that measure of central tendency which is the average value of all 

values in a distribution of observations. The standard deviation is defined as the average 

amount by which observations in a distribution differ from the mean, with ignoring the 
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sign of the difference. The standard deviation can be calculated using the following 

formula as it was provided by Burford (1968) and Champion (1970): 
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Where: 

           SD is the standard deviation, 

           Y is the observed value, 

           N is the number of observations, and 

           
_

Y is the mean. 

 

Skewness is a method used to characterize the degree of asymmetry of a distribution 

around its mean. Skewness is used in this study to evaluate the changes of the solute 

profile shape and position caused by cycling conditions of directionally-varying flow 

regimes. Positive skewness indicates a distribution with an asymmetric tail extending 

towards more positive values, and negative skewness indicates a distribution with an 

asymmetric tail extending towards more negative values (Figure 3.3). Normal 

distributions produce a skewness statistic of about zero. Skewness can be calculated 

using the following formula as it was described by Burford (1968): 
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Where: 

           SD is the standard deviation, 

           Y is the observed value, 

           N is the number of observations, and 
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_

Y is the mean. 

 

falling pointrising point

peak

total mass 

above peak

total mass 

below peak
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Figure 3.2: Some parameters used to evaluate the change of the concentration profile shape. 

 

Kurtosis is another descriptive statistic that can be derived to describe a distribution and 

to characterize the relative peakedness or flatness of a distribution compared to the 

normal distribution. Kurtosis is used in this study to evaluate the change of the solute 

profile shape and position in term of peakedness. Positive (high) kurtosis indicates a 

relatively peaked distribution, and negative (low) kurtosis indicates a relatively flat 

distribution (Figure 3.4). Normal distributions produce a kurtosis statistic of zero if 

Equation 3.13 is used. The term platykurtic is used if the distribution is flatter than the 

normal distribution curve and leptokurtic is used if the distribution is more peaked than 

the normal distribution curve. Also, the term mesokurtic is used if the distribution is a 

normal distribution with kurtosis of zero. The following equation was described by 

Burford (1968): 
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Where: 

           SD is the standard deviation, 

           Y is the observed value, 

           N is the number of observations, and 

           
_

Y is the mean. 

 

0.0 0.5 1.0 1.5 2.0 2.5

Positive skewness distribution (Skew.=+0.12)

Normal distribution (skew.=0.00)

Negative skewness distribution (skew.=-0.28)
 

Figure 3.3: Skewed profiles to positive and negative values compared to standard normal 

distribution. 

 

 

To determine if skewness and kurtosis are significantly non-normal, the method 

described by Price (2000) was used. For skewness, the calculated numerical value of 

skewness is compared  to twice the standard error of skewness (SES) and including the 

range from minus twice the standard error of skewness to plus twice the standard error of 

skewness (Equations 3.14a and 3.14c). If the value for skewness falls within this range 

(range of normality) the skewness is considered not seriously violated and the distribution 

is normal. The same numerical process can be used to check if the kurtosis is 

significantly non-normal. The standard error of skewness and kurtosis can be calculated 

as described by Brown (2008):  
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Positive kurtosis distribution (kurt.=+1.74)

Normal distribution (kurt.=0.00)

Negative kurtosis distribution (kurt.=-1.21)

 
Figure 3.4: Positive (peaked) and negative (flat) kurtosis distributions compared to standard 

normal distribution in term of kurtosis. 
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                        -2(SES) < range of skew. (normal distribution) < +2(SES)               (3.14c) 

 

Where: 

            SES is the standard error of skewness,  

            SEK is the standard error of kurtosis, and 

            N is the number of observations. 
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3.12 Measurement and experimental errors 

 

 There were experimental and measurement errors associated with the methods 

and instruments used to meet the objectives. Measurement error of evaporation could 

occur based upon daily depth measurements of the water container located beside the 

column which might vary by ± 0.5 mm of evaporated water from the sand column. This 

error was a result of using ruler with millimeter marking which can measure something to 

nearest 0.5 mm; however, if the operator is shaking, then it could be ±3 mm. Measured 

soil moisture content by TDR beneath the water table shows that there is a measurement 

error of ±0.016 m
3 

m
-3

. The tube pump was tested for a 24 hour period and it gave a 

relatively constant rate (89.6 mm d
-1

); though, there might be a variation of rain from the 

rain cap during the rain period. EC data shows that there might be instrumental error for 

measuring the EC by TDR because the peak in some readings was not observed and some 

noise occurred on the solute profile. This error might be caused by the TDR probes or 

sand layers in the column caused by the backing method. Also, there might be error of 

estimation of the concentration peak depth due to the 20 mm vertical distance between 

each two pairs of the TDR probes, so the peak might be somewhere in this depth.  

 

Some assumptions also were made to meet the objectives. It was assumed that there was 

no loss of water (evaporation) from the water container and the water lost from the sand 

column by evaporation was equal to the change in depth of the water container, so there 

were no storage gains or losses. Also, it was assumed that there was no water table 

fluctuation caused from dropping or rising the water level in the water container because 

of evaporation or adding water. 

 

3.13 Methods for objectives 

 

Column 1 was selected to represent the first objective. The first objective of this 

thesis was to show that TDR can be a useful tool for estimation of soil water fluxes using 

tracer methods. The location and concentration of the starting peak were done by adding 

20 mm (depth in soil column) of 7 dS m
-1

 KCl solution followed by 188.7 mm of distilled 
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water to the top of the sand column using the rain system. The upward flow was caused 

by evaporation and downward flow was caused by adding distilled water to the column 

(rain) using the rain system. Thirteen days was the evaporation period and TDR readings 

were taken every two days. Three days was the rain period and TDR readings were taken 

every day. Between the evaporation and the rain periods, the column was left (covered) 

for two days to allow for equilibrium to be established. 

 

Each column focused on one of the sub-objectives of the second objective (Table 3.1). 

The second objective was investigating the effect of repeated cycles of directionally-

varying flow upon solute profile shape and position used by tracer methods. The first 

sub-objective considers having a season of upward water flux the same as a season of 

downward water flux. This was accomplished by moving the peak down by a distance of 

approximately 60 mm through the addition of 22.2 mm of water in column 1 and 21.6 

mm in columns 2 and 3, then evaporating the same amount of water for 3-4 days, so the 

peak returned to the same location. The second column considered having a season of 

downward water flux greater than a season of upward water flux. This was accomplished 

by moving the peak down for about 60 mm then moving the peak up for about 40 mm by 

evaporation for 2-3 days, so the peak will move down by about 20 mm each cycle. The 

third column considered having a season of upward soil water flux greater than that of 

downward soil water flux by moving the peak down for about 40 mm then moving it up 

for about 60 mm by evaporation. 

 

Table 3.1: The variations of scenario, number of cycles, and experiment time for each column. 

Column 
Scenarios (total flow 

volume) 

Downward/upward* 

(mm) 

Number 

of cycles 

Study period 

(day) 

C1 Upward = downward 60/60 20 77 

C2 Downward > upward 60/40 16 51 

C3 Upward > downward 40/60 20 78 

* Downward/upward refers to change in vertical distance (down and up) of the concentration 

peak in the sand column in each cycle. 
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CHAPTER 4: RESULTS AND DISCUSSION 

 

This chapter presents data collected and discussed in order to carry out the 

conclusions. This chapter includes three sections: 1) presentation of the sand properties, 

2) estimation of soil water fluxes using TDR with tracers under controlled laboratory 

conditions, and 3) investigation of the effect of repeated cycles of directionally-varying 

flow upon solute profile shape and position.  The first section shows the collected data of 

physical, chemical, and hydraulic sand properties.  The second section presents data 

collected and discussed to meet the first objective: the change of soil moisture under 

upward and downward flow conditions; the change of salt concentration and mass under 

upward and downward flow conditions; and estimation of upward and downward fluxes 

using both the peak migration and the soil water balance methods.  The third section 

presents the second objective of this thesis. It includes a number of sub-sections 

discussing the effect of cycling conditions of three different flow regimes on: soil 

moisture content, concentration and mass of salts, and the change of concentration profile 

shape and position. Also, the estimation of soil water fluxes under three different flow 

regimes is provided in the third section.  

 

4.1 Sand properties  

 

Physical, chemical, and hydraulic sand properties were estimated and compared 

among the sand columns to investigate whether or not these three columns have similar 

base properties such that they would react similarly given the same flow and solute 

conditions. The particle size analyses showed that 95.5% of the material is sand size 

(0.074 to 2.0 mm) with only 3.5% silt and less than 1% clay (< 2 µm). The bulk density 

was similar for columns 2 and 3 (1650 kg m
-3

); however, it was 1588 kg m
-3 

for column 1 

(Table 4.1). The variation of bulk density between column 1 and the other columns could 

possibly be due to the packing method because columns 2 and 3 were packed together, 

several weeks after column 1 was packed. Porosity as determined using saturated 

moisture showed that the average porosity (averaged from the 50 TDR probes spaced 

within each column) varied between 0.36 and 0.37 m
3
 m

-3
 among the three sand columns. 
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Organic and inorganic carbons were measured in the sand before starting the experiment 

and they were 0.33 and 0.46%, respectively. If assuming all the inorganic carbon is in the 

form of CaCO3, then the calculated CaCO3 in this sand is 3.8%. The CaCO3 was 

indicated by light fizzing (Personal Communication, Charles Maule, Professor, 

Department of Agricultural and Bioresource Engineering, University of Saskatchewan, 

Canada) when a 7% HCl solution was applied. Acton and Ellis (1978) described soils in 

Saskatoon, Saskatchewan area, where the Beaver Creek sand was found, and stated that 

in this area “most glacial deposits contain moderate amounts of soluble lime-carbonate 

and salts”. Available data in this book shows that the CaCO3 in Saskatoon area varies 

between 0.1 and 33.5 equivalent %, and for soils near the location where the sand was 

found, it varies between 0.4 and 20.3 equivalent %. It indicates that the Beaver Creek 

sand used in this study contains salts (e.g. KCl, CaSO4, and MgSO4) and it is likely in the 

form of CaCO3.  

  

Saturated hydraulic conductivity for columns 2 and 3 was similar; however, it was 

slightly higher in column 1 (Table 4.1). The infiltration rate for the three sand columns 1, 

2, and 3 was 0.36, 0.18, and 0.18 mm min
-1

, respectively. The differences in saturated 

hydraulic conductivity (Ksat) between column 1 and the other columns could be related to 

the lower bulk density in column 1. These differences among the three sand columns 

might be because of the variation of the packing method.  

 

The same Beaver Creek sand (from the same location) used in this study also was used in 

studies by both Wilson (1990) and Bruch (1993). The particle size analysis, done by 

Wilson (1990), showed that 98% of the material was sand size with only 2% silt and clay 

size particles. Bruch (1993) showed that 96.5% of the material was sand and 3.5% was 

silt and clay. Also, Wilson (1990) reported that the saturated hydraulic conductivity for 

this sand was 0.234 mm min
-1

.  Bruch (1993) stated that the porosity for this sand (at 10 

KPa load) was 0.347, and the saturated hydraulic conductivity Ksat (at 10 KPa load) was 

0.256 mm min
-1

. Both Wilson (1990) and Bruch (1993) did not show bulk density or 

particle density measurements. These two studies showed similar results to measurements 

done in this thesis in term of particle size and porosity. However, both studies showed 
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lower saturated hydraulic conductivity than that estimated in this study. This could be due 

to different packing methods and/or methods of measurement.   Wilson showed that the 

total hardness as CaCO3 in Beaver Creek sand was 14 mg L
-1

. 

 

Table 4.1: Physical and hydraulic sand proprieties among the three sand columns. 

Columns 

Bulk 

density  

(kg m
-3

) 

Calculated 

porosity*  

(m
3
 m

-3
) 

Measured 

porosity**  

(m
3
 m

-3
) 

Ksat  

(upward 

method)  

(mm min
-1

) 

Ksat 

(downward 

method)  

(mm min
-1

) 

C1 1588 0.40 0.37 1.084 0.973 

C2 1650 0.38 0.36 0.573 0.605 

C3 1650 0.38 0.36 0.499 0.551 

* Calculated assuming particle density of 2650 kg m
-3

. 

** Measured from saturated moisture content using TDR. 

 

4.2  Estimating soil water fluxes using TDR with tracers under controlled 

 laboratory conditions 

 

The first objective of this thesis was to show that TDR can be used with tracer 

methods for estimation of soil water fluxes. This objective was met by comparing the 

estimated soil water fluxes determined using two methods; the peak migration and the 

soil water balance. Such a result is used to evaluate the accuracy of the tracer method in 

determination of flow rates, and to show that tracer methods, normally used for field 

studies, can be successfully used for determination of flow rates in a column setting. 

Column 1 was used to test this objective. The water table (WT) was maintained at a depth 

of 0.32 m from the sand surface (Figure 3.1), in order to establish a sufficient evaporation 

rate from the sand surface. A deeper water table was tried and the evaporation rate was 

not high enough to have an amount equal to that of downward flow within less than two 

weeks. Yang and Yanful (2002) studied the effects of water table depth on the 

evaporation rate from a soil column using different soils. They stated that the water level 

affects evaporation from soil by inducing suction and hence limiting water supply. 

Gardner (1958) showed that if the water table is located at a shallow depth, a steady 

evaporation rate will be attained and the greater the depth to the water table, the lower the 

steady state evaporation rate will be. The water container, located beside the sand column 

and connected to the bottom of the sand column, was used as a water source so the lost 
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water from the sand column by evaporation was gained from the water container (Figure 

3.1). Upward flow by evaporation occurred first then downward flow by rain. The 

evaporation period was 13 days and TDR readings were taken every two days. The 

raining period was three days and TDR readings were taken every day. Actual average 

evaporation rate from the sand column calculated from change of moisture storage and 

lost water from the water container was 11.3 mm d
-1

, and the rain rate was assumed 

constant at 89.6 mm d
-1

 (Table 4.2). The rate of water loss, measured from the water 

container during the drying period, of the study was 10.3 mm d
-1

. 

 

Table 4.2: Conditions used for the first objective of evaluating the tracer method accuracy. 

Starting 

peak depth 

(m) 

Water table 

depth  

(m) 

Average* 

evaporation 

rate (mm d
-1

) 

Rain rate 

(mm d
-1

) 

Evaporation 

period  

(day) 

Raining 

period  

(day) 

0.51 0.32 11.3 89.6 13 3 

*Average evaporation rate refer to actual average evaporation rate from the sand column. 

 

4.2.1 Changes of soil moisture under upward and downward flow conditions 

 

Determination of soil moisture under both upward and downward flow conditions 

was necessary in order to be used for correct estimation of upward and downward fluxes 

using the peak migration and the soil water balance methods. The soil moisture measured 

using TDR varied between 0.36 and 0.38 m
3
 m

-3
 beneath the depth of 0.07 m from the 

sand surface before and during the evaporation period (Table 4.3). Total, minimum, and 

maximum soil moisture in the sand column were calculated from all TDR readings for all 

TDR probes. The soil moisture beneath the water table indicates that the porosity for this 

sand column (column 1) is approximately 0.37 m
3
 m

-3
. The soil moisture between the 

sand surface and the depth of 0.07 m varied between 0.14 and 0.28 m
3
 m

-3
 under 

evaporative conditions (Figure 4.1). Total soil moisture varied with time under 

evaporative conditions between 366 and 382 mm depth of water, decreasing with time 

until day 10 (Table 4.3; Figure 4.1). This decrease was largely due to variation of soil 

moisture between the sand surface and the depth of 0.07 m. The soil moisture beneath 

0.07 m did not decrease under evaporative conditions because there was a source of water  

 

 



 

 45 

Table 4.3: Changes in soil temperature (depth of 20 mm), evaporation rate and soil moisture 

before and during the evaporation period. 

Days of 

evapo. 

Aver. soil 

temperature 

(˚C) 

Evaporation 

rate
1
  

(mm d
-1

) 

Min. moisture
2
 

beneath 0.07 m 

(m
3
 m

-3
) 

Max. moisture
3
 

beneath 0.07 m 

(m
3
 m

-3
) 

Total soil 

moisture
4
 

(mm) 

0 21.5 na 0.36 0.38 382.4 

2 21.9   9.1 0.36 0.38 380.9 

4 21.3 10.3 0.36 0.38 na 

6 21.7 na 0.36 0.38 375.7 

8 20.7 11.5 0.36 0.38 370.1 

10 20.9   8.7 0.36 0.38 365.8 

13 21.4 12.2 0.36 0.38 368.8 

Average 21.3 10.3 0.36 0.38 374.0 
1 
Evaporation rate as measured from the water container and thus does not include changes in soil    

  moisture. 
2
 Min. moisture beneath 0.07 m refers to the minimum soil moisture beneath the depth of 0.07 m  

  from the sand surface for any one TDR reading.    
3
 Max. moisture beneath 0.07 m refers to maximum soil moisture beneath the depth of 0.07 m  

  from the sand surface for any one TDR reading.   
4
 Total soil moisture refers to total soil moisture in the column as a depth in the soil. 

na = not available 

 

 
Figure 4.1: The distribution of soil moisture as a function of depth under evaporative conditions. 
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(water container connected to the bottom of the column) that replaced the water lost from 

the sand column due to evaporation. The amount of evaporation was measured daily from 

the water container and the evaporation rate varied between 8.7 and 12.2 mm d
-1

 during 

the 13 days evaporation period (Table 4.3). The evaporation rate was maintained at this 

rate because higher evaporation rates can break down the capillary transfer (Idso et al. 

1974). The variation of the evaporation rate did not seem to be related to soil 

temperature, but it could be due to measurement and experimental error. Soil temperature 

measured hourly for several depths (20, 50, 200, and 500 mm) beneath the sand surface 

and the average daily soil temperatures in the depth of 20 mm are shown in Table 4.3. 

The change in total soil moisture was due to drying in the top 0.07 m of the sand column 

where the sand is unsaturated (Figure 4.1). A total of 13.5 mm of soil moisture was the 

change of storage (lost from the sand column) after 13 days of evaporation (Table 4.3). 

The amount of lost water from the water container was 133.9 mm after 13 days, so 147.4 

mm (13.5 mm + 133.9 mm) of water was evaporated from the sand column after 13 days 

of evaporation. 

 

The same calculations of minimum, maximum, and total soil moisture were done for the 

TDR data measured under downward flow resulting from rain conditions. During the 

three days of rain, the soil moisture content remained constant with time at all depths 

(Figure 4.2) and also constant in value (0.36 m
3
 m

-3
) beneath 0.11 m depth. The only 

change in moisture content was within the top 0.11 m because the soil in this depth was 

unsaturated. Total soil moisture varied between 369 and 371 mm of water in the sand 

column during the three days of rain. 

 

The soil moisture distribution, under the evaporation conditions, was similar to that found 

in other studies. Konukcu et al. (2004) determined the water content of the evaporation 

front including the water content range in the transition zone from liquid to vapour under 

laboratory conditions. They used similar columns with high evaporative demand of 16.3 

mm d
-1

 and water table maintained at 1 m below the soil surface. They presented similar 

soil water content (with time) profiles for clay loam soils to soil moisture profiles 
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presented in this thesis (Figure 4.1). They stated that the water contents decreased 

towards the soil surface but the magnitude of change in the upper part of the soil profile 

dried out quickly to meet the evaporation demand of the atmosphere. Also, they found 

that the minimum water contents of a clay loam soil in the upper part of the soil profile 

were around 0.12 m
3
 m

-3
 under a fresh water table.  Figures 4.1 and 4.2 show that soil 

moisture remained constant beneath a particular depth in the column that separated the 

moisture profile (vertically) to two parts.  Chen et al. (2006) described the soil moisture 

profile in a soil column under evaporation conditions to three different moisture transfer 

regions: the moisture releasing zone, the transition zone, and the absorbing zone. This 

description of the soil moisture profile strongly depends on the soil structure and soil 

texture. 

 

 
Figure 4.2: The distribution of soil moisture as a function of depth during the raining period. 

 

4.2.2  Changes of concentration and mass of salts under upward and downward 

 flow conditions 

 

 Electrical conductivity (EC) was determined using the TDR as corrected to 25˚C. 

The concentration profile in the sand column was used to calculate upward and 
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downward fluxes using the peak migration method. The changes of total salt mass and 

concentration in the sand column describe the effects of upward and downward flow 

conditions on the salt mass and concentration distributions in the solute profile. Before 

starting the experiment, the peak was located at a depth of 0.51 m from the sand surface 

and its concentration was 1.76 g L
-1

. As described in the Materials and Methods chapter, 

the location and concentration of the starting peak were done by adding 20 mm (depth in 

soil column) of 7 dS m
-1

 KCl solution (4.5 g of salt) followed by 188.7 mm of distilled 

water to the top of the sand column using the rain system.  Under the evaporative 

conditions, there was an upward movement for the concentration peak such that after 13 

days of evaporation, the peak was 0.15 m from the sand surface and its concentration 

decreased to 1.59 g L
-1

 (Figure 4.3). Kowalik (2006) determined the amount of water 

coming from ground water to the topsoil by capillary rise in Poland and stated that in a 

dry year, the capillary supply can be 40–50% of the total supply for clay loamy soil. 
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Figure 4.3: The change of distribution of concentration with depth under evaporation conditions. 
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At the bottom of the sand column, the concentration decreased by 0.41 g L
-1

 after 13 days 

of evaporation. The decrease of the concentration in the bottom of the sand column was 

due to the inflow of distilled water from the inlet at the column bottom. In the top of the 

sand column (0.03 m depth), the concentration increased by 0.10 g L
-1

 after 13 days of 

evaporation due to concentration by evaporation. Chen et al. (2006) stated that with the 

moisture upward transfer under evaporation conditions, the salts will be taken from the 

bottom of the column to the surface and accumulate there.  

 

The total mass of dissolved salts was calculated from soil moisture and concentration 

data by multiplying concentration by soil moisture for each TDR probe reading (Table 

4.4). The total mass of dissolved salts is used to determine the change of total salts 

(dissolved and solid) with time in the soil column. The total mass of salts in the sand 

column varied between 14.3 and 15.3 g during the evaporation period. 

 

Table 4.4: Peak location, peak concentration, average concentration and total mass of salts under 

upward and downward flow conditions. 

Flow 

direction 

Period of 

time  

(day) 

Peak 

depth  

(m) 

Peak 

concentration  

(g L
-1

) 

Average* 

concentration  

(g L
-1

) 

Total mass 

of salts**  

(g) 

Upward 

flow 

0 0.51 1.76 0.76 14.3 

2 0.47 1.74 0.81 15.2 

4 0.43 1.93 0.82 15.2 

6 0.39 1.64 0.82 15.3 

8 0.31 1.46 0.82 15.1 

10 0.23 1.50 0.82 15.0 

13 0.15 1.59 0.80 14.6 

Downward 

flow 

1 0.43 1.60 0.79 14.5 

2 0.67 1.37 0.69 12.8 

3 0.91 1.44 0.53   9.8 

* Average concentration refers to average concentration in the sand column. 

** Total mass of salts refers to total mass of salts in the sand column. 

 

Table 4.4 indicates that there were some salts added to the system during the evaporation 

period (13 days) because of dissolution of natural precipitated salts from the sand to the 

solution (see Appendix E for further discussion of this). The increase in dissolved salts 

could also be related to instrumental or measurement error because the change of total 
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mass of salts, from start to finish in the column calculated using Equation 3.9 was just 

0.13 g. This variation of total mass of salts could also be due to variation of soil moisture 

and/or variation of concentration with time as both were used for calculations of the total 

mass of salts in the column. This variation also can be because of cumulative error 

occurred from measuring both soil moisture and concentration by TDR. 

 

Concentration data for the downward flow conditions showed that the concentration peak 

moved downward under rain conditions. Figure 4.4 shows that the peak concentration did 

not change much with time and this supports the concept of the piston-flow model. In 

piston flow model, “annual precipitation is assumed to be infiltrating as a „slug‟ and 

vertically displaces residual precipitation from the preceding year” (Ward 2003) as 

opposed to mixing with the residual soil water. Dahiya et al. (1984) stated that in most 

early studies (Warrick et al. 1971; Kirda et al. 1973; Ghuman et al. 1975; 

Balasubramanian et al. 1976; Ghuman and Prihar 1980), the movement of surface applied 

salts during infiltration was found to be explicable by a model based on piston-like 

displacement of initial water by the invading water. Smiles and Philip (1978), and Smiles 

et al. (1978, 1981) also observed the piston-like displacement of the initial water in soil 

columns by the absorbed water. Phillips (2004) described the upward soil water 

movement using the piston front model when he investigated KCl leaching in sandy 

columns.  The average concentration under the downward flow conditions decreased with 

time (Table 4.4).  The concentration in the sand surface (0.03 m depth) did not change; 

however, the concentration in the bottom of the sand column increased with time under 

the downward flow conditions (Figure 4.4). The exfiltrate concentration increased during 

the rain period from that of 0.17 g L
-1

 at the start to 0.88 g L
-1

 on the last day of rain, and 

it can explain the reason of decreasing the peak concentration with time. 

 

The total mass of salts, calculated using soil moisture and concentration data, decreased 

with time under the downward flow conditions (Table 4.4). There was 4.75 g of salts lost 

from the system (column) during the rain period by drainage. The decrease of average 

concentration and total mass of salts with time and the increase of concentration in the 
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bottom of the sand column were caused by the downward peak movement and loss of 

salts with drainage. 
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Figure 4.4: The change of the concentration distribution as a function of depth and time under 

the downward flow conditions (rain conditions). 

 

4.2.3 Estimation of upward and downward fluxes  

 

           Upward and downward soil water fluxes were estimated using two different 

methods; the peak migration method and the water balance method. Such comparison 

between two different methods can evaluate the capability of the TDR with tracer 

methods for estimation of soil water fluxes. Also, it can determine the accuracy of the 

tracer method in evaluating alternating direction flow and to estimate soil water fluxes in 

fields or in laboratory studies assuming that the soil water balance method gives the 

actual soil water fluxes in the column.  
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4.2.3.1 Peak migration method 

            

           The upward and downward soil water fluxes were estimated using the peak 

migration method as described by Equation 3.2 in section 3.7.1. Peak movement with 

time was calculated from the concentration profiles estimated using the TDR. TDR also 

was used to measure the soil moisture in the depth where the peak moved. The average 

estimated upward flux, using the peak migration method, from the start to the end of the 

evaporation period (13 days) was 10.2 mm d¹־ (depth in soil per time). The estimated 

upward flux varied with time and depth between 7.4 mm d
-1

, during the first six days, to 

that of 14.8 mm d¹־ in the following four days (Table 4.5). The increase of the upward 

flux in the period between the sixth and tenth days of evaporation could be related to the 

difficulty in determining the location (depth) of the concentration peak (e. g. 6 days of 

evaporation; Figure 4.3). It was because the peak became flat and its depth was difficult 

to determine in order to be used for estimation of soil water fluxes.  

 

Table 4.5: Estimated upward and downward soil water fluxes using the peak migration 

method. 

Flow 

direction 

Period of time
*
 

(day) 

Distance of peak 

movement  

(m) 

Average soil 

moisture  

(m
3
 m

-3
) 

Estimated flux 

(mm d
-1

) 

U
p
w

ar
d
 f

lo
w

 

0-2 0.51-0.47 0.37    -7.4 

2-4 0.47-0.43 0.37    -7.4 

4-6 0.43-0.39 0.37    -7.4 

6-8 0.39-0.31 0.37          -14.8 

8-10 0.31-0.23 0.37  -14.8 

10-13 0.23-0.15 0.36    -9.6 

0-13 0.51-0.15 0.37  -10.2 

D
o
w

n
w

ar
d
 

fl
o
w

 

 

0-1 

 

0.15-0.43 

 

0.36 

 

101.4 

1-2 0.43-0.67 0.36   86.9 

2-3 0.67-0.91 0.36  87.4 

0-3 0.15-0.91 0.36   91.9 

* Period of time refers to evaporation time (first 13 days) and raining time (last 3 days). The 

„zero‟ day of the raining period (downward flow) refers to the last day of evaporation. 

 

The peak migration method also was used to estimate the downward soil water flux. The 

last day of evaporation was considered as a “zero” day of the rain period. The average 
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estimated downward flux, using the peak migration method for the rain period (three 

days) was 91.9 mm d
-1

. The downward soil water flux for the first day of the rain period 

was slightly high (101.4 mm d
-1

), then it decreased to be relatively constant in the last 

two days of the rain period (86.9 and 87.4 mm d¹־, respectively) (Table 4.5). The 

downward soil water flux was higher in the first day of the rain period because the soil 

was unsaturated in the top 0.11 m after the evaporation period, so increase of soil 

moisture resulted in an increase of estimated soil water flux. 

 

4.2.3.2  Soil water balance method 

 

 The water balance method was also used to estimate the upward and downward 

soil water fluxes under the upward (evaporative) and downward (rain) conditions. To 

estimate the upward and downward fluxes in the sand column, Equation 3.3 was used. 

Under evaporative conditions, daily rates of evaporated water from the sand column were 

measured from the water container located beside the sand column. The change of 

moisture “storage” was calculated from the total soil moisture using TDR measurements 

then the upward flux was calculated. The average upward flux determined using the soil 

water balance method for the evaporation period (13 days) was 11.3 mm d
-1

 and it varied 

between 9.8 and 14.3 mm d
-1

 (Table 4.6). Table 4.6 shows that the system lost water 

during the first ten days of evaporation; however, it gained water from the water 

container during the last three days of evaporation. The reason why the entering water, 

during the last three days, exceeded the evaporation rate cannot be explained. 

 

Under downward flow condition, the change of total soil moisture (change of storage) at 

the first day of raining was slightly high (2.67 mm) compared to the other days. The 

change of total soil moisture was relatively high in the first day due to the soil depth 

between the sand surface and the water table not being saturated. The rain system was 

used to supply the distilled water to the top of the sand column and the rain rate was 

constant at 89.6 mm d
¹־
 during the rain period. The average estimated downward soil 

water flux for the rain period (three days) using the soil water balance method was 90.2 

mm d
-1

 varying between 88.8 and 92.3 mm d
-1

 (Table 4.6).  
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Table 4.6: Estimated upward and downward soil water fluxes using the soil water balance 

method. 

Flow 

direction 

Period of 

time 

(day) 

Change of 

storage
 

(mm)
 

Rate of change 

of storage 

(mm d
-1

) 

Aver. rate of 

evapo. or rain
*
  

(mm d
-1

) 

Estimated 

flux  

(mm d
-1

) 

U
p
w

ar
d
 f

lo
w

 

0-2   -1.42 -0.71  -9.1   -9.8 

2-4   -3.23 -1.61 -10.3 -11.9 

4-6   -1.97 -0.98 -11.5 -12.5 

6-8   -5.66 -2.83 -11.5 -14.3 

8-10   -4.25 -2.12  -8.7 -10.8 

10-13    2.99 1.00 -12.2 -11.2 

0-13 -13.53 -1.04 -10.3 -11.3 

D
o
w

n
w

ar
d
 

fl
o
w

 

 

0-1 

 

 2.67 

 

2.67 

 

 89.6 

 

 92.3 

1-2 -0.79 -0.79  89.6  88.8 

2-3  0.00 0.00  89.6  89.6 

0-3  1.89 0.63  89.6  90.2 

* Average rate of evaporation or rain refers to average rate of evaporation (first 13 days) or 

average rate of rain (last three days). 

 

4.2.3.3 Comparing the two methods  

 

 Both the peak migration method and the soil water balance method gave similar 

average upward soil water fluxes (10.2 and 11.3 mm d
-1

, respectively) over the 13 day 

period (0-13 days, Figure 4.5). The difference between average estimated upward fluxes 

using both methods was 10% relative to the higher flux. The water balance method gave 

slightly higher values of upward fluxes than the peak migration method during the first 

six days of evaporation, but both methods gave relatively similar results in the following 

seven days (except for the period between 8 and 10 days). The difference between both 

methods during the first six days might be due to loss of water from soil storage rather 

than from the water supply container, so the flow was unsteady-state. That is because the 

movement of the solute peak might have been delayed (six days) due to loss of moisture 

from soil storage from above the peak without equivalent replacement from the water 

container.  This assumes that the water balance method gives the actual flux.  The 

variations of estimated upward flux using both methods can be also because of low flux 

values which can show higher variation with time than that with higher flux values. 
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Figure 4.5: Comparing the peak migration method and the water balance method in term of 

upward fluxes as a function of evaporation time. 

 

For downward soil water flow, both methods (peak migration and soil water balance) also 

provided similar results of average downward flux of 91.9 and 90.2 mm d
-1

, respectively 

(Figure 4.6). The difference between average estimated downward fluxes using both 

methods was 2% relative to the higher flux. Both methods estimated a relatively high 

downward flux in the first day then decreased in the last two days. Both methods showed 

that the last day of evaporation did not represent the “zero” day of rain, and it seems that 

the system took one day to be established under the rain conditions. The estimated 

downward soil water flux by both methods was high in the first day because the sand was 

unsaturated in the top part of the sand column (0 – 0.11 m depth). The variations of 

estimated soil water fluxes with time from both methods can be due to measurement 

or/and instrumental error (section 3.12).  Even though, these measurement and 

instrumental errors cannot explain the differences of 20% which occurred during 

estimation of individual upward fluxes. 
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Figure 4.6: The estimated downward soil water flux using the peak migration and the soil water 

balance methods. 

 

The greatest difficulty using the peak migration method was that of determining the exact 

peak location. This occurred because the peak became flatter in some depths in the sand 

column. The change of the peak‟s shape can be due to the possibility of changes in bulk 

density caused by sand packing. Also, it can be because the peak might have moved to 

the depth between two probe pairs (20 mm vertical distance) in the sand column. Ward 

(2003) stated that one of the potential problems with the peak migration method is the 

absence of a distinct peak. The result shows that the peak migration method gives the 

capability of estimating the soil water fluxes in spatial and temporal resolutions. By using 

the peak migration method, the soil water flux can be determined at a specific depth and 

time. This advantage cannot be realized with other methods, such as the soil water 

balance method, which gives the average soil water flux for the entire profile. The peak 

profile method can show the variations of soil water fluxes with depth due to variations 

of soil properties with depth.  
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The soil water balance method is commonly used for estimation of soil water fluxes and 

it is used in this study to determine the actual soil water flux in the sand column. 

However, this approach has the disadvantage of possible cumulative error because it is 

based on several different parameters which are subject to measurement or/and 

experimental error. Gee and Hillel (1988) stated that the reliability of recharge estimated 

using the soil water balance depends on the accuracy and precision with which each of 

the water balance components is measured. Perhaps using soil columns minimizes the 

cumulative error because some of the soil water balance components did not occur 

(runoff, interception, and transpiration), and others were well controlled (e.g. rain rate).  

 

Since the estimation of soil water fluxes is difficult in arid and semiarid environments, 

this investigation provides a simple approach using TDR with tracer methods. This 

investigation shows that measurements of soil moisture and electrical conductivity by 

TDR in different depths and time can be used for determination of soil water fluxes. 

Also, it shows that the peak migration method is a dependable approach for estimating 

soil water fluxes in field and laboratory studies, and it can be used in evaluating 

alternating direction flow under controlled laboratory conditions which is the subject of 

the second investigation of this thesis.  The result of estimated soil water fluxes from this 

investigation was not compared with other results because no literature was found 

showing estimated soil water fluxes using peak migration or/and water balance methods 

in soil columns. 

 

4.2.4  Summary  

 

 The first objective of this thesis was to show that TDR can be used for 

determination of soil water fluxes using tracer methods. Column 1 was used to estimate 

the upward and downward soil water fluxes using two methods: the peak migration and 

the soil water balance. The soil moisture measured by TDR under the upward and 

downward flow conditions was relatively constant beneath 0.07 m depth from the sand 

surface. However, in the depth between the sand surface and 0.07 m, it varied with time. 
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Under the downward flow conditions, the total mass of salts decreased with time and 

there was 4.75 g of salts lost from the system with drainage during the rain period.  

 

The peak migration and the soil water balance methods gave similar average upward and 

downward soil water fluxes; however, the upward soil water fluxes varied with time 

when measured at short time periods (1 to 2 days), under the upward flow conditions. 

This result of estimated upward and downward fluxes indicates that TDR can be a useful 

tool for determination of soil water fluxes, and the tracer method can be recommended 

for determination of soil water fluxes in fields or in laboratory studies for sufficient time 

and depth. An advantage with the peak migration method is that it shows greater spatial 

and temporal resolution than that of the water balance method. Moreover, it indicates that 

the tracer method can be successfully used in evaluating alternating direction flow under 

controlled laboratory conditions. 

 

4.3  Investigating the effect of repeated cycles of directionally-varying flow upon 

 tracer solute profile shape and position 

 

 The second objective of this thesis is to investigate the effects of repeated cycles 

of directionally-varying flow upon solute profile shape and position used by tracer 

methods. The relevance of this objective is to determine the accuracy of the tracer 

method in determining long-term net flux values in deep unsaturated systems under 

directionally-varying flow. Three different seasonal flow regimes were simulated using 

three sand columns. Column 1 used a season of upward water flux of equal volume of 

flow as a season of downward water flux. The second column had a season of upward 

water flux less than a season of downward water flux, while the third column considered 

a season of upward water flux greater than that of downward water flux.  Soil and room 

temperature data was needed to correct the TDR readings and to investigate the effect of 

temperature on soil water processes. The average column evaporation rate measured from 

the water container during the study period varied among the three columns between 5.0 

and 6.0 mm d
-1

. Room and soil temperature (depths of 0.02, 0.06, 0.21, and 0.51 m) and 

humidity were recorded hourly using the air temperature and humidity logger and the soil 
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temperature logger (Appendix D).  Average weekly soil temperature at the depth of 0.02 

m varied between 18 and 23ºC, and the average weekly room temperature varied between 

23 and 26ºC during the study period (Figure 4.7). 
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Figure 4.7: The variation of average weekly room temperature and soil temperature (0.02 m 

depth) during the study period. 

 

4.3.1 Soil moisture content 

 

Soil moisture content was measured using the TDR. This sub-section provides 

soil moisture data collected before and during seasonal flow cycling at the end of the 

evaporation period of each cycle. This data shows the effects of the three different 

seasonal flow regimes on the change of the soil moisture content. Also, soil moisture data 

was used for estimating soil water fluxes using both the peak migration and soil water 

balance methods. 
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4.3.1.1   Initial soil moisture 

 

 The initial soil moisture content, measured using TDR, was collected before 

starting the cycles (Table 4.7; Figure 4.8). The purpose of measuring the initial soil 

moisture was to determine the basic properties of soil moisture for the three sand columns 

and to estimate the effects of directionally-varying flow upon the initial soil moisture.  

 

Table 4.7: The minimum, maximum, and total soil moisture contents at initial conditions (before 

starting the cycles). 

Columns 

Water table  

(WT) depth  

(m) 

Minimum soil 

moisture*  

(m³m³־) 

Maximum** 

soil moisture 

(m³m³־) 

Total soil 

moisture 

(mm) 

C1 

C2 

C3 

0.325 

0.335 

0.375 

0.25 

0.33 

0.17 

0.38 

0.38 

0.39 

372 

386 

380 

* Minimum soil moisture refers to the lowest moisture content of all the individual TDR    

   probes. 

** Maximum soil moisture refers to the highest moisture content of all the individual TDR       

     probes. 

 

 
Figure 4.8: The distribution of initial soil moisture before starting the cycles in the three 

columns. 
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The water table in the three columns varied at 0.325, 0.335, and 0.375 m depth from the 

sand surface in columns 1, 2, and 3, respectively. The total soil moisture in columns 1, 2, 

and 3 was 372, 386, and 380 mm, respectively. The variation of total soil moisture among 

the three sand columns was caused by the distance of the water table from the sand 

surface and the resulting effect upon soil moisture in that region.   

 

The minimum soil moisture in the three columns occurred at the depth of 0.025 m (sand 

surface) and the maximum soil moisture was in depths beneath the water table. Some of 

the variations of soil moisture in the depth between the sand surface and the water table 

were because the TDR measurements were not taken at the same time after adding the 

tracer and there was a slight difference of porosity among the sand columns. The high 

maximum soil moisture (0.39 m
3 

m
-3

) in column 3 (Table 4.7) might be due to 

measurement error (approximately 0.20 m depth, Figure 4.8).  

 

4.3.1.2  Change of soil moisture under cycling conditions 

 

 Total soil moisture (summed once per cycle at the end of each evaporation period 

and at the start of the precipitation period) was calculated as a depth of water in the sand 

column and used to determine the changes of the soil moisture under the cycling 

conditions. Total soil moisture in column 1 under the cycling conditions varied with time 

between 366 and 384 mm (Table 4.8). The total soil moisture (storage) in column 1 

decreased by 7.3 mm after 20 cycles. The total soil moisture in column 2 did not change 

much between start and end (0.4 mm); however, it varied between 374 and 388 mm, with 

much of the change occurring in the last cycle (Figure 4.8). The minimum and maximum 

of total soil moisture in column 3 were 378 and 391 mm, respectively, with an overall 

increase of 2.9 mm after 20 cycles (Table 4.8, Figure 4.9).  Moisture lost from storage 

(e.g. -7.3 mm in column 1, Table 4.8) represents this water going to evaporation, whereas 

moisture gained in storage (e.g. 2.9 mm in column 3) represents this water not going to 

evaporation. 
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Table 4.8: The minimum, maximum, and change in total soil moisture contents during the study 

period and under the cycling conditions. 

Columns 

Min. of total 

moisture
1
 

(mm) 

Max. of total 

moisture
2
 

(mm) 

Change in total 

moisture
3
 

(mm) 

Standard 

deviation
4
  

(mm) 

C1 366 384 -7.3 4.51 

C2 374 388 0.4 4.59 

C3 378 391 2.9 3.09 
     1

 Min. of total moisture refers to the minimum of total values measured within the entire  

      column during the study period. 
     2 

Max. of total moisture refers to the maximum of total values measured within the entire  

     column.  
     3

 Change in total moisture is the difference in moisture between the first and last cycles of the  

      tests. 
     4

 Standard deviation refers to the standard deviation of the total soil moisture in the column  

      during the cycling period. 
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Figure 4.9: The variation of total soil moisture under the cycling conditions (time) in the three 

columns. 

 

Column 1 had lower minimum and maximum total soil moisture values and column 3 had 

higher values than the other columns (Figure 4.9).  It can be because of the difference in 

the water table depth among the three sand columns (Table 4.7) and slight differences in 

packing. The differences between minimum and maximum values are small, being 
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between 3 and 5% of the total soil moisture. This change of soil moisture under cycling 

conditions was not discussed in any literature reviewed within this thesis. 

 

4.3.2 Concentration and mass of salts 

 

This sub-section presents and discusses estimated concentrations using TDR 

(corrected to 25˚C but not corrected for salt contribution from the sand) and calculated 

mass of salt data. It shows the effect of three different seasonal flow regimes on 

concentration and dissolved salts in the sand columns. The contribution of precipitated 

salts in the sand to the solution is also discussed briefly. These concentration profiles are 

used to show the effect of three different seasonal flow regimes on the profile shape and 

position which is discussed in a later subsection. Concentration profiles are also used for 

estimation of soil water fluxes using the peak migration method. 

 

4.3.2.1  Initial concentration and mass of salts 

 

 Electrical conductivity (EC corrected to 25˚C) data was measured using the TDR 

after adding the tracer but before starting the cycles. Initial concentration and mass of 

salts were considered to determine the change of concentration and mass of salts under 

cycling conditions of different flow regimes. A concentration peak was developed at a 

depth between 0.4 and 0.6 m from the sand surface for initial conditions (Table 4.9, 

Figure 4.10). The concentration peak was developed by adding 20 mm of 7 dS m
-1

 (4.5 g) 

KCl followed by a sufficient depth of distilled water using the rain system. The initial 

peak depth was different for each column dependent on the objectives. A shallower peak 

depth was set for column 2 as dominant flow was downward and it was not wished that 

after 16-20 cycles, an appreciable part of the tracer would be lost out the bottom of the 

sand column.  There was variation among the three columns in terms of peak 

concentrations even though the same amount of tracer was added to each column using 

the same method (section 3.5). This variation could have been caused by soil layering 

which affected the distribution of the concentration with depth among the three columns 

(Figure 4.10). 
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Table 4.9: Comparing the three columns in term of tracer peak concentration, peak depth, and 

total concentration and mass in the column before and after adding the tracer. 

Columns 

Peak 

concentration 

(g L
-1

) 

Peak 

depth 

(m) 

Average 

concentration 

after adding 

tracer (g L
-1

) 

Total 

dissolved 

salts before 

tracer (g) 

Total 

dissolved 

salts after 

tracer (g) 

C1 1.59 0.585 0.62 

0.52 

1.03 5.53 

C2 1.04 0.435 1.28 5.78 

C3 0.90 0.635 0.60 2.40 6.90 

Mass of salt (g) was calculated by multiplying concentration (g L
-1

) with volume of water (L) in 

the column for each TDR probe reading. 
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Figure 4.10: The distribution of concentration as a function of depth in the three columns after 

adding the tracer followed by controlled flushing with distilled water to desired starting depth, 

before seasonal cycling began. 

 

Also, it can be due to the different concentration distribution (profile shape) was amongst 

the three sand columns, with a wider peak having a lower peak concentration. The 

average concentration in columns 1 and 3 was similar (0.62 and 0.60 g L
-1

, respectively); 

however, it was lower in column 2 (0.52 g L
-1

).  
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The total mass of dissolved salts before and after adding the tracer also varied amongst 

the three columns (Table 4.9). The total mass of dissolved salts after adding the tracer 

shows that column 1 is the lowest. It can be because of variations of soil moisture content 

between the two sand columns (Table 4.8) and initial mass of salts (before adding the 

tracer) among the three columns. Also, the variation of initial total dissolved salts in the 

sand columns can be due to cumulative error because it was summed from the calculated 

mass of salts using soil moisture and concentration data estimated using TDR readings. 

 

4.3.2.2  Change of concentration under cycling conditions 

  

 The average concentration was calculated from TDR readings and not corrected 

for salt contribution from the sand. During the study period, the minimum average 

concentrations of the three columns varied from 0.52 to 0.60 g L
-1

 with the maximum 

average varying between 0.63 and 0.77 g L
-1

 (Table 4.10).  All three columns had an 

increase in average concentration, ranging from 0.04 to 0.15 g L
-1

 during the study period 

(Table 4.10, Figure 4.11).  

 

Table 4.10: The variation and the change of average concentration under the cycling conditions 

in the three sand columns. 

Columns 

Min. average 

concentration
1
  

(g L
-1

) 

Max. average 

concentration
2
  

(g L
-1

) 

Change in average 

concentration
3 

(g L
-1

)
 

Standard 

deviation
4
 

(g L
-1

) 

C1 0.58 0.67 0.04 0.02 

C2 0.52 0.63 0.11 0.03 

C3 0.60 0.77 0.15 0.05 
1 
Min. average concentration refers to minimum of average concentration in the column   

  during the cycling period. 
2 
Max. average concentration refers to maximum of average concentration in the column   

  during the cycling period. 
3
 Change in average concentration is the difference in average concentration between the start  

  and the end of the period time. 
4
 Standard deviation refers to the standard deviation of the average concentration in the  

  column during the cycling period calculated from all averages of TDR readings in each   

  cycle. 
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Figure 4.11: The average concentration (not corrected for salt contribution by sand) as a function 

of time (cycles) for the three columns. 

 

Standard deviations were relatively low for the three columns, showing that the variations 

of average concentration in each column were relatively constant with time (cycles). 

Column 3 had the highest average concentration of the three columns and column 2 had 

the lowest average concentration (Figure 4.11). This variation could be relative to change  

of soil moisture in the top part of the sand columns (unsaturated depth) because the TDR 

readings were calibrated based on saturated soil assuming that the three columns are 

mostly saturated. The increase of average concentration in each column was due to the 

contribution of salts from sand to the solution (Appendix E). 

 

4.3.2.3  Change of dissolved salts under cycling conditions 

 

 The mass of dissolved salts was calculated for each column using soil moisture 

and concentration information obtained from each probe reading and not corrected for 

salt contribution from the sand. The total mass of dissolved salts increased for the three 

columns (Table 4.11, Figure 4.12), due to dissolution of salts present in the sand.  Over 

the same period, there was some mass loss of dissolved salts in the drainage waters 
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during the downward movement periods, and it was not measured. Due to this loss, it 

would be expected that a greater amount of salt would have been lost from column 2 than 

the others.  

 

Table 4.11: The variation and the change of total mass of dissolved salts under the cycling 

conditions in the three columns. 

Columns 

Minimum
1
 

total mass of 

salts (g) 

Maximum
2
 

total mass of 

salts (g) 

Change
3
 in 

total mass of 

salts (g) 

Standard 

deviation 

(g) 

C1 5.5 8.3 2.8 0.7 

C2 5.8 8.1 1.8 0.7 

C3 6.9 9.0 1.4 0.5 
1
 Minimum total mass of salts refers to the lowest total mass of salts in the column. 

2
 Maximum total mass of salts refers to the highest total mass of salts in the column. 

3
 Change in total mass of salts refers to total change of total mass between the last day and  

   before starting cycling. 
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Figure 4.12: Total mass of dissolved salts as a function of time (cycles) for the three columns. 

 

The upward and downward net movements can explain the slight variation of change of 

total mass of salts between columns 2 and 3 because the net movement in column 2 is 
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down while it is up in column 3. Therefore, it is expected that the loss of dissolved salt 

mass in column 2 is higher than it is in column 3 as it would have drained out the bottom. 

However, the total change of mass in column 1 was relatively high (2.8 g). Figure 4.12 

also indicates that the total mass of dissolved salts in column 3 is higher than it is in 

columns 1 and 2, and columns 1 and 2 had similar values during the study period. These 

variations in total mass of salts might be due to differences of initial concentration and 

mass of salts between column 3 and the other columns (Table 4.9). Moreover, the total 

mass of dissolved salts increased with cycles (time) in the three sand columns during the 

first 40 days, then it started to decrease in the end of the experiment time in column 3 and 

it remained constant then increased again in column 1 (Figure 4.11). The increase of the 

total mass of salts in each column was because there was contribution of salts from the 

sand to the solution (Appendix E). 

 

4.3.2.4 Contribution of dissolved salts 

 

Although, not planned, it soon became evident that there were some salt 

precipitates (assumed to be primarily calcium carbonate) in the sand.  With time, these 

salts dissolved and contributed to the dissolved salt concentration, thus resulting in an 

increase in EC with time. The rate and amount of dissolved salts contributed from the 

sand had to be determined because it could influence the evaluation of the concentration 

profile shape and position. Therefore, the EC data measured using the TDR had to be 

corrected by subtracting the dissolved salts contributed from the sand to the measured EC 

values.  This is described in Appendix E. A general equation (model) was developed to 

describe the change in EC for each column as a function of time and depth (see section 

3.10). This model enabled the subtraction of the soil contribution to EC for the 

experiment done under the cycling conditions of upward and downward seasonal flows. 

Both Wilson (1990) and Bruch (1993) used the same sand (Beaver Creek sand) for their 

experiment, but they did not report the problem of salt contribution from the sand. Acton 

and Ellis (1978) stated that soils from this location might contain moderate amounts of 

soluble lime-carbonate and salts.  
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4.3.3 Change of concentration profile shape and position under cycling conditions 

 

 The second objective of this thesis was to investigate the effects of repeated 

cycles of directionally-varying flow upon solute profile shape and position used by tracer 

methods for estimation of soil water fluxes. The profile shape refers to the distribution of 

solute concentration with depth in the column (soil profile). The profile position refers to 

the peak location or “depth” in the column (soil profile). Three different conditions of 

directionally-varying flows of upward and downward directions were considered.  The 

contribution of dissolved salts from the sand to the solution was subtracted from the 

TDR-measured EC data as it is discussed in details in Appendix E.  There were some 

noise in the concentration profile because of instrument or experiment error.  For 

example, in Figure 4.14 there is a peak at about 0.88 m that is due to instrument error or a 

sand layer. This noise influenced the accuracy of determining the change of the profile 

shape using the statistical parameters. Therefore, the profile shape was smoothed by 

correcting the concentration values in this noise on the profile (see Appendix H).  After 

correction, the changes of the profile shape under cycling conditions of each flow regime 

were determined by comparing the profile shape for selected cycles (5, 10, 15, and 20) 

with the profile shape before start of the cycling. A number of apparent and statistical 

parameters were calculated and considered. Skewness and kurtosis were calculated using 

the TDR data from a depth of 0.18 m to near the bottom (1.025 m depth) to avoid the 

effects of the evaporation process at the top of the column, and that of the influence of 

drainage water at the bottom of the column. The ranges of normality of skewness and 

kurtosis were calculated (section 3.11), to investigate whether the profile shape is 

significant relative to the normal distribution. In the following sub-sections the change of 

the solute profile shape and position was determined under the three different regimes of 

directionally-varying flows. To date, no literature was found showing methods to 

describe the change of the solute profile shape and position under repeated cycles; 

therefore, the apparent and statistical methods mentioned early were developed and used 

in this thesis. 
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4.3.3.1  The change of the solute profile shape and position under cycling of three 

 different flow regimes 

 

The changes of the concentration profile shape and position were determined 

under the cycling conditions of three different seasonal flow regimes. The seasonal flow 

regime can be defined as a number of different climatic seasons that occur within one 

year or „cycle‟. In this study, there are two different climatic seasons within each cycle, 

one of upward flow (caused by evaporation) and one of downward flow that occurs due 

to excess rain. These flow regimes were: 1) equal upward and downward soil water 

flows; 2) downward soil water flow being greater than upward flow; and 3) downward 

soil water flow being less than upward soil water flow. These three flow regimes were 

tested using sand columns 1, 2, and 3, respectively.  

 

4.3.3.1.1 Downward flow = upward flow 

 

 In column 1 (downward flow was equal to upward flow), the profile shape 

changed under the cycling conditions (Table 4.12; Figure 4.13).  The peak moved up 

during the first five cycles then it stayed at the same location during the following cycles. 

The peak concentration decreased by 47% after 20 cycles relative to the peak 

concentration before starting the cycles. The distance between the rising and the falling 

points increased by 0.44 m after 20 cycles. Also, the difference between the rising and 

falling points‟ concentrations decreased by 0.07 g L
-1

 after 20 cycles. 

 

Calculations of total mass of salts above and below the peak depth show that there was 

change of the profile shape. The total mass of salts above the peak depth decreased by 

0.83 g (15% relative to that before starting cycles) after 20 cycles. The total mass of salts 

below the peak depth increased by 0.31 g (8% relative to that before starting cycles) after 

20 cycles.  The calculated skewness values indicated that the distribution started with an 

asymmetric tail extending towards positive values (downward) and under the cycling 

conditions, it decreased to be about normal distribution (-0.09) after 20 cycles. The 

skewness range of normality varied between ±0.82 and ±0.87. The skewness values 
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indicate that just the first profile (before starting the cycles) was significantly skewed 

(non-normal). The change of skewness values from skewed (non-normal distribution) to 

normal distribution indicates that the profile shape changed under the cycling conditions 

of equal upward and downward soil water flows.  

 

Table 4.12: Change of the profile shape at completion of cycles for column 1 (downward 

seasonal flow = upward seasonal flow). 

Parameters 
Number of cycles 

0 5 10 15 20 

Rising point 
depth (m) 0.39 0.27 0.27 0.27 0.27 

conc. (g L
-1

) 0.28 0.30 0.29 0.30 0.29 

Peak 
depth (m) 0.61 0.55 0.63 0.67 0.67 

conc. (g L
-1

) 1.58 1.13 1.03 0.91 0.83 

Falling point 
depth (m) 0.71 0.75 1.03 1.03 1.03 

conc. (g L
-1

) 0.43 0.42 0.39 0.37 0.37 

Total mass above peak (g) 5.43 5.18 4.79 5.22 4.60 

Total mass below peak (g) 3.89 4.42 4.58 3.99 4.20 

Mean (g L
-1

) 0.61 0.59 0.56 0.53 0.50 

SD (g L
-1

) 0.44 0.31 0.25 0.22 0.20 

Skewness 1.06 0.45 0.35 0.02    -0.09 

Kurtosis   -0.33   -1.46     -1.18   -1.35    -1.45 

conc. = concentration 

 

The mean and standard deviation decreased by 54% and 18%, respectively after 20 cycles 

relative to that before starting the cycles. Calculated kurtosis values show that the profile 

shape got flatter (platykurtic or more negative) after first five cycles. The kurtosis range 

of normality varied between ±1.6 and ±1.7, and it showed that just the first profile (before 

starting cycles) was significantly non-normal relative to the normal distribution. 

 

The regime of equal upward and downward seasonal flows simulates wet and dry seasons 

that might occur in the field. It was assumed that during these seasons, the lost water 

during the dry period is equal to the gained water during the wet period and there was soil 

water and solute fluctuation as a result of the climate effects (evapotranspiration and 

precipitation). All apparent and statistical parameters (Table 4.12) show that the solute 

profile shape for equal upward and downward flow changed with time, from initial 
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conditions. The solute profile shape got flatter with time, and it changed from skewed 

downward to normal distribution.   
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Figure 4.13: Shape of concentration profiles, corrected by subtracting the dissolved salts from 

soil, at different cycles for the regime of upward flow = downward flow (column 1). 

 

4.3.3.1.2 Downward flow > upward flow 

                   

 Under conditions of downward flow being greater than upward flow (column 2), 

the concentration profile shape and position changed with time (Table 4.13; Figure 4.14). 

As the concentration peak moved down, its concentration decreased by 0.28 g L
-1

 (after 

16 cycles). The distance between the rising and falling points did not change much 

(decreased by 0.04 m) after 16 cycles; however, the difference between the rising and 

falling points‟ concentrations increased by 0.14 g L
-1 

after 16 cycles. 
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Table 4.13: Change of the profile shape at completion of cycles for column 2 (downward 

seasonal flow > upward seasonal flow). 

Parameters Number of cycles 

 0 5 10 16 

Rising point 
depth (m) 0.12 0.12 0.34 0.56 

conc. (g L
-1

) 0.25 0.26 0.32 0.35 

Peak 
depth (m) 0.44 0.50 0.68 0.80 

conc. (g L
-1

) 1.02 0.86 0.84 0.74 

Falling point 
depth (m) 0.56 0.64 0.76 0.96 

conc. (g L
-1

) 0.35 0.52 0.56 0.59 

Mean (g L
-1

) 0.50 0.52 0.50 0.48 

SD (g L
-1

) 0.24 0.17 0.17 0.18 

Skewness 1.02 0.29 0.43 0.08 

Kurtosis    -0.48    -0.61     -0.45   -1.65 

 

Skewness values decreased with time under the cycling conditions. They show that the 

concentration profile, at the start of cycling, was skewed to the right +1.02 (downward) 

and after 16 cycles it had a normal distribution (+0.08). The skewness range of normality, 

calculated using the standard error of skewness, was ±0.8, showing that just the first 

profile was significantly non-normal, and that there was a significant change of the 

profile shape under cycling conditions. 

 

The mean did not change much under cycling conditions (between 0.48 and 0.52 g L
-1

, 

Table 4.13). The standard deviation decreased rapidly during the first five cycles then it 

remained relatively constant. Kurtosis decreased from -0.48 to -1.65 after 16 cycles. The 

kurtosis range of normality was ±1.58 indicating that the profile shape is significantly 

non-normal after 16 cycles because kurtosis (-1.65) was out of the kurtosis range of 

normality. It indicates that the profile shape changed and became flatter (platykurtic) 

after 16 cycles.  

 

Calculated statistical and apparent parameters show that under cycling conditions of 

downward flow being greater than upward flow, the solute profile shape and position 

changed as compared to the profile shape and position before cycling. The seasonal 

regime of downward flow is greater than upward flow simulates wet seasons in the field 

(net soil water movement is downward) assuming that the precipitation exceeds the 

evapotranspiration and there are vertical soil water and solute fluctuations. The result 
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shows that there is an effect of these fluctuations on the solute profile shape and position 

used by tracer methods for determining soil water fluxes. This effect is that the peak 

moved downward and the solute profile got flatter under the cycling conditions of this 

regime. Also, the solute profile changed from skewed downward to normally distributed 

after 16 cycles. 
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Figure 4.14: The change of the concentration profile shape under the cycling condition of 

upward flow < downward flow (column 2). 

 

4.3.3.1.3 Upward flow > downward flow   

 

 The third column focused on having a season of upward water flux greater than a 

season of downward water flux. The shape and position of the concentration profile 

changed under the repeated cycles of this regime (Table 4.14; Figure 4.15). The peak was 

difficult to determine at times and tended towards flatness after 15 cycles, then it was 

observed in the end of the cycling period. This could be due to instrument error and/or 

sand layers that were caused by packing. The peak concentration decreased with cycling, 

then increased slightly in the last five cycles as it neared the surface and became affected 
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by evaporation (that removes the water and leaves the salts behind). The distance 

between rising and falling points increased by 0.28 m after 20 cycles indicating that the 

solute profile became wider. The difference between the rising and falling points‟ 

concentrations decreased by 0.06 g L
-1

 after 20 cycles.  

 

Skewness values decreased with cycling during the first 15 cycles then increased at the 

end of the cycling. The profile was normally distributed during the first four cycles and 

then became skewed (tending towards upward or more negative). At the 10
th

 and 15
th

 

cycles, the profile was significantly non-normal as indicated by the skewness range of 

normality (±0.78).  

 

Table 4.14: Change of the profile shape at completion of cycles for column 3 (downward 

seasonal flow < upward seasonal flow). 

Parameters 
Number of cycles 

0 5 10 15 20 

Rising point 
depth (m) 0.34 0.34 0.32 0.34 0.04 

conc. (g L
-1

) 0.34 0.41 0.46 0.60 0.24 

Peak 
depth (m) 0.68 0.68 0.50 0.40 0.16 

conc. (g L
-1

) 0.89 0.88 0.82 0.81 0.96 

Falling point 
depth (m) 1.00 1.06 1.06 1.06 0.98 

conc. (g L
-1

) 0.53 0.39 0.27 0.19 0.11 

Mean (g L
-1

) 0.58 0.62 0.63 0.62 0.52 

SD (g L
-1

) 0.18 0.16 0.16 0.18 0.25 

Skewness 0.14   -0.08    -0.76   -1.36    -0.34 

Kurtosis     -1.16   -1.24    -0.18 1.14    -0.83 

conc. = concentration 

 

The average concentration was relatively constant during the first 15 cycles and it 

decreased in the end of the cycling period. The calculated standard deviation also was 

relatively constant during the first 15 cycles and it increased in the end of the cycling 

period. Kurtosis values varied between -1.24 and +1.14, showing that the profile shape 

changed under the cycling conditions in term of peakedness (leptokurtic) and flatness 

(platykurtic). During the first 15 cycles, the profile was peaked (increase of kurtosis 

values) under the cycling condition. The kurtosis range of normality was ±1.52 showing 

that there was no profile significantly non-normal because all calculated kurtosis values 

were within the kurtosis range of normality. 
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In conclusion, during the first 15 cycles, the width of the concentration profile was 

relatively constant under the cycling conditions; however, there was upward movement 

for the concentration peak. The concentration profile shape changed under the cycling 

conditions due to it being affected by evaporation (increase in concentration as it reached 

near the surface). These changes of the concentration distribution are a result of the 

upward movement, so distilled water entered from the bottom of the column and salts 

concentrated in the top part of the column.  
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Figure 4.15: The change of the concentration profile shape under the cycling condition of 

upward flow > downward flow (column 3). 

 

This flow regime (upward > downward flow) simulates a dry climate that might occur in 

the field. It was assumed that under the effect of climate, there was upward net movement 

for the concentration peak and vertical soil water fluctuations occurred. This simulation 

showed that soil water fluctuations affected the solute profile shape and position. These 

effects are that the peak moved upward and the solute profile got peaked under the 

cycling conditions of this regime. Also, the solute profile skewed upward after 15 cycles 
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of this regime. It indicates that these fluctuations can effect the calculations of soil water 

fluxes using the tracer profile methods because these methods are based on the solute 

profile shape and position. 

 

4.3.3.2  Comparing the change of profile shape among the three columns and 

 summary  

 

The changes of the profile shape under cycling conditions of three directionally-

varying flow regimes are compared in order to show and summarize the significance of 

simulating these regimes. The comparison was done by using a base measurement (Table 

4.15) calculated as follows: 

 The percentage of change of peak depths was calculated relative to the total sand 

column depth (1.05 m).  

 The percentage of change of concentrations was calculated relative to the average 

concentration among the three columns (0.55 g L
-1

).  

 The percentage of change of the statistical parameters was calculated relative to 

the greatest change among the three columns.  

 

The second objective of this thesis was to investigate the effect of cycling three different 

climatic regimes on solute profile shape and position. The profile shape refers to the 

distribution of solute concentration with depth in the column (soil profile). The profile 

position refers to the peak location or “depth” in the column (soil profile). Considering 

the effect of cycling climatic regimes on peak shape is also important. The peak shape is 

the solute distribution in the depth where the solute concentration increases from the 

baseline (Figure 3.2). The change of the peak shape is important because it shows the 

major change of the solute profile shape. However, the change of the peak shape under 

cycling the climatic flow regimes was not evaluated and discussed in this thesis because 

of the effect of column length limitations, so just the changes of the solute profile shape 

and position were discussed. The change of the peak depth under the cycling conditions 

was a result of the net movement in each column. For example, in column 2, the peak 

depth increased by 34% after 16 cycles because the net movement was downward. The 
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peak concentration, with time, decreased in columns 1 and 2, but it increased in column 

3. The increase of the peak concentration in column 3 is likely due to the effect of 

evaporation in increasing the concentration of salt beneath the sand surface. The decrease 

of the peak concentration in columns 1 and 2 was due to the change of the profile shape 

(change of solute distribution with depth). The solute profile got wider under the cycling 

conditions in columns 1 and 3; however, there was not much change in the profile width 

in column 2 (movement dominantly downward). The difference in concentration between 

the rising and falling points decreased in columns 1 and 3, but it increased in column 2. 

 

Table 4.15: Change* of the profile shape at completion of cycles for the three columns (different 

regimes). 

Parameters 

Change* % 

Column 1 

Up=down 

Column 2 

Up<down 

Column 3 

Up>down 

Rising point 
depth (m) -11  38 -29 

conc. (g L
-1

)  2  18 -18 

Peak 
depth (m)  6  34 -50 

conc. (g L
-1

) -136 -50  11 

Falling point 
depth (m)  31  38 -2 

conc. (g L
-1

) -11  43 -77 

Width (m)  42  0  27 

Mean  (g L
-1

)  18  3  11 

SD (g L
-1

)  82  23  23 

Skewness -47 -39 -20 

Kurtosis -40 -42  12 

           * Change refers to the change between the last cycle and just before the first cycle.   

          Wideness refers to the distance between the rising point and the falling point depths. 

 

The change of skewness with time shows that the profile in the three columns skewed 

upward in the column under the cycling conditions. Calculations of standard deviation 

showed that it increased under the three directionally-varying flow regimes. The change 

of kurtosis shows that the profiles in columns 1 and 2 got flatter (platykurtic) under the 

cycling conditions, but it peaked (leptokurtic) in column 3 after 20 cycles (it changed by 

88% after 15 cycles). The profile became leptokurtic (peaked) in the end of the cycling 

period in column 3 because the peak was closer to the sand surface and salts concentrated 

at the top of the column.   These results show that the limitation of the study was the 
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column length which affected the evaluation of the change of the profile shape and 

position under the cycling conditions. 

 

Skewness, kurtosis, and the other statistical parameters used in this study have been used 

in different hydrological experiments. Farrell et al. (1994) used skewness, kurtosis, and 

other parameters to describe the solute distribution with depth in a plume when they 

computed the zeroth through the fourth spatial moments of a plume in a lower hydraulic 

conductivity zone (Ontario, Canada). Das et al. (2007) used skewness, kurtosis, and mean 

to describe a numerical solution of solute transport in a hypothetical, homogeneous, 

isotropic aquifer under constant seepage velocity. Alcolea et al. (2008) studied the effects 

of small scale variability of hydraulic conductivity on ground water contaminant 

transport and some of the subtle aspects of transport through heterogeneous media. They 

used skewness and kurtosis parameters to determine that the main difference between 

conditional estimation and simulation stems from the variability. However, no literature 

was found showing the evaluation and description of the change of solute profile shape 

and position under cycling conditions of different climatic regimes.  

 

In this study, each regime simulated climatic seasons that might occur in the field.  The 

regime of equal upward and downward flows simulated successive wet and dry seasons 

of equal intensity. These seasons assumed to have equal precipitation inputs to loss of 

water by evapotranspiration. The second regime of the downward flow season being 

greater than the upward flow simulated a wet climate, so precipitation exceeds 

evapotranspiration. The regime of the downward flow being less than the upward flow 

simulated a dry climate where evapotranspiration exceeds precipitation. Cycling the same 

climatic regime over years causes the vertical soil water fluctuation. These cycles occur 

in the field as a result of climatic effects. This investigation shows that the simulated 

vertical soil water fluctuations can affect the solute profile shape and position which are 

used commonly in the field for estimation of soil water and solute transport (tracer profile 

methods). The change of the solute profile shape might be a result of the change of the 

peak position (peak location), so when the concentration peak moves up or down, it 

might cause change of the solute distribution with depth. Also, these results show that the 
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profile shape and position after a number of cycles (years of fluctuations) can provide a 

description of the previous climatic effects on the concentration profile. For example, the 

solute profile shape after 20 cycles of the regime of upward greater than downward flow 

(Figure 4.15; ignoring the effect of the column length limitation) is different than the 

profile shape after 16 cycles of the regime of downward greater than upward flow (Figure 

4.14). Under the cycling condition of upward flow being greater than downward flow, the 

peak moved upward, the solute profile got peaked, and the solute profile skewed upward 

after 15 cycles. However, the peak moved downward, the solute profile got flatter, and 

the solute profile changed from skewed downward to normally distributed after 16 cycles 

of downward flow being greater than upward flow. Therefore, the profile shapes 

determined in this study after a number of cycles of three different climatic regimes can 

be used as indicators of the flow regime that has affected the solute profile shape and 

position. That can be done by visually comparing a particular solute profile (solute profile 

that measured in the field) with solute profiles presented in this study or/and by 

considering parameters used in this study then comparing the numerical results with 

results showed in this thesis (Figures 4.13, 4.14, and 4.15; Tables 4.12, 4.13, and 4.14). 

For instance, if the profile is peaked, it indicates that the climatic regime that affected the 

solute profile is upward flow being greater than downward flow; however, if it is flat, it 

indicates that the regime is equal upward and downward flows or downward flow being 

greater than upward flow. Moreover, if a reference solute profile, from before the passage 

of many cycles, is available, it is easier to determine the flow regime by determining the 

change of the profile shape and position using the statistical methods. It can be done by 

comparing a particular solute profile with the initial solute profile that was measured 

before (determining the change of the solute profile after a period of time) using 

parameters used in this study (Table 4.15). For instance, if the solute profile is peaked 

(change of kurtosis value is positive) after a period of time, it indicates that the climatic 

flow regime that has affected the solute profile shape was dry (upward flow > downward 

flow). On the contrary, flatter solute profile (negative change of kurtosis) indicates that 

the climatic flow regime was wet (downward > upward) or wet and dry (downward = 

upward) (Table 4.15). Other parameters, such as width, can be used to determine if the 

regime is wet (downward > upward) or wet and dry (downward = upward). To determine 
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the effects of changing the profile shape on estimation of soil water fluxes using the 

tracer profiles, the soil water fluxes were determined under cycling conditions. 

 

4.3.4 Estimation of soil water fluxes under different regimes 

 

Solute concentrations and soil moisture data were used to calculate the soil water 

fluxes under different conditions of the three directionally-varying flow regimes using the 

peak migration method to the soil water balance method. The aim of estimating soil water 

fluxes under different conditions of the three regimes is to determine the effect of cycling 

these regimes on estimated soil water fluxes using tracer profile methods. Also, the 

comparison between the results from two methods (peak migration and soil water 

balance) will show the accuracy of estimating the soil water flux using concentration 

profile relative to that of the soil water balance method. The peak migration and the soil 

water balance methods were described in section 3.7. The contribution of dissolved salts 

from the sand was subtracted from the EC data measured by TDR, so there should be 

little effect of dissolved salts from the sand on the estimation of soil water fluxes. 

Average net soil water flux in the column was estimated using both the peak migration 

and the soil water balance methods under each seasonal flow regime. The peak migration 

method used the average net peak movement after all the cycles were completed and the 

average soil moisture measured in the depth where the peak moved. The soil water 

balance method used the amount of water added and lost from the system and the change 

of moisture storage in the column after all cycles were completed. In the following sub-

sections, the estimated average net, upward, and downward soil water fluxes will be 

discussed under each condition of directionally-varying flow regimes. 

 

4.3.4.1  Soil water fluxes in column 1 (downward flow = upward flow) 

 

 The average net soil water flux after 20 cycles (77 days) of equal upward and 

downward flows was 0.38 and 0.48 mm d
-1

 for the peak migration and the soil water 

balance methods, respectively.  Note that the positive value indicates a net downward 

movement.  Both the upward and downward fluxes estimated using the soil water balance 
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had smaller standard deviations than that using the peak migration method (Table 4.16; 

Figures 4.16 and 4.17).  

 

Table 4.16: Average upward and downward flows estimated using the peak migration method 

and the water balance method under the regime of downward flow = upward flow (column1). 

Flow direction  Used method Average Flux 
Standard 

deviation 

Upward flux  

(mm d
-1

)
 

Peak migration -7.3  5.5 

Water balance -5.2  1.5 

Downward flux  

(mm d
-1

) 

Peak migration 477.6 309 

Water balance 328.8  56 
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Figure 4.16: Upward soil water flux using peak migration method and soil water balance method 

under the cycling conditions of upward flow being equal to downward flow (column 1). 

 

The upward and downward fluxes, estimated using the peak migration method, were 

relatively high in value near the end of the cycling period (Figures 4.16 and 4.17). The 

average estimated upward and downward soil water fluxes for each cycle using the peak 

migration method were higher by 29 and 31% relative to higher flux, respectively than 

that estimated using the soil water balance method. Data used for calculating the upward 

and downward fluxes show that the peak migration gave higher flux in the end of the 
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cycling period because the peak moved faster during this period compared to that at the 

beginning of the cycling period.  No explanation for this is currently apparent. 

 

 
Figure 4.17: Downward soil water flux using peak migration method and soil water balance 

method under the cycling condition of upward flow being equal to downward flow (column 1). 

 

4.3.5.2  Soil water fluxes in column 2 (downward flow > upward flow) 

 

The average net soil water flux for the study period (51 days) under the cycling 

conditions of downward flow is greater than upward flow, was 3.41 and 1.42 mm d
-1

 for 

the peak migration method and the soil water balance method, respectively. The average 

net flux for the peak migration method was higher (by 58% relative to the higher flux) 

than that estimated using the soil water balance method. Thus, the peak migration method 

overestimated the flux (by 140% relative to the water balance method) indicating that the 

peak migration method did not give the actual average net soil water flux under the 

cycling conditions of downward flow being greater than upward flow. The estimated 

upward and downward fluxes for each cycle using the water balance method were less 
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variable (lower standard deviation) than that estimated using the peak migration method 

(Table 4.17; Figures 4.18 and 4.19).  

 

Table 4.17: The variation of upward and downward flows estimated using the peak migration 

method and the water balance method under the regime of downward flow > upward flow 

(column 2). 

Flow direction  Used method Average of flux SD 

Upward flux  

(mm d
-1

)
 

Peak migration -4.3   4.8 

Water balance -4.8   1.8 

Downward flux  

(mm d
-1

) 

Peak migration 377 279 

Water balance 329   64 

    Average flux and standard deviation were calculated including zero flux values. 
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Figure 4.18: Upward soil water flux for each cycle under conditions of downward flow being 

greater than upward flow (column 2). The absence of values refers to zero flux. 

 

However, both methods gave a similar average for upward soil water flux. Due to the 

lack of movement of the peak for numerous upward cycles (10
th

 to 16
th

) and downward 

cycles (11
th

, 12
th

, 13
th

, and 15
th

 cycles) zero flux occurred for these cycles. The fluxes in 
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these cycles can be low (but not zero) because the vertical distance between each two 

TDR probes in the column was 20 mm, and the peak might move within this depth 

without monitoring it. The reason, why the flux was low (or absent) in the end of the 

evaporation periods and some of the raining periods, is not clear. 

 

 
Figure 4.19: Downward soil water flux for each cycle under conditions of downward flow being 

greater than upward flow (column 2). The absence of values refers to zero flux. 

 

4.3.5.3  Soil water fluxes in column 3 (upward flow > downward flow) 

 

 The average net soil water flux for the study period (78 days) under the cycling 

conditions of upward flow being greater than downward flow was 2.40 and 2.27 mm d
-1

 

for the peak migration and the soil water balance methods, respectively. The estimated 

soil water flux using the peak migration method was relatively similar (by 5% relative to 

higher flux) to that estimated using the soil water balance method. The water balance 

method gave less variable (lower standard deviation) results of upward and downward 

soil water fluxes than that from the peak migration method (Table 4.18; Figures 4.20 and 

4.21).  
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Table 4.18: The variation of upward and downward flows estimated using the peak migration 

method and the water balance method under the conditions of upward flow > downward flow. 

Flow direction  Used method Average of flux SD 

Upward flux  

(mm d
-1

)
 

Peak migration  -5.5 3.7 

Water balance  -6.1 1.8 

Downward flux  

(mm d
-1

) 

Peak migration 242 205 

Water balance 314 112 

    Average flux and standard deviation were calculated including zero flux values. 
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Figure 4.20: Upward soil water flux for each cycle under cycling conditions of upward flow 

being greater than downward flow (column 3). The absence of values refers to zero flux. 

 

The estimated downward soil water flux shows that both methods had relatively similar 

behavior in the period between the fourth and thirteenth cycles (Figure 4.21). The peak 

migration method gave zero downward soil water flux at the end of the experiment 

period. This could be due to the peak moving to the region in the column where the sand 

is not saturated. 
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Figure 4.21: Estimated downward soil water flux for each cycle under cycling conditions of 

upward flow being greater than downward flow (column 3). The absence of values refers to zero 

flux. 

 

4.3.4.4   Comparison of estimated fluxes among the three regimes and summary 

 

 The average net soil water flux for conditions of downward flow being greater 

than upward flow (column 2) showed that the peak migration method gave a relatively 

higher average net soil water flux than that estimated using the water balance method. 

However, under the regime of equal upward and downward flows, the estimated average 

net flux using the water balance method was relatively higher. The estimated average net 

soil water flux using both methods was relatively similar under the regime of upward 

flow being greater than downward flow (Table 4.19). It indicates that the peak migration 

method did not give the actual average net soil water flux in the sand column under the 

cycling conditions of upward flow equal to downward flow (column 1) and downward 

flow being greater than upward flow (column 2) assuming that the soil water balance 

gives the actual flux. The differences of estimated average net soil water flux can be 

related to the accuracy of determining the water balance and the peak migration 

parameters (section 3.12). The average net estimated soil water flux in column 1 was low 
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relative to that in the other columns due to the simulated seasonal flow regime (equal 

upward and downward flows). 

 

The soil water balance method gave more constant results of upward and downward 

fluxes for each cycle than that estimated using the peak migration method in the three 

columns. That can be because there is 20 mm vertical distance between each pair of TDR 

probes, so the peak depth can not be determined within this depth. Also, it can be because 

the soil water balance gives a total flux for the column each time it was calculated. There 

were no upward and downward peak movement in the end of the experiment time in 

columns 2 and 3, respectively (Figures 4.22 and 4.23).  

 

Table 4.19: Average net soil water flux using the peak migration and the water balance methods 

in the three sand columns. 

Method 

Average net soil water flux (mm d
-1

) 

Column 1 

Up=down 

Column 2 

Up<down 

Column 3 

Up>down 

Peak migration 0.38 3.41 -2.40 

Soil water balance 0.48 1.92 -2.27 

 

The column length might affect the peak migration calculations because the peak might 

be influenced by the column end (columns 2 and 3). The difference between estimated 

flux using the peak migration and the soil water balance methods might be because of the 

short cycling period (3 to 4 days), so estimated fluxes might be affected by switching 

flow direction and flux takes time to be established in the beginning of each flow period 

(rain and evaporation). Also, there is possibility of presence of layers caused by packing, 

which can hold the soil water movement, might cause variations of estimated fluxes using 

one of the methods. The three regimes represent three different seasonal flow regimes 

that might occur in the field. The result from this investigation was not compared with 

other results because no literature was found showing estimated soil water fluxes in a soil 

column using any tracer method and the soil water balance method. This investigation 

shows that under the conditions of cycling an equal flow regime (equal upward and 

downward flows, column 1) and a wet regime (downward flow season is greater than 

upward, column 2), the tracer method did not give an accurate flux assuming that the soil 

water balance gives the actual flux. 
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Figure 4.22: Estimated upward flux using the peak migration method under each regime of 

upward and downward flows (under the condition of downward flow > upward flow, only 16 

cycles were done).The absence of values refers to “zero” flux. 

 

 
Figure 4.23: Estimated downward flux using the peak migration method under each regime of 

upward and downward flows (under the condition of downward flow > upward flow, only 16 

cycles were done). The absence of values refers to “zero” flux. 
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However, under the cycling conditions of a dry regime (upward greater than downward, 

column 3) the peak migration gave a similar result of average net flux to that obtained 

using the soil water balance method. This result shows the effect of the change of the 

peak position, caused due to the effects of vertical soil water fluctuation (seasonality), on 

estimation of soil water fluxes using the tracer profile methods. Also, this investigation 

shows that under cycling conditions (vertical soil water fluctuation) the peak migration 

method gives more variable fluxes compared to the soil water balance method. 
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CHAPTER 5: SUMMARY AND CONCLUSIONS 

  

 The first objective of this thesis was to show the capability of TDR for 

determination of soil water fluxes using tracer methods. The peak migration and the soil 

water balance methods gave similar average upward and downward soil water fluxes; 

however, individual fluxes did not always agree. The estimated upward soil water flux 

using both methods varied with time. The soil water balance method gave higher upward 

fluxes most of the time. This result of estimated upward and downward fluxes indicates 

that tracer methods using a TDR, can be recommended for determination of soil water 

fluxes in natural conditions or in laboratory studies for over adequate time periods and 

depth intervals. An advantage with the peak migration method is that it shows greater 

spatial and temporal resolution than that of the water balance method.  

  

The second objective of this thesis was to investigate the effects of repeated cycles of 

directionally-varying flows upon solute profile shape and position used by tracer 

methods. The relevance of this objective is to determine the accuracy of the tracer 

method in determining long-term net flux values in deep unsaturated systems under 

directionally varying flows.  The major result was that the solute profile shape and 

position clearly changed under the three repeated regimes of downward and upward 

seasonal flows. Several apparent and statistical parameters were calculated and 

considered to compare the change of the concentration profile shape and position under 

the cycling conditions among the three regimes. The distance between the rising and 

falling points got wider under the regimes of equal upward and downward flows (column 

1) and greater upward flow than downward flow (column 3) after 20 cycles, but  there 

was no change under the regime of greater downward flow than upward flow (column 2) 

up to 16 cycles. The regimes that had the greatest change in depth of rising point, peak, 

and falling point were those whose net movement was dominantly downward or upward 

(columns 2 and 3). Skewness of the profile shape changed with time under all three 

regimes with skew values becoming more negative (higher solute concentrations are in 

the upper part of the column). Kurtosis was used to measure the „peakedness‟ of the 

profile shape.  Kurtosis changed with time, showing that for regimes of equal upward and 
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downward flow and for greater downward flow than upper, that the profile shape got 

flatter (platykurtic). Under the regime of greater upward flow, the kurtosis indicated more 

peaked (leptokurtic) conditions with time. The profile for column 3 became leptokurtic at 

the end of the cycling period because the peak was closer to the sand surface and salts 

concentrated in the top of the column.  In this study, three seasonal flow regimes 

simulated three natural climates that might occur beneath the root zone. The regime of 

equal upward and downward flows simulates wet and dry seasons of equal intensity. The 

regime of downward flow greater than upward flow simulates climatic conditions where 

wet season has a greater downward flow than the dry season.  The regime of upward flow 

greater than downward flow simulates a dry climate where there is a greater amount of 

water removed (due to evapotranspiration) than that added through precipitation. It was 

concluded that climate that has such distinct seasons can have significant impacts on the 

estimation of soil water fluxes using tracer methods. Since tracer methods, based on 

solute profile shape and position, are commonly used for estimation of soil water fluxes, 

the change of the profile shape and position under the climatic effects (vertical soil water 

fluctuations) can affect the accuracy of these flux estimations. Under the flow regime of 

upward flow being greater than downward flow, the peak moved upward, the solute 

profile got peaked, and the solute profile skewed upward after a number of cycles. 

However, the solute profile got flatter and changed from skewed downward to normally 

distributed after a number of cycles of equal upward and downward flows and downward 

flow being greater than upward flow. The peak moved downward under the regime of 

downward being greater than upward and it remained relatively at the same depth under 

the regime of equal seasonal flows. The result from this investigation shows that the 

profile shape and position after a number of cycles (years of seasonally caused moisture 

flow fluctuations) can provide a description of the previous climatic effects on the 

concentration profile. Therefore, the profile shape can be used as an indicator of the flow 

regime that has affected the solute profile shape.  That can be done by visually comparing 

a particular solute profile with concentration profiles presented in this study and/or by 

considering the parameters used in this study (e.g. peak position, skewness, kurtosis, and 

width) then comparing the numerical results with results showed in this thesis. The result 

from visual or calculation comparisons can be considered generally in term of 
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peakedness, skewed distribution, width, and the peak position.  Moreover, if a reference 

of solute profile is available (a solute profile before a period of time), it is easier to 

determine whether the flow regime affected the profile shape and position by determining 

the change of the profile shape and position using the statistical parameters. It can be 

done by comparing a particular solute profile with the reference solute profile that was 

measured before (determining the change of the solute profile) using parameters used in 

this study, then comparing the result of the change of the profile shape and position with 

results found in this thesis. 

 

The estimated average net soil water flux using the peak migration method was relatively 

higher than that estimated using the soil water balance method under the cycling 

conditions of downward flow being greater than upward flow (column 2). However, 

under the regime of equal upward and downward flows (column 1) the estimated average 

net flux using the water balance method was relatively higher. The average net soil water 

flux estimated using both methods was relatively similar under the regime of upward 

flow being greater than downward flow (column 3).  The upward and downward fluxes 

were estimated using the peak migration and the water balance methods also in each 

cycle. The water balance method gave more constant results than that estimated using the 

peak migration method in the three columns during the study period. The results showed 

that the limitation of the column length and the vertical distance between each two TDR 

probes might have an effect on the estimated upward and downward fluxes using the 

peak migration method. Also, the short cycling period for each cycle (3 to 4 days) and the 

possibility of the presence of sand layers might have an effect on the upward and 

downward fluxes.  Indeed, this investigation shows that under the condition of cycling 

wet and dry seasons (equal upward and downward flows) and wet seasons (downward 

greater than upward), the tracer method did not give the actual average net flux assuming 

that the soil water balance gives the actual flux. The difference between estimated flux by 

peak migration and soil water balance methods was 21 and 44% relative to higher flux, 

for regimes of equal upward and downward flows and greater downward flow, 

respectively. However, under the conditions of cycling dry seasons (upward greater than 

downward) the peak migration gave a similar result of the average net soil water flux to 
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the soil water balance. This result shows the effect of the change of the profile shape, 

caused by vertical soil water fluctuation (seasonality), on estimation of soil water fluxes 

using the tracer profile method. Also, this investigation shows that under cycling 

conditions (vertical soil water fluctuation), the peak migration method gives variable 

individual fluxes (greater standard deviation) compared to the soil water balance method 

under the three climatic regimes. 

 

5.1 Recommendations for future work 

  

 Recommendations towards improving methods and thus confirming the results 

would be: 

 

1. Using different soils: The Beaver Creek sand was used in this study to better 

control soil porosity and pore size distribution and to avoid cracks and aggregates 

such that would occur with soils with any clay content. For future work, and 

because of the difficulty of doing the same research in the field, the same 

objectives can be investigated using different soils such as clay or loam soils 

under controlled laboratory conditions. Using other soils also gives the 

opportunity of investigating the effects of soil texture on the capability of TDR 

with tracer methods of estimating solute and soil water fluxes, and on the effect of 

seasonality upon solute and soil water movement. Layered soils also can be used 

to investigate the same objectives.  

2. Being able to verify packing homogeneity with depth: One of the difficulties in 

this study was the possibility of the presence of layers in the sand column caused 

by the packing method. These layers can affect the estimated soil water flows and 

the solute profile shape and position. Therefore, the packing method used in this 

study should be improved and that the soil column used is homogeneous. Another 

packing method also can be used. 

3. Having sand with no precipitated salts: Contribution of salts from sand to the 

solution was monitored in the beginning of the study. This contribution effected 

the evaluation of the change of the solute profile shape, so it was simulated and 



 

 95 

subtracted from the measured EC data by TDR. As a recommendation, sand with 

no precipitated salts is preferred for similar studies in order to avoid the effect of 

the salt contribution on the change of the solute profile shape.  

4. Having replicate regimes within different columns:  In this study, the effects of 

three different directionally-varying flow regimes of upward and downward flows 

on the solute profile shape and position were investigated using three sand 

columns. Each sand column represented one of the flow regimes. However, 

replication for each regime should be done using different sand columns to 

evaluate the accuracy and the significance of reached results. We were unable to 

do regime replications because of time limitations.  

5. Increasing the length of the sand column: Several apparent and statistical 

parameters were used in this study to evaluate the change of the solute profile 

shape and position in the sand column under different cycling conditions. One of 

these parameters was the depth and concentration of the rising and falling points 

of the solute profile. In some of the concentration profiles, and when the solute 

profile gets closer to the upper end or the bottom end of the sand column, it was 

difficult to observe the depth and concentration of the rising and the falling points. 

Also, the limitation of the sand column length might have an effect on the 

estimation of the soil water fluxes. Therefore, longer sand columns are 

recommended for similar studies, so the rising and falling points are not affected 

by the column ends. Also, the change of the peak shape can be evaluated instead 

of evaluating the solute profile shape if longer columns are used. 

6. Investigating the accuracy of using other tracer methods such as the mass balance 

method for determination of soil water fluxes in field and laboratory studies: The 

first objective of this thesis was to investigate the capability of TDR for 

estimation of soil water fluxes using tracer methods, and to investigate the 

accuracy of a tracer method used for estimation of soil water fluxes. The tracer 

method used in this study was the peak migration method and its performance 

was tested by comparing the results of upward and downward fluxes with the 

results from the soil water balance method assuming that the soil water balance 

method gives the actual soil water fluxes. The accuracy of other tracer methods 
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such as the tracer mass balance method can also be evaluated using the same 

methods used in this study. The accuracy of the tracer mass balance method was 

not investigated in this study because distilled water was used for “rain” and the 

tracer mass balance method requires known additional concentration to the 

system.  

7. Investigating the same objectives using unsaturated sand columns: Although, the 

main objective of this thesis was investigating the effects of seasonality upon 

water and solute movement in the unsaturated zone, the sand columns used in this 

study were not unsaturated. The water table was raised to 0.32 m beneath the sand 

surface in order to enhance the evaporation rate from the sand surface, and to 

develop sufficient upward soil water flux in the sand column such that the project 

could be completed within the required time frame. For future work, unsaturated 

sand columns should be used to investigate the same objectives and to simulate 

the field conditions of the semiarid and arid environments. 

8. Investigating the effects of the water table fluctuations on the tracer profile used 

for estimation of soil water fluxes: The water table and the capillary fringe in 

natural environments fluctuate at different time scales ranging from hours to years 

(Freeze and Cherry 1979). Moreover, the water table may affect the solute profile 

shape and position. Hinz (1998), Yang and Yanful (2002), and others assessed the 

general behavior of water flow near a fluctuating water table; however, the effect 

of the water table fluctuating on the solute profile shape and position used for 

estimating soil water fluxes needs to be investigated. 
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APPENDIX A: CALIBRATION AND SIMULATION CURVES 
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Figure A.1: Calibration curve obtained using EC meter and TDR readings in order to calibrate 

the TDR readings. 
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Figure A.2: Calibration curve obtained using EC meter and concentrations in order to calibrate 

the EC meter readings. 
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Figure A.3: Observed and simulated change of concentration obtained using the SPSS. 
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APPENDIX B: ESTIMATING POROSITY UNDER FLOW CONDITIONS 

 

B.1 Estimating porosity under upward flow conditions 

 

Porosity was estimated from the concentration data collected during the study of 

the first objective, under the evaporative conditions in column 1. Equation 3.1 was used 

to determine the porosity using the concentration peak location method. The 

concentration peak moved 0.36 m (from 0.51 to 0.15 m depth “Figure C.3”) during the 

evaporation period (13 days) under the upward flow conditions, and there was 133.9 mm 

(depth in soil) of water evaporated from the sand column during this period. Therefore, 

the average estimated porosity using the peak location method was 0.372 m m
-1

 which is 

same as the measured porosity from the soil moisture data (0.37 m
3
 m

-3
) (Table 4.3). 

However, the estimated porosity varied when smaller tine steps were used. Table B.1 

shows the variation of estimated porosity under the upward flow conditions using the 

peak location method. It can be indicated that the estimated porosity for the depth 

between 0.51 and 0.39 m was relatively high (0.515 m m
-1

). The estimated porosity in the 

depths between 0.39 and 0.23 m decreased to 0.258 m m
-1

 then it was 0.386 m m
-1

 for the 

last three days of evaporation. The low value of the estimated porosity using the peak 

location method in the depth between 0.39 and 0.23 m indicates that there might be 

affects of the water table on the peak shape or the peak movement because the water table 

was located in depth of 0.32 m from the sand surface. Therefore, this method can be 

recommended to estimate the porosity for saturated sand if the upward movement of the 

peak is equilibrium under the upward flow (evaporative) conditions. 

 

   Table B.1: The variation of estimated porosity under the upward flow conditions. 

Days of 

evaporation 

Upward peak 

movement (m) 

Evaporated water 

(mm) 

Estimated 

porosity (m m
-1

) 

0-6 0.51-0.39 61.8 0.515 

6-10 0.39-0.23 41.2 0.258 

10-13 0.23-0.15 30.9 0.386 

0-13 0.15-0.51 133.9 0.372 
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B.2 Estimating porosity under downward flow conditions 

 

The concentration peak moved down by 0.76 m during the raining period (three 

days). The raining rate was constant in 89.6 mm d
-1

, so there was 268.8 mm of water 

added to the column during the raining period. Therefore, the estimated porosity was 

0.354 m m
-1

 which is lower than the measured porosity from the soil moisture data (0.37 

m
3
 m

-3
). However, if the porosity calculated using the concentration movement for just 

two last days of raining, the estimated porosity is 0.37 m m
-1

 which maintains the same 

result was measured using the soil moisture data. Table B.2 shows the estimated porosity 

using the downward peak movement under the downward flow conditions. It seams that 

the concentration peak for the last day of evaporation does not represent the start peak 

depth for the downward flow (zero day of raining) because the column was left covered 

for two days between the evaporation period and the rain period and the sand was 

relatively dry in the depth between the sand surface and the water table after the 

evaporation period. Also, it seems that the system took one day to be established under 

the rain conditions.  

 

Table B.2: The estimated porosity under the downward flow conditions using the peak location 

method. 

Raining period 

(day) 

Downward peak 

movement (m) 

Rain rate  

(mm d
-1

) 

Estimated porosity 

(m m
-1

) 

1-2 0.43-0.67 89.6 0.373 

2-3 0.67-0.91 89.6 0.373 

1-3 0.43-0.91 89.6 0.373 
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APPENDIX C: CHANGE OF SOME SOIL WATER PROPERTIES UNDER 

UPWARD AND DOWNWARD FLOW CONDITIONS 
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Figure C.1: The change of total soil moisture as a function of time in column 1 under the 

evaporation conditions (first objective). 
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Figure C.2: The change of total soil moisture with time in column 1 under the raining condition 

(first objective). 
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Figure C.3: Concentration profiles under the evaporation conditions in column 1 used to 

estimate the upward flux in the first objective. 
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Figure C.4: The soil temperature (0.02 m depth) and evaporation rate as a function of 

evaporation time in column1 (first objective). 
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APPENDIX D: CHANGE OF SOIL TEMPERATURE, ROOM TEMPERATURE, 

AND HUMIDITY DURING THE CYCLING PERIOD  
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Figure D.1: Average soil temperature in different depths from the sand surface during the study 

period in column 1. 
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Figure D.2: Average room temperature and humidity during the study period. 
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APPENDIX E: THE CONTRIBUTION OF SALT FROM THE SAND 

 

 There was evidence of salt precipitates (assumed to be primarily calcium 

carbonate) in the sand.  This was indicated by light to moderate fizzing (Personal 

Communication Charles Maule, Professor, Department of Agricultural and Bioresource 

Engineering, University of Saskatchewan, Canada) when a 7% HCl solution was applied 

and by the presence of inorganic carbon.  These salts dissolved and contributed to the 

dissolved salt concentration resulting in an increase in EC with time. The rate and amount 

of dissolved salts contributed from the sand had to be determined because it could 

influence the evaluation of the concentration profile shape.  

 

At the end of the experiment, when the cycles were done, the three columns were flushed 

by distilled water (one pore volume), and then TDR measurements were taken for each 

column. In columns 1, 2, and 3 the total mass of dissolved salt was 3.7, 3.8, and 3.9 g, 

respectively after flushing with distilled water. After flushing, the three columns had 

similar concentration distributions with depth between the sand surface and 0.83 m 

(Figure E.1). 

 

The columns then were covered preventing drainage and evaporation and EC was 

monitored weekly for 100, 94, and 96 days for columns 1, 2, and 3, respectively. 

Monitoring showed that dissolved salts increased with time with a greater increase in the 

top half of the column (Figures E.1 and E.2). The contribution of dissolved salts from the 

sand was similar for all three columns, varying between 3.0 and 3.8 g over 94 to 100 days 

(Table E.1).  The rate of increase in dissolved contribution was thus similar, varying 

between 0.8 and 1.1 mg d
-1

 (Table E.1; Figure E.3), however was greater in shallower 

depths.  In the top half of all three columns, the increase was between 0.7 and 2.6 mg d
-1

, 

whereas below 0.65 m, it was lower, at between 0.07 and 1.06 mg d
-1

.  Currently, it is not 

clear why there is such a difference in rates between the bottom and top halves of the 

columns. The rate of salts becoming dissolved in column 1 was lower than the other 

columns (Table E.1, Figure E.3), perhaps because it had been flushed more in 

conjunction with the first objective.  
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Figure E.1: Concentration in columns 1, 2 and 3 as a function of depth before (initial) and after 

(end) leaving the columns stagnant for 100, 94 and 96 days respectively. 

 

Table E.1: Total dissolved salts and the daily contribution rate of dissolved salts in each sand 

column. 

Columns 

Period 

of time
1
 

 (day) 

Total 

dissolved 

salts
2
  

(g)
 

Min
3
. rate of 

dissolved salts 

(mg d
-1

) 

Max
4
. rate of 

dissolved 

salts (mg d
-1

) 

Average rate 

of dissolved 

salts (mg d
-1

) 

C1 100 3.02 0.19 2.20 0.84 

C2 94 3.79 0.45 2.61 1.12 

C3 96 2.95 0.05 2.44 0.85 
1
 Time which the column was remained covered with no losses by evaporation or drainage. 

2
 Total dissolved salt refers to total mass of dissolved salts in each column that contributed by  

  the soil during the period of time. 
3
 Min. rate of dissolved salts refers to the minimum rate of dissolved salt contributed by soil. 

4
 Max. rate of dissolved salts refers to the maximum rate of dissolved salt contributed by soil. 
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A general equation (model) was developed to describe the change in EC for each column 

as a function of time and depth (see section 3.10). This model enabled the subtraction of 

the soil contribution to EC for the experiments done under the cycling conditions of 

upward and downward seasonal flows.  
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Figure E.2: Dissolved salt concentration as a function of time and depth in column 2 during 77 

days of stagnant conditions. 
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Figure E.3: The rate of dissolved mass of salts contributed by soil to the solution as a function of 

depth in the three columns. 

 

Table E.2: The contribution of salts from sand to the solution measured in column 1 when it was 

left covered (no loss by evaporation or drainage) for a period of time. 

Time 
(day) 

Total mass of 
salts (g) 

Change of total 
mass of salts (g) 

Rate of change of total 
mass of salts (g d-1) 

7 6.26 0.68 0.097 

15 6.46 0.88 0.059 

23 6.73 1.16 0.050 

32 6.92 1.34 0.042 

42 7.48 1.91 0.045 

51 7.74 2.16 0.042 

61 8.06 2.48 0.041 

68 8.29 2.71 0.040 

79 8.39 2.81 0.036 

91 8.52 2.94 0.032 

100 8.74 3.17 0.032 
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Table E.3: The contribution of salts from sand to the solution measured in column 2 when it was 

left covered (no loss by evaporation or drainage) for a period of time. 

Time 
(day) 

Total mass of 
salts (g) 

Change of total 
mass of salts (g) 

Rate of change of total 
mass of salts (g d-1) 

4 6.13 0.32 0.079 

11 6.59 0.78 0.071 

18 6.86 1.04 0.058 

27 7.29 1.48 0.055 

34 7.66 1.85 0.054 

42 7.96 2.15 0.051 

50 8.26 2.44 0.049 

59 8.29 2.48 0.042 

68 9.05 3.23 0.048 

77 9.14 3.33 0.043 

87 9.47 3.66 0.042 

94 9.54 3.72 0.040 

 

 

Table E.4: The contribution of salts from sand to the solution measured in column 3 when it was 

left covered (no loss by evaporation or drainage) for a period of time. 

Time 
(day) 

Total mass of 
salts (g) 

Change of total 
mass of salts (g) 

Rate of change of total 
mass of salts (g d-1) 

7 6.70 0.50 0.072 

16 7.07 0.87 0.055 

26 7.53 1.33 0.051 

33 7.68 1.48 0.045 

34 7.96 1.76 0.052 

46 8.11 1.91 0.042 

55 8.00 1.80 0.033 

62 8.22 2.02 0.033 

96 9.09 2.90 0.030 
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APPENDIX F: THE CHANGE OF SOME SOIL WATER PROPERTIES UNDER 

CYCLING CONDITIONS 

 
 

Table F.1: The change of total soil moisture, average concentration, and total mass of salts 

during the cycling period (taken after the evaporation period of each cycle) in column 1 (upward 

flow = downward flow). 

Number of 

cycles 

Total moisture
1
 

(mm) 

Average
2
 

concentration 

(g L
-1

) 

Total mass of 

salts
3
 

(g) 

1 372.3 0.62 5.5 

2 380.8 0.59 6.0 

3 382.2 0.58 6.3 

4 378.7 0.62 6.8 

5 377.4 0.62 6.8 

6 383.9 0.64 7.0 

7 383.1 0.64 7.0 

8 377.2 0.65 7.4 

9 370.1 0.65 7.4 

10 375.7 0.67 7.7 

11 369.3 0.67 7.7 

12 378.5 0.65 7.5 

13 375.9 0.65 7.5 

14 376.0 0.64 7.5 

15 377.3 0.64 7.5 

16 376.9 0.65 7.8 

17 382.4 0.65 7.8 

18 377.1 0.66 8.0 

19 374.6 0.66 8.0 

20 376.4 0.65 8.3 

     
1
  Total moisture refers to total soil moisture in the column measured by TDR.  

     
2
  Aver. concen. refers to the average concentration in the column measured by TDR and  

        corrected to 25ºC. 

     
3  

Total mass of salt refers to total mass of salts in the column calculated using soil  

        moisture and concentration data. 
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Table F.2: The change of total soil moisture, average concentration, and total mass of salts 

during the cycling period (taken after the evaporation period of each cycle) in column 2 (upward 

flow < downward flow). 

Number of 

cycles 

Total moisture
1
 

(mm) 

Average
2
 

concentration 

(g L
-1

) 

Total mass of 

salts
3
 

(g) 

1 386.5 0.52 5.8 

2 387.0 0.53 6.0 

3 384.0 0.54 6.1 

4 380.7 0.55 6.2 

5 386.7 0.56 6.4 

6 387.7 0.57 6.7 

7 382.2 0.58 6.8 

8 386.5 0.58 7.2 

9 385.1 0.59 7.4 

10 385.2 0.58 7.4 

11 379.2 0.60 7.6 

12 382.8 0.58 7.8 

13 374.6 0.58 7.7 

14 374.1 0.60 8.1 

15 378.9 0.63 7.3 

16 376.3 0.63 7.3 

    
1
  Total moisture refers to total soil moisture in the column measured by TDR.  

    
2
  Aver. concen. refers to the average concentration in the column measured by TDR and  

        corrected to 25ºC. 

    
3
  Total mass of salt refers to total mass of salts in the column calculated using soil    

        moisture and concentration data. 
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Table F.3: The change of total soil moisture, average concentration, and total mass of salts 

during the cycling period (taken after the evaporation period of each cycle) in column 3 (upward 

flow > downward flow). 

Number of 

cycles 

Total moisture
1
 

(mm) 

Average
2
 

concentration 

(g L
-1

) 

Total mass of 

salts
3
 

(g) 

1 380.1 0.60 6.9 

2 383.6 0.62 7.6 

3 378.2 0.63 7.8 

4 383.5 0.64 7.9 

5 384.2 0.65 8.2 

6 387.5 0.67 8.2 

7 384.7 0.68 8.3 

8 386.6 0.69 8.4 

9 385.4 0.71 8.5 

10 388.1 0.72 8.5 

11 387.1 0.74 8.7 

12 388.3 0.73 8.7 

13 386.0 0.74 8.8 

14 389.3 0.75 9.0 

15 387.5 0.76 9.0 

16 389.4 0.76 8.9 

17 389.0 0.77 8.8 

18 387.9 0.76 8.8 

19 391.2 0.75 8.8 

20 385.7 0.76 8.5 

  
1 
 Total moisture refers to total soil moisture in the column measured by TDR.  

  
2
  Aver. concen. refers to the average concentration in the column measured by TDR and  

     corrected to 25ºC. 

  
3
  Total mass of salt refers to total mass of salts in the column calculated using soil   

     moisture and concentration data. 
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APPENDIX G: THE CHANGE OF THE CONCENTRATION PROILE SHAPE 

AND POSITION UNDER CYCLING CONDITIONS 

 
 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

0.0 0.5 1.0 1.5 2.0
Concentration (g/L)

D
e
p

th
 (

m
)

0 cycle 2 cycles 4 cycles 6 cycles 8cycles

 
Figure G.1: The change of the solute profile shape under the cycling conditions of equal upward 

and downward flows (column 1). 
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Figure G.2: The change of the solute profile shape under the cycling conditions of equal upward 

and downward flows (column 1). 
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Figure G.3: The change of the solute profile shape under the cycling conditions of downward 

flow is greater than upward flow (column 2). 
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Figure G.4: The change of the solute profile shape under the cycling conditions of downward 

flow is greater than upward flow (column 2). 

 

 

 

 

 

 

 

 

 

 

 



 

 128 

 

 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

0.0 0.2 0.4 0.6 0.8 1.0
Concentration (g/L)

D
e

p
t
h

 (
m

)

0 cycle 2 cycles 4 cycles
4 cycles 8 cycles 10 cycles

 
Figure G.5: The change of the solute profile shape under the cycling conditions of upward flow 

being greater than downward flow (column 3). 
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Figure G.6: The change of the solute profile shape under the cycling conditions of upward flow 

being greater than downward flow (column 3). 
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APPENDIX H: CORRECTING THE SOLUTE PROFILE SHAPE 

 

 Some noise were observed on the solute profile in each column. Some of these 

noise observed on the solute profile in the same depth in the column under the cycling 

conditions. The cause of these noise can be because of instrumental error or because there 

might be layers in the sand column caused by the packing method. These noise had to be 

corrected because they influenced the accuracy of using statistical methods such as 

skewness and kurtosis. The corrected concentration values were selected randomly 

depending on the solute profile shape. Table shows the corrected values and depths in 

each column. 

 

Table H.1: The observed and corrected concentration values in different depths in each column. 

Column Depth (m) 
Concentration (g L

-1
) in each cycles (observed/corrected) 

0  5 10 15 20 

C1 

0.225 0.76/0.24 0.31/0.39 0.31/0.29 0.32/0.29 0.31/0.28 

0.425 nc 1.03/0.80 0.60/0.45 0.53/0.38 0.50/0.35 

0.865 0.33/0.37 0.35/0.40 0.44/0.53 0.50/0.67 0.58/0.67 

C2 

0.315 0.75/0.70 0.50/0.39 0.41/0.32 0.39/0.34 - 

0.715 0.36/0.40 0.49/0.53 nc nc - 

0.755 0.37/0.40 0.44/0.50 nc nc - 

0.835 0.43/0.38 0.56/0.47 0.65/0.55 0.78/0.70 - 

0.875 0.47/0.37 0.54/0.45 0.64/0.53 0.84/0.69 - 

C3 
0.855 nc 0.90/0.69 0.88/0.65 0.67/0.48 0.31/0.20 

0.895 nc 0.72/0.64 0.67/0.55 nc nc 

nc = not corrected, (-) = not available  
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APPENDIX I: ESTIMATED UPWARD AND DOWNWARD FLUXES UNDER 

DIFFERENT FLOW REGIMES 

 

 

 

Table I.1: The estimated upward fluxes (in each cycle) using the peak migration and soil water 

balance methods under the regime of equal upward and downward flows (column 1). 

 Upward flow 

Cycle 

Peak migration method Soil water balance method 

Peak 
movement 

(mm) 

Aver. soil 
moisture1 
(m3 m-3) 

Time2 

 

(h) 

Flux 
 

(mm h-1) 

Evapo. 
rate3 

(mm h-1) 

Storage 
change4 
(mm h-1) 

Flux 
 

(mm h-1) 

1 -80 0.37 114 -0.26 -0.27  0.08 -0.19 

2 -120 0.38 93 -0.48 -0.36  0.06 -0.30 

3 -40 0.36 91 -0.16 -0.20     -0.06 -0.26 

4 0 0.37 78 0.00 -0.17 -0.01 -0.18 

5 -40 0.37 93 -0.16 -0.21  0.02 -0.20 

6 -40 0.38 69 -0.22 -0.22 -0.01 -0.23 

7 -80 0.36 69 -0.42 -0.20  0.00 -0.20 

8 -40 0.36 69 -0.21 -0.26  0.00 -0.26 

9 -80 0.37 90 -0.33 -0.21  0.08 -0.13 

10 -40 0.36 95 -0.15 -0.21 -0.04 -0.26 

11 -40 0.36 96 -0.15 -0.19  0.04 -0.14 

12 -20 0.36 93 -0.08 -0.23  0.04 -0.18 

13 -20 0.36 79 -0.09 -0.30  0.01 -0.29 

14 -20 0.35 94 -0.08 -0.21  0.07 -0.14 

15 -20 0.37 95 -0.08 -0.20  0.00 -0.20 

16 -120 0.37 94 -0.47 -0.22  0.06 -0.16 

17 -120 0.37 92 -0.48 -0.21 -0.01 -0.23 

18 -160 0.37 69 -0.86 -0.31 -0.07 -0.38 

19 -160 0.37 96 -0.62 -0.21  0.06 -0.16 

20 -160 0.37 93 -0.63 -0.25 -0.05 -0.29 
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Table I.2: The estimated downward fluxes (in each cycle) using the peak migration and soil 

water balance methods under the regime of equal upward and downward flows (column 1). 

Downward flow 

 Peak migration method Soil water balance method 

Cycle 
peak 

movement 
(mm) 

Aver. soil 
moisture 
(m3 m-3) 

Time 
 

(h) 

Flux 
 

(mm h-1) 

Rain 
rate 

(mm h-1) 

Storage 
change 
(mm h-1) 

Flux 
 

(mm h-1) 

1 40 0.37 1.5 9.8 14.7 -2.8 11.9 

2 120 0.37 1.5 29.9 14.7  1.2 15.8 

3 40 0.36 1.5 9.7 14.7 -0.6 14.0 

4 40 0.37 1.5 9.9 14.7  3.4 18.1 

5 40 0.37 1.5 9.8 14.7 -0.3 14.4 

6 80 0.35 1.5 18.8 14.7 -3.8 10.8 

7 80 0.36 1.5 19.3 14.7 -4.6 10.0 

8 80 0.36 1.5 19.1 14.7 -1.0 13.6 

9 80 0.37 1.5 19.5 14.7 -1.6 13.1 

10 40 0.37 1.5 9.9 14.7  3.3 17.9 

11 40 0.35 1.5 9.4 14.7 -4.2 10.4 

12 20 0.36 1.5 4.8 14.7 -0.7 14.0 

13 20 0.35 1.5 4.6 14.7 -3.6 11.0 

14 20 0.36 1.5 4.8 14.7  0.1 14.7 

15 140 0.36 1.5 34.0 14.7 -0.3 14.4 

16 120 0.36 1.5 29.0 14.7 -2.8 11.8 

17 160 0.37 1.5 39.4 14.7  1.5 16.1 

18 160 0.36 1.5 38.6 14.7 -2.5 12.1 

19 160 0.37 1.5 39.4 14.7  1.0 15.7 

20 160 0.36 1.5 38.6 14.7  0.0 14.7 
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Table I.3: The estimated upward fluxes (in each cycle) using the peak migration and soil water 

balance methods under the regime of downward flow greater than upward flow (column 2). 

Upward flow 

Cycle 

Peak migration method Soil water balance method 

Peak 
movement 

(mm) 

Aver. soil 
Moisture 
(m3 m-3) 

Time 
 

(h) 

Flux 
 

(mm h-1) 

Evapo. 
Rate 

(mm h-1) 

Rate of storage 
change 
(mm h-1) 

Flux 
 

(mm h-1) 

1 -80 0.37 67 -0.4 -0.27  0.04 -0.23 

2 -60 0.36 69 -0.3 -0.26 -0.02 -0.28 

3 -60 0.37 71 -0.3 -0.27 -0.11 -0.38 

4 -60 0.37 69 -0.3 -0.24  0.04 -0.20 

5 -80 0.37 72 -0.4 -0.23  0.13 -0.11 

6 -80 0.36 76 -0.4 -0.20 -0.05 -0.24 

7 0 0.36 69  0.0 -0.19  0.05 -0.13 

8 -40 0.37 92 -0.2 -0.17  0.00 -0.17 

9 -100 0.37 70 -0.5 -0.20  0.05 -0.16 

10 0 0.38 70  0.0 -0.20 -0.06 -0.26 

11 0 0.36 68  0.0 -0.20  0.04 -0.16 

12 0 0.36 71  0.0 -0.20  0.02 -0.17 

13 0 0.36 66  0.0 -0.22 -0.01 -0.23 

14 0 0.36 47  0.0 -0.36  0.26 -0.10 

15 0 0.35 72  0.0 -0.23 -0.04 -0.27 

16 0 0.36 81  0.0 -0.22  0.09 -0.12 
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Table I.4: The estimated downward fluxes (in each cycle) using the peak migration and soil 

water balance methods under the regime of downward flow greater than upward flow (column 2). 

Downward flow 

Cycle 

Peak migration method Soil water balance method 

Peak 
movement 

(mm) 

Aver. soil 
moisture 
(m3 m-3) 

Time 
 

(h) 

Flux 
 

(mm h-1) 

Evapo. 
rate 

(mm h-1) 

Rate of storage 
change 
(mm h-1) 

Flux 
 

(mm h-1) 

1 80 0.37 1.5 19.6 14.7 -1.5 13.1 

2 100 0.36 1.5 24.3 14.7 -1.2 13.5 

3 60 0.37 1.5 14.6 14.7  2.8 17.5 

4 60 0.36 1.5 14.5 14.7  1.9 16.6 

5 120 0.36 1.5 29.0 14.7 -5.4  9.3 

6 100 0.36 1.5 24.3 14.7 -1.3 13.4 

7 80 0.37 1.5 19.6 14.7  0.3 15.0 

8 40 0.37 1.5  9.8 14.7 -0.7 14.0 

9 100 0.37 1.5 24.5 14.7 -2.1 12.6 

10 100 0.37 1.5 24.5 14.7 -1.0 13.6 

11 0 0.36 1.5   0.0 14.7  0.4 15.0 

12 0 0.35 1.5   0.0 14.7 -6.6  8.1 

13 0 0.38 1.5   0.0 14.7 -0.1 14.6 

14 160 0.35 1.5 36.9 14.7 -4.8  9.8 

15 0 0.36 1.5   0.0 14.7  0.0 14.7 

16 40 0.36 1.5   9.7 14.7  2.3 17.0 
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Table I.5: The estimated upward fluxes (in each cycle) using the peak migration and soil water 

balance methods under the regime of upward flow greater than downward flow (column 3). 

Upward flow 

Cycle 

Peak migration method Soil water balance method 

Peak 
movement 

(mm) 

Aver. soil 
moisture 
(m3 m-3) 

Time 
 

(h) 

Flux 
 

(mm h-1) 

Evapo. 
rate 

(mm h-1) 

Rate of storage 
change 
(mm h-1) 

Flux 
 

(mm h-1) 

1 -80 0.36 72 -0.4 -0.2 -0.1 -0.3 

2 -40 0.35 72 -0.2 -0.3  0.0 -0.3 

3 -40 0.36 67 -0.2 -0.3  0.2 -0.1 

4 -40 0.36 68 -0.2 -0.3  0.0 -0.3 

5 -40 0.37 69 -0.2 -0.3  0.1 -0.3 

6 -40 0.36 70 -0.2 -0.3  0.0 -0.2 

7 -20 0.36 93 -0.1 -0.2  0.0 -0.2 

8 -40 0.36 96 -0.2 -0.2  0.0 -0.2 

9 -80 0.37 69 -0.4 -0.4  0.1 -0.3 

10 -40 0.35 90 -0.2 -0.3  0.0 -0.3 

11 -60 0.36 71 -0.3 -0.3  0.1 -0.3 

12 -80 0.36 93 -0.3 -0.2  0.0 -0.2 

13 -100 0.36 94 -0.4 -0.3  0.0 -0.2 

14 -20 0.36 96 -0.1 -0.3  0.0 -0.2 

15 0 0.38 117 0.0 -0.2  0.0 -0.2 

16 -60 0.37 115 -0.2 -0.3  0.0 -0.2 

17 -60 0.37 93 -0.2 -0.3  0.0 -0.3 

18 0 0.38 119 0.0 -0.2  0.0 -0.2 

19 -200 0.37 115 -0.6 -0.3  0.0 -0.2 

20 -40 0.36 70 -0.2 -0.4  0.0 -0.5 
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Table I.6: The estimated downward fluxes (in each cycle) using the peak migration and soil 

water balance methods under the regime of upward flow greater than downward flow (column 3). 

Downward flow 

Cycle 

Peak migration method Soil water balance method 

Peak 
movement 

(mm) 

Aver. soil 
moisture 
(m3 m-3) 

Time 
 

(h) 

Flux 
 

(mm h-1) 

Rain rate 
 

(mm h-1) 

Rate of storage 
change 
(mm h-1) 

Flux 
 

(mm h-1) 

1 40 0.37 1 14.9 14.7  11.2 25.9 

2 80 0.36 1 28.4 14.7   -3.2 11.5 

3 40 0.36 1 14.5 14.7 -10.3   4.4 

4 40 0.35 1 14.2 14.7    1.5 16.2 

5 40 0.36 1 14.5 14.7   -2.0 12.6 

6 40 0.36 1 14.5 14.7   -6.1   8.6 

7 20 0.36 1 7.2 14.7   -1.1 13.6 

8 40 0.36 1 14.5 14.7   -0.9 13.7 

9 40 0.36 1 14.5 14.7   -1.3 13.3 

10 40 0.36 1 14.5 14.7    1.8 16.5 

11 40 0.36 1 14.5 14.7   -3.4 11.3 

12 40 0.36 1 14.5 14.7   -1.0 13.6 

13 60 0.36 1 21.7 14.7    1.8 16.5 

14 0 0.36 1 0.0 14.7   -6.1   8.6 

15 0 0.38 1 0.0 14.7    1.1 15.8 

16 0 0.38 1 0.0 14.7   -3.0 11.7 

17 0 0.36 1 0.0 14.7   -2.4 12.3 

18 0 0.38 1 0.0 14.7   -0.2 14.5 

19 0 0.38 1 0.0 14.7 -10.2   4.4 

20 0 0.36 1 0.0 14.7    1.6 16.2 

 


