Journal of Agricultural Science; Vol. 6, No. 1; 2014
ISSN 1916-9752 E-ISSN 1916-9760
Published by Canadian Center of Science and Education

Solute Transport Under Water Table Fluctuations in a Fine Sand and a
Sandy Clay Loam Soil
Cesáreo Landeros-Sánchez1, Itzel Galaviz-Villa2, Ma. del Refugio Castañeda-Chávez2, Fabiola Lango-Reynoso2,
Alejandra Soto-Estrada1 & Iourii Nikolskii-Gavrilov3
1

Colegio de Postgraduados, Campus Veracruz, México

2

Instituto Tecnológico de Boca del Río. Boca del Río., Ver., México

3

Colegio de Postgraduados, Campus Montecillo, México

Correspondence: Cesáreo Landeros-Sánchez. Colegio de Postgraduados, Campus Veracruz Apartado postal 421.
Veracruz, Ver., México. Tel: 1-229-201-0770. E-mail: clandero@colpos.mx
Received: September 13, 2013

Accepted: October 16, 2013

Online Published: December 15, 2013

doi:10.5539/jas.v6n1p29

URL: http://dx.doi.org/10.5539/jas.v6n1p29

Abstract
Drainage contributes to removing the excess of water from cultivated land. In general, most common drainage
systems lead to loss of fertilizers applied for plant growth and yield improvement. Thus, the main objective of
this work was to study experimentally the redistribution of solutes within the soil profile caused by water table
fluctuations by making use of a non-reactive tracer in laboratory studies on soil columns. Two soil materials,
namely fine sand and a sandy clay loam soil, were used in this study. Use was made of potassium chloride as a
non-reactive tracer. Profiles of chloride redistribution as a function of depth caused by a first drainage of a
saturated column with chloride in the surface layer, sub-irrigation and a second drainage were obtained for the
fine sand columns with draining water levels at depths 25.5 and 44.5 cm, and for the sandy clay loam columns
with a draining water level at depth 44.5 cm. Although only results for water table depth at 44.5 cm for both soils
materials are presented. The redistribution of chloride in both the fine sand and the sandy clay loam columns was
dominantly attributed to convective movement of solutes and was considered to be little influenced by diffusion.
Preferential flow could have taken place through large sized pores of the fine sand columns. The knowledge and
data of this study is a contribution towards that needed to define operation strategies for sub-irrigation-drainage
systems which can lead to optimize fertilizers use by crops.
Keywords: solute redistribution, drainage, sub-irrigation, soil column experiment
1. Introduction
The removal of agricultural chemicals and nutrients from the soil surface by surface runoff and their transport by
percolation from the root zone into ground water are of concern from both economical and environmental view
points (Hubbard et al., 1989; Hillel, 1998; Paramasivam et al., 2002; Landeros et al., 2012). The loss of nutrients
from the root zone requires replacement by the farmer at an additional cost. On the other hand, agricultural
chemicals in surface and ground water have become a great concern to the environmental agencies because of
their effect on drinking water quality, on ecological systems and on the very lives of human beings (Galaviz et
al., 2010; Galaviz et al., 2011; Landeros et al., 2012).
One of the systems in which transfer of solute and water takes place is the so called "subirrigation-drainage"
system (Skaggs, 1981; Evans & Skaggs, 1996; Skaggs & Chescheir, 2003; Wesström & Messing, 2007). This
system is the combination of a controlled drainage and a sub-irrigation system by open channels or subsurface
pipes. Controlled drainage occurs when the system is used to conserve water by reducing drainage outflows and
when no additional water is pumped in. During dry periods, water may be pumped into the control outlet where
it moves back into the soil through the drainage network, thus raising the water level in the land. In this situation
the system is used as a subirrigation system (Evans & Skaggs, 1996). According to Evans and Skaggs (1996), the
advantages of this combined system are, that:
a) It satisfies both drainage and irrigation needs at lower initial costs;
b) It needs less energy, labour and maintenance;
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c) It lowers operational costs due mainly to reduced energy consumption;
d) It conserves rainfall better depending on management strategy;
e) It reduces evaporation during water addition;
f) It provides less obstruction in the field so that operators can continue their cultural practices with no
interference;
g) It offers more flexibility in managing drainage water; and
h) It improves the quality of drainage water.
Drainage works used for sub-irrigation-drainage systems have in general evolved in the following way: At first,
a free drainage system seemed to be the solution, from the water management view point, for zones where
excess water hindered the development of agricultural activities. Through this system low lands started to be
converted into arable lands and crop yields were improved in zones with excess water problems. Then, it was
realised that a free drainage system was causing a shortage of water which obviously had negative impacts on
crop yield and the environment. This situation gave rise to controlled drainage systems; finally, with the addition
of some control structures and the redesign or readjustment of drain spacing, the controlled drainage system
became a double purpose system.
Controlled drainage and sub-irrigation systems are normally designed with closer drain spacing than
conventional drainage systems so as to provide the drainage capacity needed for trafficability and crop protection
when the water table is raised. As a result, drainage outflow rates and nutrient transport can be significantly
greater than those from conventional systems if the system is not properly managed.
Most of the research work related to controlled drainage and sub-irrigation systems has been focused on design
criteria to give guidance on how to manage the water table in order to satisfy crop water requirements together
with operation and maintenance aspects (Skaggs, 1981; Evans & Skaggs, 1996; Crosley, 2004; Alishir et al.,
2012). However, concern has been shown by scientists and governments concerning the effect of these systems
on the environment (Skaggs & Gilliam, 1981; Deal et al., 1986; Postel, 2003; Zegbe & Serna, 2012).
The monitoring of nutrient losses from fields has generally been carried out through measurements on the
drainage effluent, both in surface runoff and in subsurface outflow (Kovacic et al., 2000; Alan & Castillo, 2007;
Blann et al., 2009). However, it is also of great importance to crops to know how a specific water table
management approach affects nutrient concentration or redistribution in the soil profile so that the management
approach can be improved in order to reduce nutrient losses and to maintain nutrients in the root zone.
A fluctuating water table produces, amongst other things, a redistribution of solutes (nutrients) in the soil profile.
This seems not to have been closely studied and quantified in solute transport-related studies in
subirrigation-drainage systems. Thus, knowledge about solute redistribution in the soil as a result of water-table
fluctuations is required in order that criteria for operating sub-irrigation-drainage systems in the field may be
better defined in order that both water and nutrients are made available to crops during the growing period.
Therefore, considering the fact that it is not yet fully known how the nutrient status in the root zone is modified
or affected by a fluctuating water table, the main objective of this work was to study experimentally the
redistribution of solutes within the soil profile caused by water table fluctuations by making use of a non-reactive
tracer in laboratory studies on soil columns.
2. Method
2.1 The Laboratory Experiments
2.1.1 The Laboratory Columns
Laboratory columns, 60 cm in height, of two soil materials fine sand and a sandy clay loam were used in the
investigation reported herein. These soils classes were chosen to facilitate the soil column sampling procedure
used at the end of each stage studied. The soil materials’ main physical characteristics are given in Table 1. They
were packed in PVC cylinders with internal diameter of 9.4 cm made up of six sections of 10 cm long each. At
the base of the column was deposited a 3 cm gravel layer where a perforated T-piece was placed for
sub-irrigation and drainage. A drainage tap (T1) connected to a flexible rubber tubing, allowed drainage or
sub-irrigation of the column to any desired water table depth. The column containing the soil material could be
isolated from the water supply system with the tap T2. An observation tube was used to observe the water table
position in the static equilibrium state.
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Table 1. P
Particle size analysis, soil mooisture contentt at saturation ((θs), saturated hydraulic connductivity (Ks), and
bulk densiity at packing (ρ
( b)
Soil

Sand

Silt

Clay

(%)

θs

Ks

ρb

(% byy vol.)

(m/daay)

(g/cm3)

Finee Sand

99

0.5

0.5

38

209.0

1.7

Sanddy clay loam

66

13

21

51

1.5

1.3

Figure 1. Colum
mn installationn used in laboraatory experimeental work
The packiing of the coolumn was doone section bby section byy tamping airr-dry soil matterial in layerrs of
approximaately 2 cm. Sillicon grease w
was applied on the inner walll surface of thhe PVC cylinder in order to deter
preferentiaal flow betweeen the wall annd the soil matterial. Once a section was packed, another PVC section
n was
fixed on ttop of it usingg silicon greasse and then tappe was wrappped round the joints to keepp the column firm.
Sections w
were added andd the soil mateerial packed unntil the whole column was 55 cm height. T
The bulk densiity of
the fine saand columns was
w 1.7 g/cm3 and that for thhe sandy clay loam was 1.3 g/cm3. No soil columns without
silicon greease were incluuded in this ressearch work. It must be menntioned that thee amount of sillicon applied to
t the
wall of PV
VC columns was
w very small and therefore it was assumeed that this maaterial had no influence on water
w
and solute transport duriing the whole eexperimental pprocess of this study (Landerros et al., 20122).
2.2 Experiiments
The laboraatory experimeents were desiigned to trace the movemennt of a chemiccal applied on the surface off soil
columns ccaused by a fluuctuating wateer table, simullating the redistribution of ssurface appliedd fertilizers. Itt was
initially inntended to use potassium broomide and tracee its movemennt with the flucctuating water table. Howeve
er, as
a result off inconsistenciies observed inn the spectropphotometer of determining tthe bromide cooncentration in
n the
samples off soil solutionss, potassium chhloride was finnally chosen aas the tracer ass this gave connsistent results. The
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experiments involved three stages.
2.2.1 Stage 1
The soil columns were first saturated by sub-irrigation through the base of the column by supplying distilled
water from a supply tank while the water level in the observation tube was maintained at about 1 cm below the
top soil surface of the columns. When no more water was taken up by the column, i.e., when the water table in
the column was also about 1 cm below the top soil surface, the closed drainage tap (T1) was placed at this water
level. A volume of 30 ml of the potassium chloride tracer solution with a concentration of 1500 mg/l was then
gently poured on top of the column. The drainage tap (T1) was then turned on so as to allow a displacement of a
volume of water from the column approximately equal to that of the tracer solution added. This took about 20
minutes for the fine sand columns. In the case of the sandy clay loam columns the same time was allowed,
although the volume of water displaced was smaller than that of the tracer added. The purpose of this operation
was to bring the tracer into contact with the soil material in the top 1 cm of the column in order to resemble the
surface application of fertilizers to the soil under field conditions. The top of the columns were covered with
plastic to prevent evaporation. After this, the drainage tap (T1) was moved down to a pre-set level and water
started to drain out of the column under the influence of gravity. Drainage continued for 24 hours after which
drainage had almost ceased and the water table was at the level shown by the observation tube.
Then soil sampling for water content and solute content of the column when the soil was unsaturated was done
by detaching each section using a cheese cutting wire and separating the section with a thin metal plate and then
extruding the soil using a jack on the base of each section of the column. Slices, usually 2 cm thick, were cut off
in succession. In the saturated soil, soil samples were taken using a spatula as well as extracting soil solution at
the end of a simulation with a hypodermic needle entering the side of the column through small holes that were
sealed during the simulation runs.
The soil moisture content on a dry weight basis was determined on the whole soil sample by measuring the water
lost after oven-drying at 105°C for 24 hours for the fine sand and for 48 hours for the sandy clay loam. The
volumetric moisture content was then obtained by multiplying the moisture content on a dry weight basis by the
dry bulk density of the soil sample (the dry weight of the slice divided by its volume). The chloride
concentration was determined on the oven-dried soil samples. The following procedure was followed:
a) Using the whole soil sample, for every 100 g of soil a volume of 60 to 70 ml of distilled water was
added and thoroughly mixed with the spatula;
b) The mixtures were kept in beakers of 600 ml capacity for 14 hours preventing evaporation by
covering the beakers with plastic bags;
c) The mixtures were then stirred up again manually for 2 minutes using a spatula. The purpose of this
operation was to dilute completely the tracer chloride that was present in the sample;
c.i) in the case of the fine sand the extracts were decanted into different containers and centrifuged at
a speed of 4000 rpm for 17 minutes in order to make the extracts clear for analysis; and
c.ii) in the case of the sandy clay loam soil, the mixtures were transferred into a Buchner funnel and
filtered using Whatman No. 1 filter paper to obtain the extracts for analysis. The chloride
concentration on the extracts (samples) was determined by the spectrophotometric method. Also
the water that drained out of the soil columns was collected and measured, and its chloride
concentration determined.
2.2.2 Stage 2
Using a fresh column, the procedure given in stage 1 was repeated. However, instead of sampling the column after
24 hours, the drainage tap (T1) was turned off and the column rewetted again by sub-irrigation with distilled water.
When the water table reached a depth of about 1 cm below the soil surface, the rewetting of the column was
stopped by turning off the taps T2 and T3. The rewetting time was 2.4 hours for the fine sand and 7.2 hours for the
sandy clay loam soil. The column sampling device used for unsaturated soil as indicated in stage 1 could not be
used because of lack of soil strength of saturated soils. Instead, in the case of the columns packed with fine sand,
soil solution samples of 2 to 4 ml were extracted using a hypodermic needle entering the side of the column
through small holes located at every 3 cm which were sealed during the simulation runs. The chloride
concentration of the soil solution samples was determined using the spectrophotometric method to give the
concentration profile down the soil column. In the case of columns packed with the sandy clay loam soil the
hypodermic needle technique of obtaining soil solution samples did not work because the fine soil particles
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blocked the needle. For these soil columns, slices of 2 cm thickness were taken using a spatula. The soil water and
chloride content of soil samples were then determined in the same way as in stage 1.
2.2.3 Stage 3
Columns packed with the fine sand. The columns sampled with a hypodermic needle after stage 2 were for this
stage allowed to drain for 24 hours by turning on T1 positioned at the same level as in stage 1. After this time T1
was then turned off and the soil column above the water table was sampled in the same way as in stage 1. For sandy
clay loam columns, fresh columns were used repeating stage 1 and stage 2 without sampling. Like in the find sand
columns, the drainage tap, being positioned at the pre-set water level, was then turned on for 24 hours. The soil
column above the water table was sampled as in stage 1. The moisture content and chloride concentration down the
columns were determined as described in stage 1.
Thus, stages 2 and 3 in the fine sand columns were carried out on the same column although a different sand
column was needed for stage 1. In the case of the sandy clay loam soil each stage required a different soil column.
As mentioned before, for the fine sand columns draining water levels of 25.5 and 44.5 cm below the soil surface
were used in different experiments. For the sandy clay loam soil a draining water level of 44.5 cm was used. In all
cases, two replicates were done.
The chloride concentration in the soil solution existing under the moisture conditions in the columns at the end of
stages 1, 2 and 3 were calculated from the concentrations obtained from the samples analysed in the
spectrophotometer. Sub-samples of fine sand taken at the time the columns were packed had chloride
concentrations averaging 1.3 mg/l. Chloride concentrations obtained using the spectrophotometer for the fine sand
columns therefore had to be adjusted by subtracting this background chloride concentration from them. In the case
of the sandy clay loam soil, a “blank” was run in order to know its background chloride concentration since in this
case a higher level of chloride could be displaced during the initial wetting up. This consisted of a column packed
with the sandy clay loam soil which was wetted by subirrigation using the laboratory experimental set up depicted
in Figure 1. After wetting the column was sampled in the same way as in stage 2 and the chloride concentration in
the soil samples determined as mentioned in stage 1.
3. Results
3.1 Soil Water Profiles
Only results obtained from columns with a draining water level at 44.5 cm, either find sand or sandy clay loam soil,
will be considered in this section. The soil water profiles measured at the end of stages 1, 2 and 3 for these two soil
materials are presented in Figures 2 and 3 respectively. Soil water content values measured at the end of stage 2 for
sandy clay loam soil appeared to be smaller than those measured at the end of stages 1 and 3 for layers adjacent to
the water table. This situation may be attributed to: hysteresis effects by which water flow and solute transport can
significantly be influenced in variably saturated porous media, entrapped air in the soil pores during the rewetting
process and probably to sedimentation of fine particles during the packing of columns.
The equilibrium soil-water profiles at the end of each stage in the soil columns used in the experiments gave the
soil moisture characteristics for the fine sand and the sandy clay loam soil. The height above the water table could
be assumed in this equilibrium condition to be the soil-water pressure in the soil materials. The volume of drainage
water collected from the fine sand columns at the end of stages 1 and 3 were much larger than those of the sandy
clay loam columns as shown by different soil water profiles of these soil materials presented in Figures 2 and 3.
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Figuree 2. Volumetric water contennt as a functionn of depth at thhe end of stagees 1, 2 and 3 foor the fine sand
d

Figure 3. Volumetric water
w
content aas a function off the depth at tthe end of stages 1, 2 and 3 ffor the sandy lo
oam
soil
3.2 Chloriide Redistributtion Profiles
The Figurees 4 and 5 show
w the profiles oof mass of chlooride per unit vvolume of soil and draining w
water level 44.5 cm
below the soil surface at
a the end of sstages 1 and 33, and stage 2,, respectively, for the find ssand columns. It is
observed ffrom Figure 4 that chloride rredistributed ddown to the waater table depthh during the ddraining stages. It is
seen from Figures 2 and 4 that find sannd columns layyers whose mooisture content was between tthe zone of residual
moisture ccontent and thee wet zone apppeared with a rrelatively highh amount of chhloride and som
me relatively small
s
quantities of chloride reeached the watter table with some of it leaaching out of tthe column. It was found that on
average 1.2% of the 45 mg
m chloride appplied to all thee fine sand collumns was fouund in the drainnage water. Sta
age 3
graphs preesented in Figuure 4 show in ggeneral masses of chloride peer unit volume of soil lower tthan those obse
erved
after stagee 1 in the top laayers; howeverr, near the wateer table more cchloride per unnit volume of ssoil was found after
stage 3 thaan at the end of stage 1. Afteer the wetting sstage 2 it was observed that most of the chhloride was bro
ought
back into tthe top layers as
a shown in Fiigure 5.

34

www.ccsennet.org/jas

Journal of A
Agricultural Sciience

Vol. 6, No. 1; 2014

Figure 4. M
Mass of chloride per unit soiil volume as a function of the depth at the end of stages 1 (columns 8 and
a 6)
annd 3 (column 2 and 1) for thee fine sand

Figure 5. M
Mean mass off chloride per uunit soil volum
me as a functionn of the depth at the end of stages 2 for the
e fine
sand
Chloride rredistribution profiles for coolumns packed with the sanndy clay loam
m soil are presented in Figu
ure 6
which shoows the profilees expressed ass the mass of cchloride per unnit volume of soil as a functtion of depth at
a the
end of stagges 1, 2 and 3.. The backgrouund chloride oof this soil is allso presented iin this figure w
which was assu
umed
to be the innitial mass of chloride
c
or thee concentrationn of chloride inn the soil. In thhese experimennts it was obse
erved
that on aveerage 65% of the 45 mg of cchloride applieed to the soil ccolumns was ffound in the toop 4 cm-layer at
a the
end of stagge 1; the rest of
o the applied cchloride was redistributed doown to a depthh of 25 cm. Att the end of sta
age 2,
77% of thee 45 mg of thee chloride applied was foundd in the top 4 cm-layer; the rest of it redisstributed down
n to a
depth of 221.5 cm approxximately. The distribution oof chloride obsserved at the eend of stage 3 was similar to
o that
after stagee 1. The chloriide found in thhe drainage waater could origginate from thee background chloride conte
ent of
this soil, ssince the chlorride concentraation of the grraphs presenteed in Figure 6 was almost eequal to that of
o the
backgrounnd chloride conncentration of tthe “Blank” coolumn.
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Figure 6. M
Mean of mass of chloride peer unit soil voluume as a functtion of the depth at the end oof stages 1, 2 an
nd 3,
annd BLANK forr the sandy clayy loam soil
3.3 Solute Balances
mns are presentted in Table 2. The
The amounnts of chloridee recovered in the fine sand and sandy claay loam colum
“Differencce” column shoows the difference between the chloride aapplied and thaat measured affter the experim
ment.
The negatiive positive vaalues obtained iin the “Differeence” column ggive an indicattion of experim
mental errors. These
T
included eerrors pertaininng to the colum
mn sampling teechnique, errorrs during the diilution of extraacts when usin
ng the
spectrophootometer and errors
e
in using the spectrophootometer.
Table 2. R
Recovery of chlloride after staages 1, 2 and 3 for both fine ssand and sandyy clay loam coolumns
Water tabble
depth (cm
m)

Column
No.

Stage

Soil

Iniitial
chhloride
(m
mg)

C
Chloride
appplied (mg)

Chloride
recovered
(mg)

e
Difference
(mg)

Fine sannd

44.5

8

1

-

455

53

-8

6

1

-

455

45

0

2

2

-

455

52

-7

2

3

-

455

40

5

1

3

-

455

42

3

6

1

777

455

124

-2

3

1

977

455

142

0

2

2

777

455

123

-1

3

2

777

455

120

2

3

3

1003

455

148

0

6

3

777

455

121

1

Sandy
clay loam

44.5

Note: a) thhe “initial chlooride” in colum
mns 3-stage 1 and 3-stage 3 were estimateed by doing ann input-output mass
balance annd b) “chloridee recovered” vaalues include tthe amount of chloride lost inn the drainage water.
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4. Discussion
The difference between the soil moisture profiles obtained at the end of stage 1 and those at the end of stage 3 is
due to hysteresis. The volume of drainage water collected from the fine sand columns at the end of stages 1 and 3
were much larger than those of the sandy clay loam columns, as shown by different soil moisture profiles of the
fine sand and sandy clay loam soil presented in Figures 2 and 3. The reason being that the infiltration rate for the
fine sand is higher than that of a sandy clay loam soil. The implications for agriculture are that drainage problems
are not normally found in sandy soils. But when dealing with irrigation one has to keep in mind that the irrigation
application rate should not be higher than the infiltration rate of the soil that is being cultivated; otherwise, water
and soil nutrients can be lost by leaching or runoff.
The redistribution chloride profiles presented in Figures 4 and 5 showed that chloride movement took place largely
with the movement of water. In the finer materials (Figure 6) more water was retained with little water draining so
that chloride movement was less. Thus, the redistribution of chloride observed at the end of stages 1, 2 and 3 for
both the fine sand and sandy clay loam columns can be dominantly attributed to convective movement of solutes.
Transport or redistribution of chloride as a result of diffusion was considered to be little because when looking at
the theoretical concentration profile developments as a result of diffusion in static conditions, it appeared that after
24 hours the chloride redistributed down to a depth of 3 cm in the case of the fine sand and approximately 3.5 cm in
the sandy clay loam soil. The movement of chloride from a uniform layer of salt of a given thickness diffusing in a
static column was calculated from the diffusion equation solution described by Ayres and Laskar (2006).
The differences observed between the chloride applied and the chloride recovered (Table 2), as stated before,
probably arose from the sampling technique of the column, dilution of extracts and spectrophotometer accuracy.
The experimental procedure involved in the sampling of the columns could have resulted in losses of soil material,
which in turn implied losses of the chloride applied. Because of relatively high chloride concentrations in the soil
solution which reached values beyond the calibration curve range of the measuring instrument, some of the
extracts had to be diluted in order for the chloride concentration of the extracts to be read in the spectrophotometer.
Consequently, some errors could have occurred during this process. The accuracy of the spectrophotometer was
estimated to be ±3%, which also contributed to the experimental error. The presence of some background chloride
in the fine sand and in the sandy clay loam soil which was not quantified before starting the experiments could also
account for the differences between the input and output masses of chloride shown in Table 2. Due to some
difficulties in the soil column sampling procedure, the background chloride was not determined in the
experimental soil columns used in stages 1, 2 and 3. However, in order to account for such background chloride a
“blank” for each type of soil was run in a separate soil column, which consisted of columns packed with fine sand
and the sandy clay loam soil which were wetted by sub-irrigation using the laboratory experimental set up depicted
in Figure 1. After wetting, the columns were sampled in the same way as in stage 2 and the chloride concentration
in the soil samples determined as mentioned in stage 1.
In these PVC columns, some water could have flown through large sized pores or down the sides of the fine sand,
although attempts to minimize the latter were made by covering the internal surface of the PVC cylinders with
silicon grease. The process whereby the movement of water through a porous medium follows favoured routes
(fissures or cracks, worm holes, root holes) bypassing other parts of the medium known as preferential flow (Rice
et al., 1991; Workman & Skaggs, 1991; Bruggeman, 1997; Ryan, 2006) could have also contributed to solutes
redistribution to lower depth. It is therefore considered that the concentration of chloride shown in Figure 4, which
occurred in the transitional zone of the soil moisture profiles shown in Figure 2, was probably caused by
preferential flow. This situation was not considered to happen in the sandy clay loam columns (Beven & Germann,
2013). In fact, the small sizes of particles led to no or little routes between the PVC and the soil packed in.
5. Conclusion
From the first studies published, both in the field (Dyer, 1965a) and in the laboratory (Dyer, 1965b; Thomas &
Swoboda, 1970) have shown that anions such as chloride can move through soil faster than the average velocity
of the water molecules present. The greater average velocity of ions is considered to be due to the fact that they
are excluded from the immediate vicinity of negatively charged soil particles where the water is relatively
immobile and from narrow pores where solution velocities are slow. Consequently, when water movement
occurs, the anions can be transported through soil faster and to a greater depth than it would if they were
associated with all the soil water (Maraqa, Wallace, & Voice, 1997; Shipitalo, Dick, & Edwards, 2000). This
phenomenon did not appear to happen in the fine sand columns because only 0.5% of clay was found in the fine
sand used in this experimental work. However, the sandy clay loam soil was 21% clay which might suggest that
anion exclusion could have influenced slightly the redistribution of chloride in sandy clay loam columns shown
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in Figure 6, according to Flury, Leuenberger, Studer, and Flühler (2010), the loamy and the sandy soil show
completely different transport patterns.
Sub-irrigation-drainage systems have not been widely adopted because of the lack of established design criteria
and the lack of information characterizing the operation of these systems in the field. There exists also the need
to know the optimum water table level not just for maximum crop yield, but also for maximum reduction of the
loss of fertilizer nutrients and nitrate pollution of water supplies.
During the drainage phase of a sub-irrigation-drainage system, the water table moves down when the water level
of the ditch collector is lowered. In this process, the moving water table redistributes, by convection, solutes in
the soil profile. Likewise when sub-irrigation takes place, the water table rises and solutes, which were
redistributed into lower soil layers, as a result of drainage, are brought back into upper soil layers with the
moving water table.
In order to accomplish the placement of fertilizer nutrients in the root zone through a given water table
management strategy, it is necessary to know how solutes redistribute in the soil profile with the moving water
table. The results of this study showed that after a water table drawdown (i.e., stage 1) most of the chloride
applied to the top soil surface of the columns was redistributed within the soil column above the water table.
This indicates that a water table drawdown can be used as an alternative to placing nutrients around the roots, in
order to make nutrients available to the crop root system. In the experiments reported herein the effect of the
water table drawdown on the redistribution of chloride was similar for both the fine sand and the sandy clay
loam, although there was a greater movement of chloride in the former.
When sub-irrigation took place, in both the fine sand and sandy clay loam columns, most of the chloride that was
redistributed down the soil columns, as a result of the first water table drawdown, was brought back into the top
soil layers. This was really interesting because it showed that sub-irrigation can greatly contribute to make not
only water available to plants but also those solutes (nutrients) which are leached to deeper layers into the soil
profile.
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