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CHAPTER 1

INTRODUCTION

Solutes move in diverse ways in the field. Some move rapidly with
wvater, some move slowly, and some cannot move. Furthermore, the soil
structure in the field is complicated, and the geometry of water paths
in the field differs from place to place. Solute movement in the field
is difficult to predict.

Fertilizer movement is one of the most important concerns in the
field of agriculture. in the early stage of chemical fertilizer intro-
duction into Japan, researchers were concerned with its effective use.
But, recently, farmers are apt to apply too much chemical fertilizer to
save labor. Becausg}the fertilizer can also provide nutrients for other
organisms, its discharge induces the eutrophication of closed water
areas. Many researchers have become concerned with iis discharge from
the field for the maintenance of water quality. However, effective fer-
tilizer use is one of.the biggest themes even now, because the fertiliz-
er is very precious for farmers in developing countries, and elements of
fertilizers such as phosphate are Iimited resources. Moreover, when
fertilizer is applied effectively, its discharge decreases. Good fer-
tilizer management can preserve water quality. Pesticide and herbicide
movements are another important concern because they are harmful to liv-

ing things.



In arid or semiarid areas, water management is important not only
for effective water use but also for preventing salt accumulation, be-
cause crops cannot grod in salt affected lands. Therefore, salt move-
ment is one of the biggest concerns in these areas. Salt accumulation
is not the problem only in these areas. Salt accumulates easily in the
greenhouse due to large evapotranspiration rate and small water supply.
On the other hand, how to remove salt water is the main concern in a
newly reclaimed land which is affected by sea water. WHen pure water is
supplied to the field, the soil swells due to high SAR (sodium adsorp-
tion ratio). This brings low permeability. Therefore, it is not easy
to remove salt water.

Pollution of irrigation water sometimes brings tremendous damage to
the environment. Discharge from Ashio copper mine damaged crops. This
matter is well known as the first environmental pollution in Japan.
Discharge from Kamioka mine polluted rice with Cd and people who ate it
became victims of “itaiitai”-disease. Many suffered and died. These
pollutants were heavy metals and adsorbed strongly by soils. Behaviour
of such heavy metals in soils became a very important concern. Radio-
active contamination due to a nuclear power plant accident or some nu-
clear wastes is another menace. |f this happens, cuitivation must be
abandoned because of the soil pollution.

A better understanding of the movement and interaciions of solutes
in the soil is essential to the improvement of soil fertility. This will
result in improved control of nutrients in the root zone, as well as the

prevention of soil satinity and the removal of salt water from the newly
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reclaimed land. Such an understanding has also become crucial in envi-
ronmental management whenever solutes migrate to, and threaten the qual-
ity of, groundwater or surface water resources. It is needed for the
improvement of the polluted soil, too.

This study is divided into two parts. The first part (chapter 3,
chapter 4 and chapter 5) is the study of solute transport thhough hard
pans of paddy fields. The second parit (chapter 6 and chapter 7) is the
study of solute transport in Allophanic Andisol. Both soils-are common
in Japan.

The hard pan layer usually exists below the surface layer in the
paddy field. 1ts permeability is low and it resirains vertical percola--
tion. Therefore it significantly affects the movement of water and sol-
utes in the paddy field. To understand the solute transport in the pad-
dy field, an understanding of the soluie transport through the hard pan
is important. 1|t has the characteristic soil structure. While its soil
matrix is very compact due to the pressure exerted by farm machinery, it
has many vertical tubular pores made by rice rootis. .The effect of ver-
tical tubular pores on solute transport was investigated.

Volcanic ash soils occupy about 16% of the total land area of Japan.
They have good soil structure; excess water for upland crops is rapidly
discharged from them and much useful water for upland crops is retained
in tﬂem. Therefore upland crops are cultivated in these areas. Allo-
phane is one of the major clay minerals in volcanic ash soils. Allo-
phanic Andisol has a variable charge. |1 is negatively and positively

charged, and the charge density is strongly influenced by the solution
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concentration and pH. The effect of variable charge on ion transport
was investigated in this study.
Before going to these parts, basic movements and interactions of

solutes in soils will be reviewed in chapter 2.



CHAPTER 2

SOLUTE TRANSPORT IN SOILS

2.1. INTRODUCTION

When a solute is introduced into a soil column it spreads out under
the combined action of molecular diffusion and the variation of velocity
over the pore water in the soil. Therefore, the effluent concentration
from the soil column changes with time. The change of the effluent con-
centration is usually shown as a breakthrough curve (BTC). Examples are

shown in Fig.2-1. The ordinate indicates (effluent concentration ¢)

-
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PORE VOLUME

Fig. 2-1 Types of breakihrough curves. Pore volume is the ratio of
the volume of effluent to the volume of water in the soil sample.
A with transmission pores B: longitudinal dispersion
C: piston flov D: with adsorpiion



/(input concentration co), and the abscissa shows (volume of effluent)/
(volume of water in the soil sample). When the velocity of each solute
particle in the flow direction is all same, this is piston type flow.
The BTC suddenly changes from O to I at 1 pore volume (the BTC C). How-
ever, because pore water velocity differs in the soil, the solute
spreads out under the action of molecular diffusion and the variation of
velocity. Then, longitudinal dispersion is observed in the BTC (the BTC
B). When the soil has large transmission pores, the solute flows down
rapidly through them and diffuses into micropores gradually. The BTC
shows early breakthrough and succesive tailing (the BTC A). When the
solute is adsorbed on the soil, its discharge is retarded. The BTC
shifts to the right (the BTC D). Effects of soil structure and adsorp-
tion on solute transport are significant. |

Heavy metals, phosphate, and agricultural chemicals are strongly
adsorbed in soils and the reactions are not reversible. Adsorption of
potassium or ammonium in 2:1 type clay minerals is also irreversible.
In this study, those irreversible reactions are not mentioned. Solute
transport for non-sorbed solutes and sorbed solutes which reversibly ex-
change between a solution and a soil by electrostatic force is consider-

ed.
2.2. DIFFUSION

2.2.1. DIFFUSION EQUATIGON

Diffusion processes occur due to the random thermal motion and re-
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peated collisions and deflections of -moiecules in the fluid ( often
called Brownian motion ). When the gradient of the concentration ex-
ists, the diffusion flow is observed. The rate of diffusion, I, is
given by Fick’s first law.

I = ---DoE | 2.1

dx '

where, Do is the diffusion coefficient of the solute, ¢ is the concen-
tration, and x is the d{stance. When the diffusion coefficient is con-
stant, from the law of conservation of mass, we can get the well-Kknown
Fick’s second law as follows:

dc #c

Do — ) Q.
ot ox2

—_— =
=y

where t is the time.

2.2.2. MOLECULAR DIFFUSION

The diffusion coefficient of a molecule is given by the Stokes-
Einstein equation as follows:

Do = kT/6mua (2.3)

where, #x is Boltzmann’s constant, T is the absolute temperature, u is
the coefficient of viscosity, and a is the radius of the molecule.
Therefore, the diffusion coefficient becomes small as the radius hecomes
large. In other words, the rate of diffusion differs among the molecules

which have different radii.



2.2.3. ION DIFFUSION

When the molecule is an ion, the diffusion coefficient is also ex-
pressed by the following equation known as the Einstein relation:

Do = w«&T/ez (2.0)
where, e is elementary electric charge, 2z is the valency of the ion, and
w is the electrochemical mobiqity of the ion defined by the following
equation:

I = wck 2.5)
where, | is the rate of the ion diffusion, c is the conceniration, and E
is the intensity of the electric field.

Consider that there are one kind of anion and one kind of cation
dissolved in water, and that their radii are different. Then, from the
Stokes-Einstein equation, Eq.(2.3), the smalier one advances faster than
the larger one. The separation of the anion and ithe cation produces the
diffusion potential, because they have electric charge. The potential
makes the speed of smalier one decreased and that of the larger one in-
creased. Finally, both the rates of diffusion become equal. Therefore,
the diffusion coefficient of the anion changes when the kind of the com-
panion cation changes, and vice versa. Diffussion coefficients of sev-
eral solutes in water are shown in Table 2-1. The diffusion coefficient
of the ion can be expressed as follows:

2w+ W- kT

De = (2.8)
Z- W+ + Z+- €

where the subscripts, + and - denote the value for the cation and the

anion, respectively.



Table 2-1
Diffusion coefficients of electrolytes in water (25°C). Do/10 Scmds™!

Concentration mol dm3
Electrolyte
0.001 0.005 0.01 0.05 0.1

CaCl2 1.263 1.213 1.188 1.121 1.110
SrCl2 1.269 1.219 - — -
KCI 1.964 1.934 1.917 1.864 1.844
KBr - - - 1.89 1.87
HC] - - — 3.07 3.05

- ( After Handbook of chemistry, FundamentalsIl. Jpn. Soc. Chemistry. 1984
Maruzen p.66 )

2.2.4. DIFFUSION IN SOILS
Because the pore passages in the soil are toriuous, the actual path
length of diffusion is greater than the apparent straight line distance.
Therefore, the diffusion coefficient in the soil, D, is smaller than
that in bulk water. The diffusion coefficient in the soil is
1
D = — Do 2.7
T -
where, 7 is the tortuosity, and Do is the diffusion coefficient in bulk
wvater. “
Saffman (1959) obtained the diffusion coefficient in a random net-
work of capillaries theoretically as follows;
1
D = —1D (2.8)
3

Bear (1969) summerized the experimental values of the diffusion



coefficients in saturated granular beds. Approximately{ it is given as

follows:

2
D = —Do Q.8
3

0oi (1986) also derived the same value of the diffusion coefficient in
granutar beds theoretically.
Because the solute only diffuses in pore water, the flux of the sol-
ute, 1, is
dc

| = —8p— (2.9)
dx

vhere & is the volume wetness. When the volume wetness and the diffu-
sion coefficient in the soil are constant, Fick’s second law is also de-
rived from the law of conservation of mass.

ac ec

— = D — (2.10)
at . ax?

2.3. DISPERSION

2.3.1. HYDRODYNAMIC DISPERSION IN A TUBE
Consider the laminar flow of a solution in a circular tube of radius
r. The flow velocity, u(y), at the distance y from the center can be

given from Poiseuille’s law:
uly) = w (1 = ¥2/r2) (2.11)

vhere uo is the maximam velocity at the axis ( y = 0 ):
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rZ dp
U = 7&:: ;;; (2.12)
where, u is the viscosity, p is the pressure, and x is the longitudinal
distance. As shown in Fig.2-2, the velocity, uy), is a decreasing
function of radial distance y.

When the velocity is much faster than the radial diffusion, parti-
cles of solutes flow along the stream lines. Then the distribution of
the solute in the tube and the distribution of radial mean concentration
at time t can be shown in Fig.2-3 (Taylor, 1953). The ordinate of
Fig.2-3(b) indicates (effluent concentration ¢)/(input concentration
co). In this case, the breakihrough curve (BTC) is given as shown in
Fig.2-4 (Nielsen and Biggar, 1962).

On the other hand, when the radial diffusion is not negligible,
Taylor (1953) derived theoretically that the solute transport in the
tube can be approximated by the following one-dimensional advective dis-
persive equation:

ac ?ec ac
_I; = k;; - UE (2.13)
where, k is the dispersion coefficient,iand u is the mean velocity. In
this case, a particle of the solute in a streamline diffuses radially
into another sireamline at which the velocity is different; a particle
in 2 streamline of faster velocity moves into a streamline of slower
velocity and a particle in a streamline of slower velocity moves into a

streamline of faster velocity. After a relatively long time, radial

concentrations become all same and the distribution vidth of concentra-
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Fig. 2-2 Velocity distribution
inacylindrical tube. .
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(a) uot/2

(b DISTANCE

Fig. 2-3 (a) Solute distribution in
a tube. (b) Distribution of radial
mean concentration. Radial diffusion
is negligible.

Co
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PORE VOLUME

Fig. 2-4 Breakthrough curve for a tube
vhen radial diffusion is negligible.
_ (after Nielsen and Biggar, 1962)
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(a)

1 T

(b) D [STANCE

Fig. 2-5 (a) Solute distribution in a tube.
(b) Distribution of radial mean concentration.
Radial diffusion is not negligible.

tion becomes shorter than that in absence of diffusion as shown in
Fig.2-5. The dispersion coefficient, k, is

48Do

k = Do + (2.14)

vhere Do is the diffusion coefficient in buik water. |[f at any time the
solute is spread over a length of tube of order L, the time, t1, neces-

sary for advection to make an appreciable change in concentration is

1 = — (2.15)

The time, 12, necessary for the radial variation of conceniration in the
tube to die down to aboutl 1/e of its initial value is
r2

te = (2.16)
3.82Do

Eq.(2.13) and Eq.(2.14) can be applicable when t1 becomes larger than
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ia.

L r2
- ) 2.17)
u 3.82D

BTC’s in this condition can be shown as in Fig.2-8.

2.3.2. DISPERSION [N SOILS

Solute transport in saturated soils can also be approximated by the
one-dimensional advective dispersive eguation (2.13).

A porous wedium can be assumed to meet the tubular net model as
shown in Fig.2-6. If the incoming éolute is mixed perfectly (instanta- ~
neously) in the connected parts, the dispersion caefficient is approxi-
mated to be proportional to the mean velocity (Bolt, 1982; Ooi and
lwata, 1988):

k = lu (2.18)
where 1 is the constant. This type of dispersion is called mechanical
dispersion (Bear, 1969).

Bear (1969) summarized many mean flow direction
experimental values of the dis- ' \Ll,
persion coefficient in saturated “:5;\\u~"
granular beds and roughly di-
vided them into the following 5 connected part
zones. The mean velocity in- (perfect mixing)
creases as the zone number in-

Fig. 2-6 Tubular net model
creases.
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Zone 1:

Zone II:

Zone III:

Zone IV:

Zone V:

k = D = —D (2.19)

This is a zone where molecular diffusion predominates.

In this zone, the effect of molecular diffusion is of the same
order of magnitude as that of mechanical dispersion and the sum
of both should be considered. ,

k = ad® a 0.5 1 <m <1.2 (2.20
where d is the characteristic medium length. Here the main
spreading is caused by mechanical dispersion combined with ra-
dial molecular diffusion. Radial molecular diffusion tends to
reduce the longitudinal spreading; the meEhanism is the same as
that in a tube as described before.

k = Bdu B = 1.8 (2.21)

This is a region of mechanical dispersion dominance.

This is again a zone of pure mechanical dispersion, but the ef-
fects of inertia and turbulence may no jonger be neglected.
Their role is equivalent to the role of radial molecular diffu-

sion in zone II.

However, the pore structure of soils differs from that of granular

beds hecause they have aggregates or many micropores. Passioura (1971)

assumed that viscous flow occurs only in the large pores and that the

movement of solute within aggregates occurs only by diffusion as shown

in Fig.2-7. Under these assumptions,; he derived the dispersion

coefficient in a saturated aggregated media as fol lows:
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Ga 8in 32U2

kK = Ds + au + (2.22)
e 6 15Dia
where, & is the porosity, 8. is
the macroporosity, €is is the po- advection +
rosity of the aggregates, Dn is the mechanical dispersion
molecular diffusion coefficient in + molecular diffusion

the macropores, Din is the molecu- <i;

jar diffusion-coefficient in the
aggregates, a is the aggregate ra-
dius, and u is the mean pore water
. molecutar
velocity. Bolt (1982), Parker and ) .
dlfoSlon
Valocchi (1986), and van Genuchten
and Dalton (1986) also obtained Fig. 2-7 Solute movement

similar equations via quite differ- in aggregated medium.
en% analyses.

Brenner (1962), and Rose and Passioura (1971) showed that a BTC ap-
proximated by one-dimensional advective dispersive equation (2.13) can
be determined only by the following Péclet number, P: ,

P = ul/k : (2.23)
where L is the soil column length. Therefore, the experimental disper-
sion coefficient can be easily obtained from the BTC because the mean
pore water velocity, the soil column tength, and the Péclei number are

known. BTC’s and those Péclet numbers are shown in Fig.2-8.
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PORE VOLUHE

Fig. 2-8 Breakthrough curves derived from one-dimensional advective
dispersive equation. The numbers on the curves denote the Péclet
numbers. (after Rose and Passioura, 1971)

2.4. SOLUTE TRANSPORT IN MACROPORES

2.4.1. EXPERIMENTAL CONSIDERATION

In undisturbed naturally sitructured soils with macropores, incoming
wvater and solutes fiow down rapidly, and only partial displacement of
resident water and solutes by incoming water and solutes occurs. Recog-
nition of such behavior, variously described as “channeling,”“short-

LHIT]

circuiting,”“bypassing,”“preferential flow,” or “partial displacement”
is not new (Schumacher, 1864; Lawes et al., 1882), as pointed out by
Thomas et al. (1978) (White 1985b).

In Japan, the effect of cracks on drainage jn paddy fields is of

-17-



great concern. White vinyl water paint was used to observe water path-
ways in paddy fields (Yamazaki et al., 1962, Yamazaki et al., 1964,
Yamazaki et al., 1966, Maruyama and Morikawa, 1966, Tabuchi et al.,
1966a; Tabuchi et al., 1966b, Tabuchi et al., 1966d; Tabuchi et al.,
1966e; Nagahama et al., 1968; Fujioka and Maruyama, 1871; Inoue et al.,
1988). Recently, the effect of macropores on fertilizer and other poi-
lutants movement raises great concern. Much research is performed to
determine these effects. Fluorescein, methylene blue, white vinyl water
paint, and uranine have been used as itracers to observe and evaluate
water pathways_(Ritchie et al., 1972; Kissel et al., 1973; Bouma and
Dekker, 1978; Omoti and Wild, 1979; Sakuma et al., 1979; Hatano et al.,
1983; Seyfried and Rao, 1987; Miyazaki, 1988). Tokunaga et al. (1984)
developed the heavy liquid infiltration method for x-ray radiography.
Macropore structures became very clear with this method.

Many experimental evidences of preferential flow in macropores have

been reported. Biggar and Nielsen (1962) compared the BTC for three

1 ——
025—05mm\\?,’,”#r
c Z
- — Q.5¢ 0.5~1.0mna 7
co 1.0- 2.0 g !
7
L ot 1 1
0 1 2

PORE VOLUME

Fig. 2-9 Chloride breakthrough curves from three aggregate size
fractions of Aiken clay loam for an average flow velocity of
5.6X10"4 cm/s at saturation. (after Biggar and Nielsen, 1962)
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sizes of aggregates.

came more convex as the aggregate size increased (Fig.2-9).

The curves iost their skewed sigmoid shape and be-

They con-

cluded that as the aggregate size increased mixing in the column became

less complete and the effluent concentration was dominated by flow

through the large pores.

Soil structures of undisturbed soils and disturbed soils differ

greatly.

Eirick and French (1966), Kissel et al. (1973), and McMahon

and Thomas (1974) found that, near saturation, solutes moved more rapid-

ly in undisturbed soil than in disturbed soil due to preferential flow

in the large connected pores of undisturbed soil.

Kissel et al. (1973)

reported that BTC on a pore volume basis for a2 short column of undis-

turbed soil showed earlier breakthrough than that for a long one.

Kolenbrander (1970) showed that
the dispersivity, a = k/u (k is
the dispersion coefficient; u
is the mean pore water veloci-
ty), of field soil w;s three
times larger than that of a
disturbed soil column. Thomas
et al. (1973), and Tyler and
Thomas (1977) reported that,
due to macropores, solute loss
in a soil under no tillage was

greater than that under conven-

tional tillage.

DEPTH {em

CONC. (meq../100g dry soil)

0

10

50

i 2 3

20
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40

t

Fig. 2-10 Vertical distribution of
incoming chloride in Andisol

after application of water.
(after Sakuma et al. 1979)
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The marked asymmetry of incoming sofute distributions and these
elution curves in ficlds have been observed (Blake et al., 1973; Wild
and Babiker, 1976; Quisenberry and Phillips, 1876, Sakuma et al., 1979a;
Jury et al., 1982). An example of a vertical distribution of Cl- is
shown in Fig.2-10. Rahe et al. (1978) also obtained asymmetric distri-
bution of introduced Escherichia coli populations in the field. Sakuma
et al. (1977h) schematically divided the asymmetric BTC into components
of direct, middle, and delayed discharges. Van De Pol et al. (1977) re-
ported that the peak of the incoming selute concentration at 63.5 cm
depth was reached faster than that at 46.0 cm depth. Shaffer et al.
(1979) measured early movement of incoming solute through macropores in
the field. Biggar and Nielsen (1976), and Van De Pol et al. (1977) mea-
sured solute distributions within a soil profile during the leaching of
the golute applied to the field soil. They estimated that pore water
velocities were logarithmically normally distributed in the field.

BTC’s for soils with large macropores were obtained (Anderson and
Bouma, 1977a; Bouma and Anderson, 1877; Kanchanasut et al., 1978; Bouma
and Wosten, 1973; Tyler and Thomas, 1981; White et al., 1984; White,
1985a; Smith et al., 1985; Hatano et al., 1985; Seyfried and Rao, 1987;
Dyson and White, 1983). They showed early breakthrough and succesive
taiting such as the BTC A in Fig.2-1.

Lateral flow rate from macropores to micropores greatly affects sol-
ute transport. Smith et al. (1985), and White (1985a) reported that the
effluent concentration of introduced E. coli from soil columns with

large macropores increased just after the effluent discharged and did
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Fig. 2-11 Breakthrough curves for Escherichia coli and CI-.
The undisturbed Maury silt loam core was irrigated at
20 mm/h. Initial volumetric water content was 0.31.
(after Smith et al., 1985)

not change significantly with effluent volume (Fig.2-11). E. coli could
only flow downward through large pores and could not diffuse into the
micropores. They concluded that this caused the difference between the
E. coli BTC and other solute BTC. White et al. (1984) demonstrated that
Ci~ showed earlier breakthrough than tritiated water because of slower
diffusion of Cl- into micropores. Bouma and Anderson (1977) applied
solution intermittently to soil columns with artificially made vertical-
ly continuous cylindrical pores and compared the BTC’s for soil
constructed of 40% sand and 60% silty clay loam with those of 80% sand
and 20% siliy loam. The former showed earlier breakthrough due to slower

absorption of the solution into micropores.
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Because solution fiows through large macropores only under near sat-
urated conditions, the effect of macropores on solute transport differs
with soil water potential. Quisenber}y and Phillips (1976) reported that
incoming solute moved rapidly as initial water content increased in the
field. Bouma and Dekker (1978) applied methylene blue tracer into dry,
clay soils with macrostructures and measured amounts of stains on the
walls of large vertical pores. The result showed that solute flowed down
faster as application rate increased even at the same applied quantity.
Elrick and French (1966) reported that BTC’s for undisturbed soils at
moisture contents near saturation, showed earlier breakthrough than

those for disturbed soils, however, only little difference was observed

L,

0 1 2 3
PORE VOLUHE
Fig. 2-12 The effect of soil water tension on the tritiated water
breakthrough curves for undisturbed clay loam. The solid line
represents the best fit of the one-dimensional advective
dispersive model in B. <(after Seyfried and Rao, 1987)

A B
soil-water tension 0.0 10.2 cn Ha0
soil-water content 0.57 0.53 ml cm3
Darcy flux 7.3X10-3 3.3X10°* cm s°!

..22-



between them at-the lower moisture conditions. Seyfried and Rao (1987)
found that BTC’s under saturated or near saturated conditions showed
early breakthrough and succesive tailing, however, BTC’s under soil wa-
ter tensions greater than 10.2 cm of water were approximately symmetric
in shape and accurately described by the one-dimensional advective dis-

persive equation (Fig.2-12).

9.4.2. MODELS FOR PREFERENTIAL FLOW

Because the one-dimensional advective dispersive equation could not
describe the BTC which shows early breakthrough and tailing, new models
for preferential flow were proposed. Bouma (1981) explained solute

transport in a soil with macropores using bundles of vertical cylindri-

@' iR

¢ 05 I displacing liguid
co displaced liquid
J T
0 1 2

PORE VOLUME

Fig. 2-13 Schematic representation of a breakthrough curve
for a soil with a large macropore. (after Bouma, 1981)
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cal tubes (Fig.2-13). The model consisted of one larger and many small-
er tubes. Because preferential flow occured in the larger tube and flow
in the smaller tubes was tiny, the BTC showed early breakthrough and the
effluent concentration became almost the same as the input concentration
immediately. However, when diffusion between macropores and micropores
is not negligible, this model is not accurate.

Deans (1963) divided the liguid phase into mobile and immobile re-
gions and assumed that diffusional transfer between the two liquid re-
gions were proportional to ihe concentration difference between the mo-
bifé and immobile liquids. He neglected longitudinal dispersion in mo-
bile regions. Coats and Smith (1984) expanded Deans’ (1963) model 1o

include longitudinal dispersion. This model uses the following equa-

tions:
dCn dCin 9% Cn dCn
&n + Gia = @ nk — UnBn (2.24)
3t ot 9x2 ax
dCin
Bin = a ( Cmn — Cin ) (2-25)
gt

where, 6a and 8ia are the fractions of ithe soil filled with mobile and
stagnant water, respectively, co and ciz are the concentrations in both
the mobile and stagnant regions, k is the dispersion coefficient in the
mobile region, ua is the mean pore water velocity in the mobile liquid,
and o is a mass transfer coefficient. Van Genuchten and Wierenga (1976)
developed this model into sorption processes in both the dynamic and
stagnant regions and assumed that the process was instantaneous and the

adsorption isotherm was linear. This type of model is convenient for
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soils with structures that are difficult to describe, because informa-
tion about the soil structure is not needed. HRowever, the mass transfer
coefficient, @, was used as a fittng parameter and the physical meaning
hecame vague. Rao et al. (1980a) applied thisimodel to porous ceramic
spheres of known radius and indicated that the o value is dependent up-
on the sphere radius, time of diffusion, volumetric water contents in-
side and outside the sphere, and the molecular diffusion coefficient.
Rao et al. (1980b) measured values of all input parameters of the model
in independent experiments. The calculated BTC agreed with the measured
BTC. They aise identified that large radius spheres, large pore water
velocities, and short column lengths led to tailing or asymmetry in
BTC’s under saturated conditions.

While the above mentioned modei used a fitting parameter or an em-
pirical parameter a, models which described the rate of soluie transfer
between the two pore waier regions by Fick’s second law of diffusion
were presented. Scotter (1978) developed two models of solution flow in
soil. Solution flows down vertical cylindrical channels in one and pla-
nar cracks in the other. He approximated the soil structure as a regular
hexagon with a vertical cylindrical pore in its cenire and as a medium
with 2 vertical planar slit, respectively. In both models, {here is si-
multaneous molecutar diffusion of the solute into the soil. Rao et al.
(1980b), and Rasmuson and Neretnieks (1980) derived the solutions of
solute transport in a spherical aggregates model. The governing €equa-

tions were as follows (van Genuchten and Dalton, 1986):
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aCm_ dCin 9%Cn oCa

em + aim = emk - Umau (2-26)
at at axe ax
3 (R
cinx,t) = ———‘[ réca(x,r,t)dr (2.2
R¥J e
dCa D d dcs
_ = —— — (2 — (0=r=s=R) (2.28)
dt re ar ar

~ where, cin is the mean concentration of a sphere, c. is the local con-
centration of spherical aggregate, R is the radius of the sphere, r is
the radial coordinate, and D is the molecular diffusion coefficient in “
the aggregate. Grisak and Pickens (1980), and Tang et al. (1981) ob-
tained the solutions of the model with a single vertical planar void.
Sudicky and Frind (1882) developed the solutions for the case of trans-
port in a system of discrete multiple-parailel fractures. Van Genuchten
et al. (1984) gave the solution for the coaxial cylindrical model. Al-
though these models are physically reasonable, they are adoptable only
when ihe soil structure is similar io the model.

Because soil structures are usuvally heterogeneous in a field, their
hydraulic properties vary from point to point and the transport of sol-
ute also differs from profile to profile. It is very difficult to mea-
sure all the field data which represeni in exact detail the solute
transport. Dagan and Bresler (1979), and Bresler and Dagan (1981) treat-
ed the solute concentration on field scale as a random variable and de-
scribed the solute transport with mathematical technigues. Jury (1982)
proposed a transfer function model in which the probability density

function of the solute travel time was used. The concentration cu (W) at
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the depth, L, and at the cumulative water input, W, was expressed as
follows (Jurﬁ et al., 1986):

W
alW = ,[ TH=W 1Y dein(W dw’ (2.29)

8
where, f(W—V¥’ 1 W) is the probability density function; that is, the
probability that a solute injected at the cumulative water input, ¥’,
will reach the depth, L, afier the cumulative water input, ¥. cia¥’)
is the injected solute concentration at the cumulative water input, ¥’.
Jury (1982) adopted a lognormal distribution to the probability func-
tion, because some measured data showed lognormal distribution of veloc-
ities in fields. This model is not concerned with the mechanism of sol-
ute transport in a field. The probability density function vhich re-
sulted in the best agreement between the measured and calculated con-
centration curves was taken.

The definition of macroporosity is not unity as Beven and Germann
(1982) summarized. There are many types of macropores such as pores
formed by the soil fauna, pores formed by plant roots, cracks and fis-
sures, and natural soil pipes. Even a uniformly packed soil column has
relatively large pores and small pores. The dominant facior affecting

solute transport must be considered in modelling.
2.5. I0N EXCHANGE AND TRANSPORT IN SOiLS

2.5.1. ELECTRIC CHARGE OF SOILS

Clay minerais in soils have electric charge. The two {ypes of charge
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are: permanent charge and variable charge.

Permanent charge is produced by isomorphous substitution for 2:1
type clay minerals. When Si** in a tetrahedral layer are substituted by
A13*, or when AI®* in an octahedral layer are replaced by Mg2* or Fe2*,
the clay is charged negatively. Permanent charge density in 1:1 type
clay minerals is very small.

Variable charge exists on the edge of crystalline clay minerals and
on the surface of allophane and imogolite. Oxygens and hydroxyls with
unsatisfied valences are linked with silicon or alminum. The charges on
these oxygens and hydroxyls depend on the pH of the soil solution. Part
of the hydroxyls linked with silicon produce negative charge by ioniza-
tion:

SiJ-oh =2 Sil-00 + H* (2.30)
where Sil- represents that Si is a part of the clay mineral. When H*
concentration increases (pH decreases), H* is apt 1o be adsorbed by
Si1-0". Because the reaction advances to the left side, negative charge
decreases. On the other hand, pari of the hydroxyls linked with aluminum
produce positive charge by addition of H*:

OH O

Ald<gp, + B 2 All<gy* (2.31)
When H* concentration increases (pH decreases), W' is apt to be adsorbed
by hydroxyls. Becaﬁse the reaction proceeds to the right side, posi-
tive charge increases. After all, positive charge increases and nega-

tive charge decreases as the pH decreases (limura, 1966). Variable
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charge is sensitive to the soil solution condition. Amount of the ion
adsorption increases as the ion concentration increases (Wada and
Okamura, 1980; Okamura and Wada, 1983). The temperature of the solution
also affects the amount of adsorption (Wada and Harada, 1971).

Humic substances, aluminum and iron oxide, oxyhydroxide, and hydrox-
ide minerals aiso have variable charges. They are dependent on solution
pH, too.

Humic substances include large amounts of carboxyls. Part of the
carboxyls produce negative charge by ionization:

-C0oF & -C00- + H* (2.32)

Aluminum and iron oxide; oxyhydroxide, and hydroxide are positiveiy
charged by addition of H":

AlJ-OH + H* = Al]-OH2* (2.33)
Fel-OF + H* = Fel-OH2* (2.34)

Si]-0H produces positive charge when pH decreases, and Al]-OH and Fe

J-0H produce negative charge when pH increases. However, such pH condi-

tions are rare in soils in Japan.

2.5.2. [ON EXCHANGE EQUIL1BRIA

Because ions are adsorbed by electrostatic force, local equilibrium
between the composition of the exchange complex and that of the soil so-
lution is reached instantaneously. The relationship between them is usu-
ally expressed by a normalized exchange isotherm (Fig.2-14). Consider

that there are two kinds of couhterions, A and B. The exchange isotherm
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in Fig.2-14 is graphed in terms of jon A. The abscissa of the exchange
isotherm indicates the ratio of the A concentration to the fotal coun-
terion concentration in the soil solution. The ordinate shows the ratio
of the amount of exchangeable

A to the amount of the total
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_ . . 1 —
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o5 - ’
. @ - A
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<} = 5 , !
. . o ’ i
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=8 2 / ,/ 021
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= ! p ”’
N [+ ] -
wards. On the other hand, if 5 Li'- .
<
¢ 0 0.5 1

ion B is preferred over ion A conc. in solution

A conc. + B conc. in solutien

A in the soil, the exchange

isotherm becomes concave up- Fig. 2-14 Normalized exchange -isotherus.

Cowpeting two ions A and B are existing _

in the exchange phase and the soil

exchange selectivity between solution. MNumbers on curves denote the
selectivity coefficient, K.

wards. |f there is no ion

them, the exchange isotherm
becomes |inear.

Assume that ion A and ion B are homovalent. The equilibrium rela-
tionship between the composition of the exchange complex and that of the
soil solution can be expressed by the following equation:

dn an
— = K (2.35)
3[:] as

where, q is the amount of adsorbed ion per unit weight of the dry soil,

a is the ion activity in the soil solution. The subscripts, a and s,
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denote the values for ion A and ion B, respectively. K is the Kerr se-
lectivity coefficient. To simplify the equation, we assume that the
activities are equal to the concentrations, c.
Qa Ca
— = K— (2.36)
s Cs
Then, when K is targer than unity, the exchange isotherm is convex up-
wards. When K is smaller than unity, the exchange isotherm becomes con-
cave upwards. When K is unity, the exchange isotherm is linear.
Experimental evidence shows that the relative preference of clays
for the monovalent cations increases as the radius of the cation
increases as follows:
Li(60pm) < Na(S0pm) < K(133pm)
< Rb(148pm) < Cs(16%pm) (2.37)
The radius of the hydrated cation decreases as the radius of the cation
increases. The reason for the preference is assumed to be that the
electric force between negative charges on the clay surface and the cat-
ion becomes stronger as the radius of hydrated cation decreases (Wada,
1981). On the other hand, significani preference is less pronounced

among the divalent cations.

2.5.3. TRANSPORT OF EXCHANGEABLE IONS IN SOILS

Consider that the solution of the sorbed cation M* and non-sorbed
anion N- are introduced into a soil whose cation exchange capacity is g
mole kg™'. The volume wetness, 8, of the soil during infiliration and

the incoming solute concentration, ¢, are set to be constant. The infil-
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tration front of each ion in the soil profile is assumed to keep the
initial shape. When the solution is applied V cm® cm2, the infiltra-
tion distance, x~, of anion N° is

x = V/6 (2.38)
On the other hand, the infiltration distance, x*, of cation M is ob-

tained from the material balance equation (Bolt, 1978).

ey = x*(f8c + pq) (2.39)
where p is the bulk density of the soil. Then,
y

XX = —

8 (Dg+ 1)
* | (2.40)
= —_— 40

(Dg+ 1)

where, Dy is the distribution ratio, defined as (Boit et al., 1978):
pq

Dg = ) (2.41)
gc

This number signifies the relative siorage for the ion, that is the ex-
cess amount adsorbed compared -to the amount in solution, both quantities
being specified in mole per 1 kg of soil.' The infiltration distance of
the sorbed cation is shorter than that of the non-sorbed anion due to
cation exchange. The infiltration distance of sorbed cation becomes
short as the distribution ratio increases. That is, the distance becomes
short as the cation exchange capacity increases and the incoming solute
concentration decreases.

The infiltration froni of the sorbed cation is influenced by longi-

tudinal dispersion and the exchange isotherm. The shape bhecomes diffuse
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due to longitudinal dispersion. The effect of the exchange isotherm on
the shape of the front is well-known (DeVault, 1943; Lai and Jurinak,
1972; Bolt, 1978, Cho, 1985; Schulin et al., 1986, Mitsuno, 1988; Toride
and Nakano, 1991). When the exchange isotherm is concave upwards, the
shape of the front becomes more diffuse (unfavorable exchange). When
the exchange isotherm is convex upwards (favorgble exchange), it becomes
sharp. Influence of the exchange isotherm on the shape is shown in
Fig.2-15.

In a field or an undisturbed soil sample which has macropores, sorb-

ed ion movement is greatly complicated due to preferential flow.

CONC. OF BULK SOLUTION
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Fig. 2-15 Effect of the shape of the exchange
isotherm on the concentration disiribution
in the soil profile.
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CHAPTER 3

MACROPORES OF HARD PAN
IN PADDY FIELD

3.1. INTRODUCTION

Macropores influence water and solute movement in soils. Because
paddy soils are usually under flooded condition, the effect of macro-
pores on water and solute transport is especially significant. Many
studies on the effect of cracks on drainage in paddy fields are avail-
able (Kanou et al., 1961, Yamazaki et al., 1962; Yamazaki et al., 1964;
Yamazaki et al., 1966; Maruyama, 1966a, Maruyama, 1966b; Maruyama and
Morikawa, 1966, Tabuchi, 1966, Tabuchi et al., 1966a, Tabuchi et al.,
1966b; Tabuchi et al., 1966¢; Tabuchi et al., 1966d; Tabuchi et al.,
1966e;, Nagahamz et al., 1968; Fujioka and Maruyama, 1971; Maruyama and
Kimata, 1973). As the permeability of the hard pan layer is very low
during irrigation period, observation of the soil structure of the layer
is especiélly important for a good understanding of water and solute
movement in the paddy field. However, detailed observations of their
seasonal changes are not available.

In section 2 of this chapter, seasonal changes in distributions of
macropores of a hard pan and a subsoil layer are studied. During non-

irrigation period, many cracks are seen in these layers. However, after
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ponding and puddling, cracks disappear. Then, vertical tubular pores
made by rice roots (Masujima, 1970; Tokunaga et al., 1985; Narioka,
1980) become the predominant macropores. These macroporosities of hard
pansﬂof several soil groups in paddy fields are reported in section 3 of
this chapter. Non-sorbing solute transport and sorbing solute transport
in the hard pans are studied in chapter 4 and in chapter 5, respective-
ty.

In section 2 of this chapter, the macropores denote the pores which
vere stained by a dilute solution of white vinyl water paint. On the
other hand, the macropores denote the vertical tubular pores made by
rice roots in section 3 of this chapter. The latter definition of the

macropores is used in chapter 4 and chapter 5.

3.2. SEASONAL CHANGES IN DISTRIBUTIONS OF MACROPORES
OF HARD PAN AND SUBSCIL iN A PADDY FIELD

3.2.1. EXPERIMENTAL"

All experimenis were conducted on the 1 ha paddy field in the Na-
tional Research Institute of Agricultural Engineering in Tsukuba city.
The well-drained area near the drainage canal and the ill-drained area
near the inlet for irrigation water were selected for the experimenis.
The soil was Andisol, soil texiure was clay loam, organic matter content
was 19 %, and density of solids was 2.31 g/cm®. Puddling depth was about
10 em.

in order to observe macropores such as cracks and root holes, a di-
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lute solution of white vinyl water paint in water (about 5% by volume)
was used. After digging hollows, 50 X 50 cm and 13 cm deep, the dilute
solution was poured into the hollows during several days. Each plot was
dug several centimeters deep, leaving the new bottom surface horizontal.
Stained macropores and newly penetrated rice roots were sketched on
transparent sheets. This was repeated for several depth. At the same
time, vertical distributions of soil hardness in the soil profiles were
measured by Yamanaka’s soil hardness meter. The soil was also sampled
from the hard pan with a 100 cm® steel cylinder, and volume wetness and
bulk density were measured by the oven dry method. The volume fractions
of three componeni phases of the hard pan were calculated with the data
of volume wetness, dry bulk density, and density of solids.

These measurements were performed just before puddiing (mid-April),
just after mid-summer drainage (early in August), and just before har-
vest (late in September) in 1986. Only well-drained site was measured
Just after mid-summer drainage.

Percolation rates at the well-drained site and the ill-drained site
vere measured under flooded condition before mid-summer drainage by

using a rapid-response percolation meter.

3.2.2. RESULTS AND DISCUSSION

Distributions of newly extended rice roots in horizontal sections of
the wéll-drained site just after mid-summer drainage are shown in
Fig.3-1. Many rice roots which penetrated into the hard pan and the

subsoil were observed as Kawata et at. (1980) indicated. The diameter
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depth 27em
Py
root density 0.127¢cw? 0.103cw™2 0.076ck™2

percent of the area .
occupied by roots  0:06%  0.05%  0.03%

Fig. 3-1 Distributions of rice roots in horizontal
sections of well-drained site just after mid-
summer drainage. The length of each side of
the regular square is 30 cm. ’
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Fig. 3-2 Seasonal change of vertical distri-
butions of seil hardress with Yamanaka's
soil hardness meter. Each value is the
average of 5 data.

of the roots ranged from 0.5 mm to 1.0 mm. Numbers of roots per unit
area and rates of the areas which were occupied by roots are also shown

in Fig.3-1. It is assumed that vertical tubular pores will be formed
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after the decay of these roots.

Vertical distributions of soil hardness at the well-drained site are
shown in Fig.3-2. The soil hardness is evaluated by the index length
which indicates the contracted length of the spring of Yamanaka’s soil
hardness meter. While the index lengths of the hard pan and the subsoil
were more than 20 mm just before puddling, they decreased approximately
to 15 mm just after mid-summer drainage. Takijima et al. (1969) reported
that the penetration of roots was inhibited wvhen ihe index length became
larger than 15 mm and no roots could penetrate when it became more than
23 mm in alluvial soils. Therefore, the data in Fig.3-2 indicates that
rice roots could penetrate easily into the hard pan and the subsoil
after flooding.

The soil’s component phases of the hard pan are shown in Fig.3-3.
Significant seasonal differences were not observed. However, small dif-
ferences were seen between the ill-drained site and the well-drained
site. The solid phase of ihe weli-drained site was larger than that of

the ill-drained site, and the Iiquid phase of the well-drained site was

VOLUME  FRACTION

ill-drained sile

just be ing,
Just before puddling { vell-drained site [ :
just after mid-suzaer drainage,

' vell-drained site
vell-drained site

ill-drained site

just before harvest, {

SAMPLING DEPTH

Fig. 3-3 The soil’s component phases. Each
value is the average of 3 data.
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smal ler than that of the ill-drained site. There were also smal] dif-

- ferences at the well-drained site between the data just afier mid-summer
drainage, and the data just befqre puddling and those just before har-
vest. The solid phase ratio just after mid-summer drainage was smaller
than that just before puddling and that just before harvest, and the
liguid phase just after mid-summer drainage was larger than that just
before puddiing and that just before harvest. These results may be
caused to the difference in drainage conditions. Though each data was
the average in itriplicaie, more measurements are necessary to derive a
firm conclusion.

Distributions of stained macropores are shown in Fig.3-4. The number
of stained macropores just after mid-summer drainage was much less than
others. Kodama and Hishinuma (1859), and Adachi (1988) reported that
soil particles dispersed by puddling clog macropores in upper parts of
hard pans. This phenomenon is thought to be a cause of the decrease of
the stained macropores. 0On the other hand, afier a soil sampie of the
hard pan which initially had fine cracks was saturated by percolation
for about one month, no cracks were observed with the unaided eyes. This
result indicates that the swelling of the soil matrix of the hard pan
was also a cause of the disappearance of the stained macropores. Another
possible cause of the disappearance of the stained macropores was the
penetration of rice roots into tubular pores as Kawata et al. (1980)
pointed out.

Difference of stained macropore distributions between the well-

drained site and the ill-drained site can be observed clearly in
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Fiz. 3-4 Distributions of stained macropores. The numbers denonte the
depth. The length of each side of the regular square is 30 cm.

Fig.3-4. The amount of stained macropores at the well-drained site was
larger than that at the ill-drained site. The percolation rate at the
well-drained site was about 18.5 mm/d, while that at the ill-drained
site was about 3.1 mm/d before mid-summer drainage. As the soil located
below more than 30 cm from the surface at the ill-drained site was clay-
ey, this soil lowered the permeability of the ili-drained site. Because
only small amount of stained macropores were observed just after mid-
summer drainage, it is thought that better drainage resultied in the more
increase of macropores. The widths of these cracks were about 0.2 mm,

the diameters of tubular pores were less than 0.2 mm.
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3.2.3. SUMMARY
The experiments were conducted on the hard pan and the subsoil in
the paddy field of Andisol and the following results were obtained:

1. Distributions of macropores changed seasonally with farm management.
The stained macropores decreased after puddling under flooded condi-
tion due to clogging by dispersed soil particles, swelling of soil
matrixes, and penetration of rice roots into tubular pores.

2. Differences in distributions of macropores between the well-drained
site and the ill-drained site were observed. Good subsurface drain-
age led to an increase of macropores.

3. Penetration of rice roots was observed. Vertical tubular pores would
be formed after the decay of these roots.

4, The hard pan and the subsoil became soft encugh for rice roots to
penetrate into them under flooded condition.

5. Little seasonal difference and little spatial difference of the

soil’s component phases were observed.

3.3. MACROPOROSITY OF HARD PANS

3.3.1. MATERIALS AND METHOD

Undisturbed soil samples of hard pans taken from five different pad-
dy soils, 4 cm long and 10 cm in diameter, were used in the breakthrough
experiments. More details of the experiment will be discussed in the
next chapter. The soil samples were collected during or after the har-

vest season of the rice. Soil column data used for the breakihrough ex-
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periments are shown in Table 4-1 in the next chapter.

After thé end of the breakthrough experiments, the relationship be-
tween water content and suction in desorption was determined by means of
a tension membrane assembly. Macroporosities of the vertical tubular
pores made by rice roots were determined by using the differential water

capacity curves vwhich were obtained from the data.

3.3.2. RESULTS
During preparation of the experiment, fine cracks were observed in
the soil samples excluding the sand sample. But, at the end of the ex-
periments no cracks were visible with the naked eyes. In this experi-
ment, most of the macropores seemed ito be vertical tubular pores made by
rice roots. Therefore, the word “macropore” is used to indicate a ver-
tical tgbular pore.
Differential water capacity curves of the sdmples are shown in
Fig.3-5. Tubular pores made by vertical roots and lateral roots common-
‘Iy exist in hard pans, the former being larger than the latter (Tokunaga
et al., 1985, Narioka, 1990). Therefore, two peaks would be observed at
low suction in the differential water capacity curve. Then, the volume
of the vertical tubular pores (the macropores) was assumed to corre-
spond to the area in the rise appearing in the range of lowest suction
in the differential water capaciiy curve of the sample, as shown in
Fig.3-5 by shading. Small amounts observed at low suction in the curves
were ignored as measurement errors. In the case of the gray loﬁland soil

to which chemical fertilizer was applied, the measurement failed at a
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suction of 27.65 cm of H20. Therefore, the final effiuent volume minus
the effluent volume at a suction of 15.9 cm was assumed to be the volume
of the macropores, because the curve increased from a suction of 15.9
cm. The obvious peak corresponding to the macropores in the sand curve
was not observed. Because the hard pan of the sand did not become soft
even under saturated condition and a crack did not occur in it, 2 root
could not penetrate intovit. Therefore, macropores were not found in
sand. The measured macroporosities are shown in Table 4-1. The values
ranged from 0.83% to 2.04¥. The influence of these few macropores on

solute transport will be discussed in the next chapter.

cn H20
g e
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10 T 6:2 i 6{4
% per co
DIFFERENTEAL VWATER CAPACITY (_:_%)

Fig. 3-5 The differential water capacity curves and the ranges of
vertical tubular pores (shaded areas). & denoles the volume
wetness and H indicates the soil vater pressure. a. Gray lowland
soil, compost zpplied ; b. Gray lowland soil, chemical fertilizer
applied ; c. Andisol ; d. Gley soil ; e. Sand.
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CHAPTER 4

EFFECT OF VERTICAL TUBULAR PORES
MADE BY RICE ROOTS
ON SOLUTE TRANSPORT
IN HARD PANS OF PADDY FIELDS

4.1. INTRODUCTION
) As permeability of a hard pan layer is very low during irrigation
period, the existence of the layer has a significant effect on water and
solute transport in the paddy field. Therefore, clarifying the mechanism
of solute transport in the layer is important for effective fertilizer
use and preservation of water quality.

Solutes move through a soil under the action of advection and molec-
ular diffusion. Consequently, the solute movement is defined mainly hy’
the water flow in the soil, and the water flow is governed by the pore
geometry. Many field and lahoratory studies have indicated that prefer-
ential solute transport through large soil voids occurs, and many models
adaptable for preferential soluie transpori have been presented as men-
tioned in section 4 of chapter 2. However, since the pore geometry in
natural soils is too complex to describe as a model, most of those
models use some fitting parameters to predict the solute transport.

In this chapter, a coaxial cylindrical model in which only one pa-
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rameter is used was adopted to simulate non-sorbed Br- transport through
the hard pans of paddy fields. Calculated values were close to the mea-
" sured values. The resulis proved that vertical tubular pores made by

rice roots, whose radii were less than lmm, had a significant effect on

solute transport as transmission pores in the hard pans.
4.2. MATERIALS AND METHODS

Undisturbed soil samples of hard pans taken from five different pad-
dy soils, 4cm long and 10cm in diameter, which were described in section
3 of chapter 3, were usgd in the breakthrough experiments (Fig.4-1).

The experimental procedure was as follows:

I. An undisturbed soil sample was saturated with water.
2. A 0.1 mole L' CaClz solution was supplied sufficiently to the sam-
ple to édsorb Ca2*.

3. Pure water was supplied to discharge Ca?* and Cl- from the bulk so-

lution.

10em >

AL L === = J1
;“‘T
. / 8em

undisturbed soll |7 4em
: 7 _L

(FIr777777777]

i

Fig. 4-1 Schematic cross-section of apparatus
used for collecting samples of effluent from
soil column.
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Table 4-1
Soil column data used for the breakthrough experiments

hydraulic vertical mean velocity soil

conductivity porosity _ macro- in vertical texture
cn/s X porosiiy* ¥ macropores® cm/s

(neasured) (measured) (measured) (from Eq.€4.4))

-gﬁ-

Gray lowland soil

) . 1.1X10-% 49.8 2.04 1.1X10-? LIiC
compost applied
G lowland soil
rey towldnd sol . 7.9% 10-5 50.2 1.94 8.1%10-? LiC
cheaical fertilizer applied
Andisol 1.8X10°¢ T1.3 0.83 1.4%10-2 CL
Gley soil 4.8X10-4 53.6 <0.99 9.7x10-2 LiC
Sand 5.2X10°4 50.4 - - s

e Y L L LT T P T L R

. All or most of the vertical macropores consisted of the vertical tubular pores made by rice roots.



4, After a 0.1 mole L™! SrBrz solution was supplied, measuring of the

concentration of the output solution was begun.

Non-sorbed Br~ iransport is discussed in this chapter. Adsorbed cat-
ions of Sr2* and Ca®* will be discussed in the next chapter.

Soil column data used for the breakthrough experiments is shown in
Table 4-1. Because the soil samples were treated as materials in this
experiment, the water flow conditions were different from those in the

fields.

4.3. THE MODEL

4.3.1. THE COAXIAL CYLINDRICAL MODEL
A coaxial cylindrical model was proposed to describe solute trans-
port through a hard pan having vertical tubular pores made by rice

roots. The model assumes that the soil is

r\+R-)-
composed of a bundle of cylindrical soil AT
matrixes with a constant radius R and - /’7=f5334-z
that each soil matrix has a cylindrical

macropore with a constant r in its center

1
1
i
. L I
(Fig.4-2). ;]
I
Consider the soil sample to consist }j
1 7-'-.
of n cylinders. As all the sectional VI Gl F
areas of the cylinders are assumed to be N
equal to the sectional area of the soil Fig. 4-2 swemtic'picture of

j : jal cylindrical model.
sample, we get a coaxial cy
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pufE = =mif 4.1
where | is the radius of the scil sampie { =Bem ). That is, B is in fact
ar equivalent radius such that the volume defined by n times the volume
of the fictitious cylinder is egual to the total wvolume of the sample.
As the volume of all #he cylindrical macropores with 3 radius r is as-
sumed {o be equal to the volume of the macroperes in fhe soil sample, we
obiain
, ) pEfPL = v {8.2)
where L is the fengih of the soi] sample { =fem ) and v ix the volume of
the macropores in the soil sample. WNe can get R from E9.{4.1) and
£q.{8,2

R = Axmlsy %% (4.3

Assuming that the water discharge rate through sofl malriz woeuld be

relatively negligible, we can obiain the mean velocidy, u, in ihe macro-

pares

- mR2 x 2L ,
ey —- ___ﬂ foed —— e {4 » 4}

" ¥
where 4 is the measured water flux. As 2 result of the above assumption,
a sofute moves only by melecular diffusion Info the soil medrix. The
molecular diffusion coefficient of Br-, B, in the soil matrix is (Bear,
15965, Gof, 19867 Jpn.Soc.Chemistry, 1884)

Z

§ = ~—Do = B0 %cnlis (8.5

where Do is the molecular diffusion coefficient of Br in free water.

Since, accerding %o £a.04.37, the radius of the cylinder R is 2
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function of the radius of the macropore r, all the parameters used he-
come known if r is given. In calculation, the r which results in the
best agreement between the measured and the calculated breakthrough

curves (BTC’s) for Br~ is taken as the value of r.

4.3.2. GOVERNING EQUATIONS AND NUMERICAL PROCEDURE
We assume that 1) a solute under consideration moves with the mean
velocity u in a macropore without ion exchange and 2) no cross-sectional
concentration gradient is present in it'. The general equation for sol-
ute transport in the macropore is then
nraig- = 2nréd = - 71r.r2u£ (4.6)
Jt 9z ' zer+ ax
vhere C is the concentration, 1 is the time, & is the porosity in the
soil matrix, z is the radial distance, and x is the vertical distance.
Since the solute is assumed to move only by molecular diffusion in
the soil matrix, the general equation for solute transport without ion
exchange in the seil matrix is given by
aC 32C D3 aC
E = D§ + ;g(z;) 4.7
The initial and boundary conditions are as follows:

C,2,0) =0 0<x=L,0=25R1t=0

! These assumptions are adequate because the cases presented here

satisfy £q.(2.17) in chapter 2.
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¢¢0,z,t) = Co = const. 0=z=R tZ0

aC(x,R,1)
= 0 0 < x =L,
d2
ac(L,z,t)
—_— = 0 0 =z =R,
ax

The discretization scheme of the co-
axial cylindrical model is shown in
Fig.4-3. The macropore was not divided
radially. The soil matrix was divided
into 5 sections radially. The cylinder
vas divided into 10 sections vertically.
The nodes of concenirations were put at
the center of each section.

The discretization equatidn related

tZ0 77
t =0
node
AX
-Udzl- -lrl-
St ——
soll macropore
mafrix

Fig. 4-3 Discretization scheme of
the coaxial cylindrical medel.

to the concentration C(x,0,t) in the macropore is given by the integra-

tion of the general eguation (4.6) over

the control volume which con-

tains the point (x,0) from t-4% to t (see Fig.4-4(b)).

JJ‘ nﬁ—— dxdt
aC
= 2argdD —
92

dxdt

zar+

J-J‘ nleu — dxdt (4.8)

wz { (1) 0 x-Ax/2SxSxtdx/2, t-4istst }

In order to approximate Eq.(4.8), we use the upwind scheme for the ad-
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vective term by setting udt=4x, and the fully implicit scheme for the

diffusive term. We obtain

a*C(x,0,t) = B+C(x,r+d2/2,t)
+ 7 <C{x-4x,0,1-4t) (4.9)
a = B+ 7
26 Drax : /I;\I\
A= 42 C(x-A%,2) C(x—A%,0)
L Ax .
2
T = ru / /7
2 .
c(x.2) C(x,0)
where 4x is the increment in ctxz+an)|  |omz-az Sl rohas2)
X, 42 is the increment in 2z, L1 1 4
. HAZeH T
4t is the increment in time, CW+PX1) (b) i
and 8 is the porosity in the
p y In () - / o
s . Fig. 4-4 Control voluaes and nodes.
soil matrix. Azl

The discretization equa-

tion related to the concentration C(x,z,t) in the soil matrix is given

by the integration of the general equation (4.7) multiplied by z over

the control volume which contains the position (x,2) from t-4t to 1 (see

Fig.4-4(a)). We can gét an approximation equation using the fully im-

plicit scheme.

a+C(x,2,t) = B+C(x+4%,2,t) + 7+Clx-dx,2z,1)
+ §+C(x,2+42,1) + £+C{x,2-42,1)

+ &+C(x,2,t-41)
o = B+r+8+te+
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Dz 4z

8 = r = —
4%
( B =0 at x=L-4x/2 )
20242
(r = , Clx-dx,2,t) = C€(0,z,t)
4%
4%
= Co at X'-"-'_')
2
0(z+42/2) 4
5=
42
( 8§ =0 at z=R-4z2/2 )
D(z-42/2) 4x
g = ————
42
2Dr4x
(g = , C(x,2-42,1) = €(x,0,1)
4z
at 2=r+4z2/2 )
z24z4x
g =
41

Unknown concenirations are obtained by solving the simulianeous algebra-

ic Eqgs.(4.9) and Egs.(4.10) (Patankar, 1980).
4.4. RESULTS AND DISCUSSION

The measured BTC’s for Br~ are shown in Fig.4-5. When a nonreactive

soluie flows through a uniform porous medium, the BTC is approximately
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predicted by solving the one-dimensional advective dispersive eguation
(De Smedt and Wierenga, 1984). The measured curves for the gray lowland
soil to which compost was applied and for the sand were each estimated
approximately by the analytical solution of the equation by Lapidus and
ﬁmundson (1952) as shown in Fig.4-5. As specific obvious macropores were
not recognized in the differential water capacity curve of the sand, the

sand is assumed to be a uniform porous medium. The agreement between its

. ool
Xy v.v' 0 v© H v v
xx_¢vY¥ o0
o
o
o x Gley soll
F° v Andlsol

0.5

glo

o Gray lowlond soll
o chemleal fertilzer applied

one-dimenslonal advective
dispersive equation

glo

0.5 Gray lowland solt
compost applied

o Sond

1 1) T

0 1 2 . 3 4
PORE VOLUME
Fig. 4-5 Comparisen of measured breakthrough curves (dala

points) and analytical solutions (solid lines) for Br-
displacement.
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measured and analytical values also suggests that it is a uniform porous

medium.

On the contrary, the BTC’s for the other three soils could not

be approximated by the equation. These curves, which are simitar to that

of a soil with large voids, are very steep at their initial stage and

tail away afterwards

through vertical tubu

This result suggests that a preferential flow

lar pores made by rice roots would occur in each

soil.
1 -
. e g = e e = ---‘:'-1'.:='-'9-"=-==--—-‘--
P v .
el
Jl,(r
£ 054
G W n Gley soit
v Andisol
| T T 1
0 1 2 : 3
11 gm0 i
e T
”446‘,9"-
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G /d /s chemical fertilizer applied
l”o .’I
i
1) /
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,f
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Fig. 4-6 Comparison of measured (data poinis) and calcujated
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(
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Table 4-2
Numerical results of the coaxial cylindrical model

radius of radius of density of

0.33 3.32 2.9

E macropore® soil mantle macropore?
g rooomm R mm cm-?
Gray lowland soil E
ey fowlang sol . Lo 0.55 3.85 2.1
compost applied '
Gray lowland soil '
. : . . 0. 3.23 3.1
chemical fertilizer applied: 1
Andisol 0.40 4.40 1.6
Gley soil

YMacropore” indicates the vertical tubular pore made by a rice root.



To evaluate quantitatively the effect of the vertical fubular pores
on solute transport, a numerical calculation based on the coaxial cylin-
drical model was performed. As shown in Fig.4-6, the calculated BTC’s
agreed well respectively with the measured curves. The calculated radii
of the macropores, r, and of the cylinders, R, and the calculated densi-
ties of the macropores are shown in Table 4-2. The calculated radii of
“4the macropores, r, ranged from 0.33mm to 0.55mm. These values are close
to the radius of a main root of rice existing ina tipical hard pans.
Tokunaga et al.(1985) measured the density of the macropores and got
values from lem™2 1o 1.5cm 2. The calculated densities are larger than
that, but approximately close.

The mean velocities in the macropores of each soil differ signifi-
cantly from each other. The highest velocity is about 100 times larger
than the lowest velocity (Table 4-1). The differences in the mean ve-
locities suggest different degrees of disorder in the water passages re-
sulting from obstacles in the macropores. The calculated concentration
distributions in the coaxial cylinders in the case of the fastest veloc-
ity and of the slowest velocity were compared at the same pore volume
(0.3 pore volume) in Fig.4-7. In the case of the fastest velocity, since
the elapsed time from 0 to 0.3 pore velume is short (551sec), only a
very small amount of .Br~ is distributed into the soil matrix by molecu-
lar diffusion. On the other hand, in the case of ihe slowest velocity,
since the elapsed time is long (20700sec), the amount of Br- diffusing
into the soil matrix is large. Therefore; the higher the velocity be-

comes, the steeper is the BTC at the initial stage.
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Fig. 4-7 Calculated concentration distributions
in the coaxial cylinders in the case of the
fastest velocity and of the slowest velocity
at 0.3 pore volume. The numbers on the dashed
lines represent relative conccentrations.

The main mechanisms of Bf‘ transport in the cylinder are the advec-
tion in the macropore and the radial molecular diffusion into the soil
matrix from the macropore. Which mechanism is dominant can be roughly
estimated by the following method ; used by Taylor(1953) for the evalua-
tion of hydrodynamic dispersion in a tube as shown in section 3 of chap-
ter 2. The time necessary for advection to make an appreciable change

in concentration, ti, is
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Table 4-3
Comparison of the time for advection in the macropore and the time for radial
molecular diffusion in the soil matrix

i time for

i. advection ~ radial diffusion i1

E t1 12 t2
Gray lowland soll - b 3600 sec 1300 sec 2.8

applied compost ! ‘ =
Gray fowland soil : . ‘
_ ' 0 89 0.55
applied chemical fertilizer! 49 0

Andisol 1 1700 0.054
Gley soil ! a1 940 0.044




L
thh = — (4.11)
u

Thertime necessary for the radial variation of concentration in the soil
matrix to die down to about 1/e of its initial value, t2, is

Re_ra

3.8%D

These values for each soil sample are shown in Table 4-3. When t1 {1z,

te =

(4.12)

the BTC is steep at the initial stage. On the other hand, when t) te,

the BTC becones a skewed sigmoid curve.

4.5. CONCLUSIONS

- We make the following conclusions from the breakthrough experiments
and from the model simulations for the undisturbed hard pans of the pad-
dy fields:

1. The coaxial cylindrical model in which only one parameter is used

was adopted 1o simulate non-sorbed Br~ transport through the hard

pans of the paddy fields. All the calculated values were close 1o =~

the measured values.

2. Vertical tubular pores made by rice roots, whose radii were less
than Imm, significantly affected solute transport through the hard
pans éf the paddy fields. That is, preferential flow occured in
them. When the mean velocity in the pores was faster, solute dis-
charged rapidly before diffusing well into the soil matrix. On the

other hand, when the mean velocity in the pores was slower, solute
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discharged slowly while sufficiently diffusing into the soil matrix.
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CHAPTER 5

CATION EXCHANGE PROCESSES
IN HARD PANS OF PADDY FIELDS

5.1. INTRODUCTION

Cations [ike NHs* and K* are important nutrients for rice. On the
other hand, the discharge of such nutrients sometimes causes eutrophic-
ation of a closed water area. Therefore, to clarify how cations move in
paddy field soils is important for effective feriilizer use and preser-
vation of water quality.

Commonly, clay minerais and organic matter in soils have negative
charges and adsorb cations existing in the soils by electrostatic force.
The cation exchange reactions occurring in the soils are reversible (ex-
cluding transition elements) and the reaction times are much smaller
than the time necessary for the moving of the cations. Therefore, when
one kind of cation flows into a soil and is exchanged for another previ-
ously adsorbed cation, the adsorbed amounts of the competing two kinds
of cations and their concentrations in the bulk solution can be assumed
to reach an local equilibrium state (as e.g. Lai and Jurinak, 1971,
Valocchi et al., 1981; van Eijkeren and Loch, 1984; Selim et al., 1987).

In this chapter, cation exchange processes in the hard pans of paddy

fields were studied. Cation transport was simulated assuming a local
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equilibrium between the concentrations of the competing two kinds of
cations in the bulk solution and the amounts of the adsorbed cations in
the soil. The simulation was performed by using the values which were

obtained from the calculation of non-sorbed Br~ iransport in the previ-
ous chapter. The resultis thus calculated explained the measured values
well. |In addition, the CEC values of the soils obtained in breakthrough
experiments (undisturbed soils) and those by batch experiments (well
disturbed soils) were compared. The results showed that cations could

exchange well even in the compact hard pans provided that the cations

are supplied sufficiently and sufficient time is expended for the exper-

iment.
5.2. MATERIALS AND METHODS

Ca2* and Sr2* breakthrough experiments (BTE’s) were performed using
the undisturbed hard pans of five different paddy fields. The equipment,
the soil samples and the procedure were all the same as those described
in the previous chapter.

A batch experiment was performed to measure the amount of adsorbed
Ca®* in the well disturbed soils. The method of Wada and Okamura (Wada
and Okamura, 1977) was adopted for the batch experiment. The procedure
was as folilows: N

1. The soil sample {about 2g; <2mm) was equilibrated with a 0.1
mole L=1 CaClz solution.

2. The soil sample was equilibrated with 4 dilute CaCl2 solution with
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the same concentration as the output concentration in the BTE just
before the 0.1 mofc L~! SrBrz solution was applied.

3. After the Ca2?* was replaced completely by 0.1 mole L' SrBrz, the
amount of Ca2* released was measured. '
On the other hand, the amount of adsorbed Ca?* in the BTE’s was oh-

tained from the entire amount of discharged Ca2*.
5.3. THE MODEL

A coaxial cylindrical model including ion exchange was applied to
describe Ca2* and Sr2* transport in hard pans having vertical tubular
pores made by rice roots. Tpis model is similar to the model without
ion exchange described in the previous chapter except for the general
equation for the soil matrix. The general equation including ion ex-

change for solute transport in the soil matrix is

aC 2 (pq )
-_+—_—-—_.
at daty &
92C D3 aC
= p— + —— {2— (5.1)

- where C is the Sr2* concentration of the bulk solution, t is the time,

p is the bulk density of the soil, g is the amount of adsorbed Sr®* per
unit weight, 8 is the porosity, D is the molecular diffusion co-
n efficient ( = 8.0X10"% cm®/s ), x is the vertical distance, and z is the
radial distance. '

In the BTE’s, Sr2* moved into the soil matrix and exchanged with
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Ca?* which had been adsorbed initiaily. Since the cations moved slowly,
the following equilibrium equation can be assumed.

L= g (5.2)

do ac
where q is the amount of adsorbed Sr2* per unit weight, qo is the amount
of adsorbed Ca?* per unit weight, a is the Sr2* activity in the bulk
sofution, ac is the Ca?* activity in the bulk solution, and K is the
Kerr selectivity coefficient. As the selectivity coefficient between
5;2* and Ca%?* is about 1 (Bruggenwert and Kamphorst, 1982), it is as-
sumed that there is no ion exchange selectivity beiween them. Then, one
can rearrange Eq.(5.2) such that

| q C

—
—_—

Qe Co

(5.3)

where C is the Sr®* concentration in the bulk solution, C. is the Ca2*

concentration in the bulk solution. The adsorbed amount of all cations

Oa is
s = 4 + dc (5.4)
Considering the electroneutrality of the bulk solution, we get
e = C + G (5.5)

where Cs is the Br~ concentration in the bulk solution. From Egq.(5.3),

Eq.(5.4) and Eq.{(5.5), we get
9 = 0 (5.8)

Cs is calculated by the coaxial cylindrical model as described in the

previous chapter and gs is given by measuring the entire amount of dis-
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charged Ca%* in the BTE’s. Substituting Eq.¢(5.8) into the general equa-
tion (5.1), we obtain

aC . 3[D%C)

at A\ 6

032C 4 Dad ( BC) (5.7)
= —_ z— 5.7
ax? z 92 A

The discretization equation related to the Sr2* concentration
C(x,2,t) in the soil matrix is given by the integration of the general
equation (5.7) muitiplied by 2z over the control volume which contains
the position (x,2) from t-4t to t. We get an approximation equation by

using the fully implicit scheme.

a-C(x,2,1) = B-C{x+ix,2,1) + 7+C(x-4x,2,1)
4+ 8+C(x,ztdz,1) + £+C(x,z-42,t)
+ K’C(X,Z,t‘dt) (5-8)
a = B+r+8+e
zdz4x | o ta )
+ 1 +———
At 8Cs(x,2,t)
Dz4z
ﬁ = r = —
. 4%
( 8 =0 at x=L-4x/2 )
2Dz 42
(r = , C(x-dx,2z,t) = €(0,2,t)
4%
4%
= Co at X=— )
2
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D(z+42/2) 4%
42
( &8 =0 at z=R-42/2 )
D(z- 42/2) dx
42
2Drdx

(8 = d 3 C(X,Z'dz,t) = C(X,o,t)
2

& =

Lat z=rigz/2 )

2424x% £ n
- B )
4t 8 Ce(x,2,t-41)

where 4x is the increment in x, 4z is the increment in 2, and 4t is the

increment in time. The concentrations C are obiained by solving the si-
multaneous algebraic equations (4.8) in the previous chapter and (5.8).

Then, Ca2* concentration is given from Eq.(5.5). The same measured val-
ues and calculated parameters as those in the previous chapter are used

in calculation.

On the other haﬂd, the one-dimensional advective dispersive equation
including ion exchange can be used to describe Ca?* and Sr®* transport
in the hard pan of the sand, since non-sorbed Br~ transﬁort was approxi-
mated by the equation without exchange. The general equation is

ac 3 [ pg ) #C aC
_— 4 — —
at at\ @

where k is the dispersion coefficient and u is the mean pore velocity.

= Kk—— - Uu— (5.9)
ax? x

The vatue k ( =1.03X10"3cm2/s ) was calculated by using the Péclet num-

ber (Rose and Passioura, 1971) which gives the best agreement between
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the measured and analytical breakthrough curves (BTC's) for non-sorbed
Br-. The values 8 ( =0.504 ) and u  =2.05X10"3cm/s ) were measured in
the BTE. Substituting Eq.{5.8) into q in Eq.(5.9), ve obtain

aC d { oaaC 92C aC
— 4+ — = k=— -~ u— (5.10)
7t at\ 6GCs ax? ax

The discretization equation for the general equation (5.10) is given
by the integration of the general equation (5.10) over a control volume
from t-4t to t. We get!an approximation equation by using the exponen-
tial scheme and the fully implicit scheme (Patankar, 1980).

aC(x,t) = B+Clx+dx,t) + 7 +Cle-dx,t)
+ §C(x,t-4t) (5.11)
a = B+r+8

d% P On
=1+ —
dt BCh(Xit)

u
exp(P)-1
( B =0 at x=L-4x/2 )

u exp(P)

exp(P)-1
( ¥ =u at x=4x/2 )

& 0 da )
— {1+ —
4t 8 Cs(x,1-41)

where P = ux/k and L is the soil column length ( = 4cm ). The concen-

& =

trations C are obtained by solving the simulianeous algebraic equations

(5.11). The numerical calculation was carried out by setiing 4x=0.lcm
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and At=10.0sec.

5.4. RESULTS AND DISCUSSION

The transport of non-sorbed ions in hard pans having vertical tubu-
lar pores made by rice roots has been made clear in the previous chap-
ter. In this chapter, the transport of exchangeable cations in the hard
pans was studied.

The cation movements were simulated by using only the measured val-
ues and parameters which were given in the calcuiation of non-sorbed Br-
in the previous chapter. The caiculated BTC’s for Ca?* and Sr2* agreed
with the measured ones as shown in Fig.5-1.

The behavior of exchangeable cations accompanied by water movement
in hard pans having vertical tubular poeres made by rice roots can be ex-
plained in the same way as was done for non-sorbed Br~ movements in the
previous chapter. The distributions of the calculated Sr®* concentra-
tions in the coaxial cylinders for the soil having the fastest velocity
in its macropores and for that having the slowest velocity at the same
pore volume ( 0.3 pore volume ) are shown in Fig.5-2. |In the case of
faster velocity, since the elapsed time was short at the same pore vol-
ume, the amount of Sr2* moving into the soil matrix was very small.
Consequently the exchange and discharge of Ca?* proceeded very gradual-
ly. On the other hand, in the case of slower velocity, since the elapsed

time was long at the same pore volume, the amount of Sr2* moving into
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the soil matrix was large. As a result, the amount of Ca?* exchanged and
discharged during the initial stage of the BTC’s was large. |In the case
of the sand, since Sr2* flowed uniformly into the pores, it exchanged
well with Ca2* and the released Ca®* was discharged sufficiently during
the initial stage of the BTC.

The amounts of adsorbed Ca* cobtained by the batch experiments and
those obtained by the BTE’s are shown in Table 5-1. Since the BTE’s for
the andisol gnd the gley soil were stopped before the discharge of Ca?*

vas completely finished, the amounts of adsorbed Ca2* after stopping the
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Table 5-1 .
Amounts of adsorbed Ca?* obtained by batch experiments and breakthrough experiments

amount of adsorbed Ca2*

+ breakthrough experiment batch experiment A
P mole/L A mols/kg B mole/kg B
Gray fowland soil 5 ,
_ ) ' 0.188 - 0.145 0.135 1.07
compost applied
Gray lowland soil ' _ L] _
.. L : 0.214 0.150 0.155 0.97
chemical fertilizer applied: :
Andisol E 0.081° 0.117° 0.141" 0.83
Gley soil : 0.313° 0.172° 0.290  0.59
Sand E

0.049 0.031 '0.032 0.96

The value was estimated to extend Ca?* breakthrough curve to the latter part which
was not measured.



experiments were estimated by extending the measured Ca2* BTC’s. There-
fore the values for the andisol and the gley soil in Table 5-1 are ap-
proximate. Excluding these values, the amounts of adsorbed Ca2* in the
respective soils in both the BTE’s and the batch experiments are almost
same. The resulis show that cations can exchange completely even in un-
disturbed compacted soil matrixes as well as in well disturbed soiis
under the laboratory experimental conditions.

When the CEC of the soil is large, input cations penetrate into the

soi! slowly due to adsorption. Eliminating the effect of the CEC on cat-
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APPARENT PORE VOLUME

Fig. 5-3 Cumulative amount of Ca®* discharge in breakthrough
experiments as a function of apparent pore volume.
O Sand M Gley soil V Andisol
O Gray lowland soiil;chemical fertilizer applied
- @ Gray lowland soil;compost applied
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ion discharge curves, unit of apparent pore volume is used instead of
that of pore velume in abscissa. The apparent pore volume is defined as
follows (Dufey et al., 1982):

LYa
8Co

.where, V is the total water volume of a soil sample (L), p is the hulk

1 apparent pore volume = VY ( + 1 ) (D) (5.12)

density of the soil (kg L~'), ga is the total amount of adsorbed Ca2*
per unit weight (mole kg~'), 8 is the volume wetness, and Co is the
input solution concentration (mole L™'). Changes in the cumulative

amount of Ca?* discharge st_andardized by the total amount of Ca* dis-

coo0000000°

0 ' ’ 100 200
H O UR

RELATIVE CUMULATIVE AMOUNT
*OF Cd* DISCHARGE

El

Fig. 5-4 Cumulative amount of Ca®* discharge in breakthrough
experiments as a function of time.
O Sand M Gley soil V Andisol
O Gray lowland soil;chemical fertilizer applied
® Gray lowland soil;compost applied
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charge are shown in Fig.5-3. |t can be clearly éeen in Fig.5-3 that the
faster the mean velocity is in the macropore, the higher is the cumula-
tive amount of waier discharge necessary io completely discharge Ca2*.
The changes in the curves of the cumulative Ca?* discharge as a
function of time are shown in Fig.5-4. In the case of faster velocity
in the macropore, hecause the exchangeable solute was supplied more
quickly, the time required to finish Ca%* discharge became shorter. In
the case of the sand, since Sr2* flowed uniformly and rapidly into the

pores, the curve shows the quickest discharge of Ca2*.
5.5. "CONCLUS1ONS

Cation transport in the undisturbed hard pans was simuiated assuming
the local equilibrium between the concentrations of Ca?* and Sr2* in the
bulk solution and the amounts adsorbed during the cation exchange proc-
ess. Cation transport in the hard pans having vertical tubular pores
was explained by the coaxial cylindrical model. Cation transport in the
sand was approximated by the one-dimensional advective dispersive equa-
tion including ion exchange. The simulation was performed using the
measured values and parameters which have been given in the calculation
of non-sorbed Br=. The resuits explained the measured BTC’s well.

when the mean velocity in the tubular pores was fast, Sr2* was dis-
charged rapidly before diffusing well into the soil matrix. Consequent-
ly, the initially adsorbed Ca?* was discharged gradually. On the other

hand, when the mean velocity was slow, Sr®* was discharged slowly, suf-
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ficiently diffusing into the soil matrix. As a result, a larger amount
of Ca?* was exchanged and discharged during the initial stage of the
BTC's. In the case of the sand, since Sr2* floved uniformly through the
uniform porous medium, it was exchanged with Ca?* and the reieased Ca2*
was sufficiently discharged during the initial stage of the BTC.

The amounts of adsorbed Ca?* obtained by the batch experiments and
the BTE’s were compared. The resulis showed that cations could exchange
well even in the compact hard pans provided that the cations are sup-

piied sufficiently and sufficient time is expended for ihe experiment.
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CHAPTER 6

EFFECTS OF VARIABLE CHARGE
ON ION TRANSPORT
IN AN ALLOPHANIC ANDISOL

6.1. INTRODUCTION

-

Because the density of variable charge in a soil is influenced by
the solution concentration and the pH, ion transpert in the soil is also
affected by them. Ho@ever, few studies on the effects of solution pH on
breakthrough curves (BTC’s) for exchanging ions have been reported (Chan
et al., 1978; Chan et al., 1980a; Chan et al., 1980b; Nielsen et al.,
1986). Those for an Allophanic Andisol under unsaturated conditions are
particularly rare. Chan et al. (1978) indicated that amount of adsorbed
cations in an oxidic soil increased as a pH of input solution increased.
Chan et al. (1980a) showed that the CI~ BTC for the oxidic soil was af-
fected by solution pH and ionic strength. Nielsen et al. (1986) also
showed the effect of solution pH on CI~ BTC’s for an Oxisol under satu-
rated conditions. The CI- BTC shifted to the left as the pH increased,
due to the change of the charged sites. They also reported that the in-
fluence of the charge in the soil on the BTC became significant as the

solution concentration decreased.
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Allophanic Andisol has both positive and negative variable charges,
which is dependent on seiution pH and ionic strength (e.g., limura, 1966
; Okamura and Wada, 1983). Therefore, as Chan et al. (1980a) suggested,
ion transport in the soil is strongly affected by solution pH and ionic
strength. In this chapter, the effects of solution pH and concentration
on ion transport in an Allophanic Andiscl under saturated and unsaturat-
ed conditions are reported. The cases studied here involved ion ex-
change in binary anion (Br~-Cl~) and cation (Sr2*-Ca%*) systems under a
constant total concentration condition and a constant pH condition. The
charge characteristics such as the AEC, the CEC, and the exchange iso-
therms were measured under different pH conditions and concentrations.

Those results are compared with the BTC’s.
6.2. MATERIALS AND METHODS

The soil studied was an Allophanic Andisol (Typic Hydrudand) from a
field at the National Instituie of Agro-Environmental Sciences in
Tsukuba, Japan. The soil sample was collected from the 4821 horizon.
The soil contained 49.5 ¥ of clay and 1.16 ¥ of organic carbon. The
clay fraction was dominated by allophane and imogolite. The amorphous
material and allophane content determined using the method of Kitagawa
(1977) was 41.4 %. The free aluminum oxide and the free iron oxide mea-
sured using the method of Mehra and Jackson (1959) were 2.43 % and 4.7}
%, respectively. The pH in a 1:2.5 soil/water suspension and that ina

1:2.5 soi1/¢1 M KC1) suspension were 5.62 and 5.56, respectively. The
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detailed measurement methods for the soil is written in the materials
No.3, Department of Chemistry, the National Institute of Agricultural
Sciences (1984).

BTC’s were obtained from both saturated and unsaturated soil col-
umns. A schematic cross-section of the apparatus for unsaturated condi-
tions is shown in Fig. 6-1. An acrylic column of 30-cm length and 6.5-
cm inner diameter was used. The column was wrapped in moist gauze to
prevent soil water evaporation during the experiment. Soil water poten-
tials in the soil column were adjusted to about -1.96 kPa during the
percotation. Namely, the hydraulic gradient was about 1.0. To keep the
soil water pressures at -1.96 kPa, the interface between atmosphere and
water in the m;riotte device was set at about 20 cm below the top of the
soil column, and the outlet of the effluent was set at about 20 cm below
the bottom of the soil column. The apparatus for saturated conditions
had no air vent and the BTC’s for saturated conditions were obtained
under the hydraulic gradient, 0.5. The interfape between atmosphere and
water in the marioite device was placed at the same level as that of the
top of the soil column and the outlet of the effluent was set at 15 cm
above the bottom of the soil column. The volumetric water contents un-
der unsaturated conditions and those under saturated conditions ranged
from 684 ¥ to 72 ¥ and from 72 ¥ to 77 %, respectively.

. The cases studied here involved ion exchange in binary anion (Br -
Cl") and ca%ion (Sr2*-Ca2*) systems under a constant total concentration
condition and a constant pH condition. The miscible-displacement exper-

iments were carried out at different total concentration (0.001 mole
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Fig. 8-1 Schematic cross-section of apparatus
used to obtain breakthrough curves under

unsaturated conditions.

L™, 0.005 mole L~t, 0.01 mole L°', and 0.1 moie L™') and pH (from 4.2
to 7.65). The procedure was as follows :
1. The soil sample was equilibrated with a 1 mole L™! CaClz solution
ad justed with HCI or Ca(OH)2 to a desired pH (about pH 4, 5, 7.5
or pH not adjusted).
2. After setting the volumetric water content of the soil sample

about the same as that in the field condition (about 63 %), the
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soil was passed through a 2 mm sieve. The sieved soil was packed
to a bulk density of 510 kg m3® (the same value as the field con-
dition).

3. After the soil column was saturated by capillary action with a °
CaClz solution at a prescribed concentration (0.001 mole L7,
0.005 mole L°%, 0.01 mole L', or 0.1 mole L™'), the CaClz solu-
tion was percolated. A CaClz solution at the prescribed concen-
tration was adjusted at the same pH as the effluent pli. This
adjusted solution was percolated sufficiently.

4. A SrBrz solution at the same concentration as that of the input
CaClz solution was adjusted at the same pH (from 4.2 to 7.65) as
that of the effluent CaCl2 solution. Then, after the SrBrz solu-
tion was supplied.into the soil column under constant hydraulic
gradient, the measurement of the concentration of the output so-
lution was begun.

To compare the difference between transpori of chemically reactive

and inert solutes, tritiated water was used in some SrBre solutions.

Sr2*-Ca%* exchange isotherms and Br~-Cl~ exchange isotherms were
measured using a modified version of ihe method of Wada and Okamura
(1980).

The AEC and the CEC in the BTC were estimated from ihe entire amount
of discharged CI- minus the amount of C!~ initially existed in the bulk
solution of the soil cofumn, and the former amount of Ca®* minus the
latter amount of Ca2*, respectively. Those values were compared with

those from the batch method of Wada and Okamura (1980).
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Sr2* and Ca®* were analyzed by atomic absorption spectrophotometry.

Br- for Br--CI- excl]ange isotherms was measured by radiocactivation anal-

ysis. Cl~ and the other Br~ were measured by ion chromatography.

6.3. RESULTS AND DISCUSSION

Clay minerals in soils have charges, and consequently, adsorb

counterions existing in the soils by electrostatic force. The AEC and

the CEC of the Allophanic Andisol were measured, because the movement of

the counterions in the soil is influenced by the charge densities. The
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effects of the total solution concentration and the pH on the AEC and
the CEC are shown in Fig. 6-2. The results are similar to those obtain-
ed by Okamura and Wada (1983). Namely, the AEC decreases and the CEC
increases as the pH increases, and both of them increase as the total
concentration increases. The AEC and the CEC estimated from the BTC’s
were similar to those measured using the batch method of Wada and
Okamura (Fig. 6-2). These results corroborate the results obtained in
chapter 5 that the CEC measured in the batch method and those estimated
from the BTC for the undisturbed hard pans under the same solution con-
ditions wvere almost same. These resultis show that input ions exchanged
sufficiently with initially adsorbed ions in the Allophanic Andisol dur-
ing the movement of the ions.

Because the §hape of an exchange isotherm affects the BTC, exchange
isotherms for the Allophanic Andisol were determined. The Sr2*-Ca?* ex-
change isotherms graphed in terms of exchangeable Sr®* as a fraction of
total exchangeable cations and Sr?* concentration as a fraction of total
cation concentrations are shown in Fig. 6-3. The effect of the pH on
the Sr2*-Ca2* exchange isotherm is clear. The exchange isotherm becomes
convex upwards at lower pH (4.55 to 5.75) and it becomes linear or
slightly concave upwards at the higher pH of about 6.9. These results
indicate an exchanger preference for Sr?* over Ca?* as the pH decreases.
The effect of the total solution concentration on the Sr2*-Ca?* exchange
isotherm is not significant. 1t seems that there is no difference among
the exchange isotherms for different total concentrations having an

identical pH. The Br--Cl- exchange isotherms graphed in terms of ex-
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changeable Br~ as a fraction of total exchangeable anions and Br~ con-
centration as a fraction of total anion concentrations are shown in Fig.
6-4. The effect of the pH on the Br~-Cl” exchange isotherm is noi
great. The results plotied in Fig. 6-4 are concave upwards and they
move marginally closer to a linear relationship as the pi increases.

Measured BTC’s are shown in Figs. 6-5 and 6-6. The effluent pHs kept
almost constant during the miscible-displacement experiments. The pHs
in the experiments ranged from 4.2 to 7.65. Those values for each run
are denoted in Figs. 6-5 and 6-6 with concentrations.

Observed BTC’s under saturated conditions showing the effect of to-
tal concentration and solution pH on the displacement process are illus-
trated in Fig. 6-5. Comparing the Sr2* and Br~ BTC’s for the total con-
centration of 0.01 mole L™, the Sr2* BTC shifts to the right as the pH
increases while Br~ BTC shifts to the left as the pH increases. Mean-
while, the CEC becomes larger as the pH increases while the AEC becomes
smaller as the pH increases. The shifts of the BTC’s correspond to the
change in the AEC and the CEC. When the AEC or the CEC is large, great-
er amounts of the input solution are required for the counterion to pen-
etrate to a fixed depth. Therefore, Br~ flowed out slowly at lower pH
because of large AEC and Sr3* discharged slowly at higher pH because of
large CEC. The influence of the total concentration is observed among
the BTC’s for 0.1 mole L™! and pH 5.6, 0.01 mole L~! and pH 5.75, and
0.001 mole L-! and pH 5.7. The BTC shifts to the right as the total
concentration decreases. When the input concentration is lower, greater

amounts of the input solution are needed for the counterion to penetrate
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Fig. 6-5 Observed breakthrough curves showing the effects of pH and
total concentration on the displacement process indicated by pore
volume. ( OBr~ ; @Sr2* ) :

to a fixed depth because the supplied amount of the counterion contained
in unit solution volume is smaller. Nielsen et al. (1986 shoved simi-
lar BTC’s for Cl- using an Oxisol. From our results, we confirmed that
the change in the BTC corresponds to the change in the ion exchange ca-
pacity and the total concentration.

To eliminate the effects of the AEC and the CEC on the BTC’s, appar-
ent pore volumes (Dufey et al., 1982) can be used on the abscissa for
those figures. The apparent pore volume is given from data of the BTC

as follows:
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[o0
1 apparent pore volume = J O( 1 = Cw)/Co )dw (m®) (B.1)

where C(w) is the output concentration of Br~ or Sr2* (mole L°'), Co is
the input concentration of Br~ or Sr2* (mole L°'), and v is the volume
of effluent (m®*). If there is no selectivity between two competing
kinds of counterions in the soil, the BTC for each ion as a function of
apparent pore volume becomes same as that for an inert solute (Dufey et
al., 1982).

Observed BTC’s for Br~ and Sr?* as a function of apparent pore vol-
ume are shown in Figs. 6-6-1 to 6-6-3. BTC’s for tritiated water were
also added in Figs. 6-6-1 to 6-6-3 as an inert case. |1 is clear from
the figures that the effect of the pH on ion transport in the soil is
observed even though the effects of the AEC and the CEC are eliminated.
The Br~ BTC’s under saturated conditions and at 0.01 molc L™' under un-
saturated conditions become diffuser than those for tritiated water as
the pH decreases (Figs. 6-6-1(a), 6-6-2, and 6-6-3(a)). The Sr2* BTC’s
under saturated conditions and at 0.0l mole L™! and 0.1 mole L™! under
unsaturated conditions become steeper than those for Br~ as the pH de-
creases (Figs. 6-6-1, 6-6-2, and 6-6-3(a)). These results are explained
using the exchange isotherms. Because the Br™-Cl~ exchange isotherm
tends to become concave upwards at lower pH, the Br~ BTC becomes diffuse
at lower plii. Conversely, because the Sr2*-Ca®* exchange isotherm be-
comes convex at lower pH, the Sr2* BTC becomes steep as the pH
decreases. As is well known, the former is a type of non-favorable ex-

change and the latter is a type of favorable exchange (e.g., DeVault,
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1943; Lai and Jurinak, 1872; Bolt, 1978; Cho, 1985; Schulin et al., 1986
: Mitsuno, 1988; Toride and Nakano, 1981). The BTC’s for iritiated water
fall between the Sr2* BTC and the Br~ BTC, or almost in the same posi-
tion as either of them as shown in Figs. 6-6-1¢a), 6-6-2, and 6-6-3.
These results are roughly explained with the exchange isotherms for Sr2*
and Br~, because the BTC’s for tritiated water are the same as those for
an adsorbing fon whose exchange isotherm is linear (Dufey et al., 1982).
Comparisons of the BTC’s under saturated conditions with those under
unsaturated conditions are also shown in Figs. 6-6-1 to 6-6-3. The
BTC’s for the total concentration of 0.1 mole L™! under unsaturated con-
ditions (Fig. 6-6-1(b)) are more diffuse than those under saturated con-
ditions (Fig. 6-6-1(a)). However, based on the relationship between the
Sr2* BTC and the Br~ BTC, no notable differences were observed between

the BTC’s under saturated conditions and those under unsaturated condi-

tions.
6.4. CONCLUSIONS

The effects of the solution concentration and the pH on ion trans-
port in the Allophanic Andisol were studied. The solution concentration
and the pH affected the AEC and the CEC of the Allophanic Andisol sig-
nificantly. The solution pH also affected the ion exchange isotherms.
The increase of the AEC or the CEC delayed the movement of the counter-
ions, and changes in the exchange isotherm altered the shape of the BTC.

When the input concentration was low, the counterion penetrated more

-90-



slowly because the supplied amount of the counterion contained in the

unit solution volume was small.

The BTC’s under unsaturated conditions were compared with those un-
der saturated conditions at different pH and conceniration conditions.
Based on the refationship between the Sr2* BTC and the Br~ BTC, no no-
table differences were observed between the BTC’s under saturated condi-
tions and those under unsaturated conditions.

| The influence of the solution concentration and the pH cannot be

ignored when considering ion transport in an Allophanic Andisol.
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CHAPTER 7

EFFECT OF DISTRIBUTION RATIO
ON BREAKTHROUGH CURVE

7.1. INTRODUCTION

The influences of the total counterion concentration of the input
solution, the ifon exchange capacity of the soil, and the ion exchange
isotherm on ion transport in the Allophanic Andisol were clarified ex-
perimentaily in the preceding chapter. |In this chapter, these effects
on breakthrough curves (BTC’s) are considered numerically.

lon exchange reactions are important processes governing the fate of
dissolved nutrients and other chemicals in crop fields. lon exchange
reactions delay -the ion movement in soils. The mean penetrating veloci-
ty, depth, time, and retardation of exchanging ion are given in varijous
studies (Higgins, 1959; Bolt, 1978, Roberts et al., 1980; Mansell et
al., 1986). A;is and Amundson (1973) determined the relation between
the retention time of an adsorbing solute and that of a nonreactive sol-
ute when there was no dispersion and no mass iransfer limitation.
Schweich and Sardin (1981) applied this relation to ion exchange.
Valocchi (1980) noted that, when the exchange isotherm is linear, the
breakthrough curve (BTC) for an exchanging ion shifts to the right in

proportion to the value of the retardation factor in the figure.
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The shapes of BTC’s with different mean breakthrough times can be
easily compared when the BTC’s are normalized by their mean breakthrough
times. Dufey et al. (1982) showed that when the adsorption isotherms
was linear a normalized BTC for an adsorbed solute was similar to a BTC
for a non-sorbed solute, with its shape determined by the Péclet num-
ber. As is well known, a BTC becomes flatier with a concave jsotherm
and becomes steeper with a convex isotherm (e.g., DeVault, 1943; Lai and
Jurinak, 1972; Bolt, 1978; Cho, 1985; Schulin et al., 1988; Mitsuno,
1988; Toride and Nakano, 1991). However, ithe shapes of normalized BTC’s
have not been determined when the distribution ratio, Dy, the ratio of
the amount of ions adsorbed in the soil to that in the solution in,unft
volume of the soil, differs among the BTC’s.

In this chapter, the influence of Dg on normalized BTC’s with non-
linear isotherms was evaluated numerically and experimentally.
The cases studied here involve ion exchange in a binary system at a con-
stant total concentration under steady-siate water-flux conditions.. The
BTC’s were calculated and interpreted by using a normal ized, one-dimen-
sional advective dispersive equation. The analytical results from these
calculations were then compared with experimental déta of transport of
exchanging cations and exchanging anions in laboratory columns of an

Allophanic Andisol.
7.2. THEORY

The case considered here is an exchange in a binary homovalent sys-
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tem at a constant total concentration (molc m™3) under a steady-state
water-flux condition. An input ion, ion 1, penetrates into a soil and
displaces an initially adsorbed ion, ion 2. Instantaneous equilibrium
between the adsorbed ions and the ions in the solution is assumed.

We assume distribution of homovalent ions 1 and 2 between solution
and adsorbed phases is described as follows:

2 = Kwa& (7.1)

gz C2

where, qi1 and g2 are the amounts in the exchange phase (molc kg ') of
ions 1 and 2, respectively, ci1 and c2 are the concentrations in the soil
solution (mole m™2) of ions 1 and 2, respectively, and Ki.z is simply
referred to as the selectivity coefficient of ions 1 over 2 (Valocchi et
al., 1981; Selim et al., 1987). This selectivity coefficient was first
.introduced by Rubin and James (1973). We consider that the total ion
concentration is time invariant in a binary system; therefore,

Coc = &1 + c2 (7.2)
where co is the total concentration (mole m=2) of ions having the same
charge. Assuming the ion exchange capacity is constant under the con-
stant total concentration we get

Qo = o1 + g2 (7.3)
where go is the ion exchange capacity (mole kg™'). From Egs. (7.1),
(7.2), and (7.3), Valocchi et al. (i981) showed that

0 = — 7.0

(Kir2=—1)C1 +1

where Q) is the relative amount of ion 1 in the exchange phase and Ci is
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the relative concentration of ion I in the soil solution. They are re-
presented as

G = a1/q (7.5)

C = &1/ co (7.6)

As Hashimoto et al. (1964) showed, the one-dimensional, advective
dispersive equation with ion exchange in a soil is

e o T 1.7)

ot ox2 ox

vhere t is time (s), D is a dispersion coefficient (m® s 1), x is dis-
tance (m), u is a mean pore water velocity (m s™!'). The variable Rr is
a retardation factor (Hashimoto et al., 1964) defined by
1 + DQEEL (7.8)

aCs

where Dy is a distribution ratio (Bolt et al., 1978). Dy is defined by

Re

pag
De = 2 (7.9)
BCQ

where p is the bulk density (kg m™3) and & is the volume wetness (m®

m3). Similar to thé method used by Selim and Mansell (1976), Eq. (7.7)
can be put into dimensionless form by introducing the following dimen-
sionless variables:

X = x/L (7.10)

ut
( Do+ 1)L

where L is the objective length. The dimensioniess time, T, equals the

(7.1D

I

ratio of the real time to the mean time required for ion 1 to move
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through the distance, x-= L. Dufey et al. (1982) defined the effluent
volume at T = 1 as the “apparent pore volume.” From these, Eq. (7.7)

can be put into the dimensionless form

3C1 1 32Cy 1 9C
— = — = = (7.12)
aT tPs 3X2 T aX
where Pe, the Péclet number for mass transfer, is uL/D, and
Re 1 Dy ath
f = = + (7.13)
De+ 1 Do+ 1 g+ 1 3Cy

The derivative, 80:1/3Ci, in Eq. (7.13) is determined by the exchange
isotherm. Differentiating Eq. (7.4) by Ci we obtain (Schulin et al.,
19886)
al Kis2
= (7.14)
aCs [1 4+ Kioa—10C P

The initial condition and boundary condition that we consider in

this study are
Ct =0 atT=0 for 0<X, and
Ci=1 atX=0 for T>0.

7.3. NUMERICAL PROCEDURE

Because an exact analytical solution of Eq. (7.12) is only available
when the selectivity coefficient is unity (van Genuchten and Cleary,
1982), Eq. (7.12) was solved numerically. The discretization of Eg.
(7.12) is given by the following exponential and fully implicit schemes
(Patankar 1980):
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a*Ci(X,T) = BCK+dX,T) + 7 C(X-2X,T)
+ 8+ (X, T-4T)  (7.15)
where, 4X is the increment in dimensionless distance, 4T is the incre-
ment in dimensionless time, and
a = B+ 7 + 8 (7.16)
1
b T e D (r.1m

(B =0 atX =1-4X2)

exp(B) 18
T = 7.18
A{exp(B)—1}
( r = 1/A at X = )/2)
aX :
4T
where
1 Do L%, T — X, T-4T)
A = + (7.20)
Dg+ 1 Do+ 1 Ci(X, T — Ci1{X,T-4T)
B = PodX (7.20)

When Dg, Ki-2, Pe, 4X, and 4T are specified, the concentrations, Ci, are
obtained at temporal and spatial points of interest by solving simulta-
neous algebraic equations (7.15). The numerical calculations were car-
ried out using a uniform grid with 4X = 1/30 for P = 50, or with 4X =
1/90 for Pe = 250, and 4T in the range of 2.2 to 3.4X10-2.

Sample calculations were performed for Dy = 0, 1, 10, 50, Ki.2 =
0.5, 1, 2, and Pe = 50. The specific combinations of the parameters

used are shown in Table 7-1.
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Calculated BTC’s were compared with BTC’s from experimental data.
The distribution ratio, Dy, for these calculations were calculated from
Eq. (7.9) by substituting experimental data. The vaiues that gave the
best agreement between the measured and calculated BTC for non-sorbed,
tritiated water were chosen as Pe for the calculations of the exchanging
ion BTC’s. Reasonable values for Ki.2 were chosen for the ca!culationé

by curve fitting the measured exchénge isotherms with Eg. (7.4).
7.4. MATERIALS AND METHODS

Miscible-displacement experiments were carried out in order to iden-
tify the effect of Dg on‘the normalized BTC. The miscible-displacement
experiments for the Allophanic Andisol were carried out in binary cation
(Sr2*-Ca2*) and anion (Br~-Cl~) systems at constant total ion concentra-
tion and constant pH, and the Sr2*-Ca%?* exchange isotherms and Br -Cl-
exchange isotherms were measured using a modified version of the method
of Wada and Okamura (1980) as described in the preceding chapter. The
ion exchange capacities of Br~ and Sr2* for each run of the miscible-
displacement experiments were estimated from the measured BTC’s. The

ion exchange capacity, go (mole kg™ '), was calculated as

[ W
o - & J OECo—Ci (U)de -~ CoBY ) / (D V) (722)

where v is the effluent Volume (m®), c1(w) is the output concentration
(mole m™2) of ion 1 at w, W is the effluent volume (m®) at that ci{w)

has just increased to co, and V is the inner volume of the acrylic col-
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umn (m®). The data for the experiments are presented in Table 7-2.
T.5. RESULTS AND DISCUSSION

7.5.1. SAMPLE CALCULATIONS

Numerical calculations were carried out in order to evaluate the ef-
fect of Dg on the normalized BTC. From Eg. (7.12), ion transport can be
predicted when f and P. are known. Because f is obtained from Dy and
90:1/3Cy (Eq. (7.13)), and 301/3C: is determined from Ki2 and Ci (Eg.
(7.18)), Dg, Ki.2, and Ps must be known to calculate ion transport.

The combinations of Dg, Ki,z, and Pe for the sample calculations are
shown in Table 7-1. As Selim and Mansell (1976) described, the dimen-
sionltess, advective dispersive equation for a linear exchange isotherm
is equal to that for a nonreactive solute. |In this case, Eq. (7.12) be-
comes

aCy S aCy
ER -2
Therefore, these BTC’s are determined for P. as Dufey et al. (1982) in-

dicated. Because the general equations for ion transport for a linear
exchange isotherm (cases 3A, 3B, and 3C in Table 7-1) were exactly iden-
tical to those for a nonreactive s&lute (case 1 in Table 7-1), seven
sample calculations were carried out.

The calculated BTC’s are shown in Figs. 7-1 and 7-2. The abscissa

denotes the dimensionless time T. Following the convention used by Dufey
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Table 7-1

Combinations of parameters for the example calculations.

Distribution Selectivity

Case ratio coefficient Péeclet no.

no. Do Kis2 Pe

nonreactive solute

1 0 - 50

cohcave exchange isotherm

2A 1 0.5 50
28 10 0.5 50
2C 50 0.5 - 50
linear exchange isotherm
34 ' 1 1 50
38 10 1 50
3C 50 1 50
convex exchange isotherm
4A | 2 : 50
4B 10 2 50
4C" 50 2 50
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1 ~—=——— Case 24, D=1

——————- Case 2B, D,=10 s ST T
Case 2C, D =50
G 0.5 .
Co :
S Ky»=1 or nonreactive solute
JI""“//
k)

0o 1 T 5
APPARENT PORE VOLUME

Fig. 7-1 Effect of distribution ratio, Do, on the breakthrough curves
at Ki-2 = 0.5 and P. = 50 as a function of apparent pore volume.

1 -—— CasedA, D=1

_______ Case 4B, D =10 f"/'f
C1 sraseesssess (nce 4C,D‘=50 I’
'_C': 0.5 K»=1 or nonreactive solute

0 1 2
APPARENT PORE VOLUME

Fig. 72 Effect of distribution ratio, Dy, on the breakthrough curves
at Ki-2 = 2 and P, = 50 as a function of apparent pore volume.

et al. (1982), the apparent pore volume is used as the unit of the di-

mensionless time T. In Fig. 7-1 because the displaced ion, ion 2, was

preferred to the input ion, ion 1, in the cases of concave isotherm (24,

28, and 2C; Ki.2 = 0.5), these BTC’s are flatter than the BTC for the

linear isotherm case where Ki.2 = 1. Also seen in Fig. 7-1 as Dg in-.

creases from 1 to 10 the BTC at Ki-2 = 0.5 is flatter. In Fig. 7-2, be-

cause ion 1 was preferred to ion 2, in the cases of convex isotherm (4A,

4B, and 4C; Ki.2 = 2), these BTC’s are steeper than the BTC for Ki.2 =
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1. Also, as Dg increases from 1 to 10 the BTC at Ki.z = 2 is steeper.
This result shows that the influence of the nonlinear isotherm on the
normal ized BTC’s increase as Dg increases.

On the other hand, as shown in Fig. 7-1, the BTC for case 2C where
Dy = 50 almost agrees with that for case 2B where Dy = 10, although Dg
for case 2C is much larger than D¢ for case 2B. The same relation is
observed between the BTC’s for case 4B and 4C in Fig. 7-2; that is, when
Dg is much larger than unity, the normalized BTC’s with a similar P, and
Ki.2 remains almost same, even though the values of D; differ.

In the sample calculations homovalent exchange was assumed in order
to use the simple relationship in Eq. (7.1) for the distribution of two
ions between solution and adsorbed phases. However, the obtained re-
sults are also valid for a binary heterovaleni sysiem because the ex-
change isotherm determines the BTC.

The results obtained from the sample calculations can be explained
by examining the equations themselves. For the case of nonlinear ex-
change isotherms when Dg is not much greater than unity, the term
1/{Do+1) in Eq. (7.13) decreases and the term Do/(Dg+1) increases as Dg
increases from 0. Also, because 901/3C: is multiplied by De/(Dg+1), the
influence 9Q,/dC1 exerts on f becomes greater as Dy increases. This is
shown in Fig. 7-3. Therefore, the effect of a nonlinear exchange iso-
therm on the normalized BTC increases as Dy increases, since 3 /aC is
determined by the exchange isotherm. This is the reason why the BTC at
Kir2 = 0.5 is flatter and the BTC at Ki.2 = 2 is abrupter as Do

increases from 1 to 10.
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Fig. 7-3 Influence of D¢ and aQ;/3C:1 on T (Eq.(7.13)).

The numbers on the curves denote 3Q;/dC;.

Also for the case of nonlinear exchange isotherms when Dy is much
larger than unity, the terms 1/(Dg+1) and Dg/(Dg+1) in Eg. (7.13) hecoﬁe
approximately 0 and 1, respectively, and T is approximated by aQ;/aCs.
This last approximation is shown in Fig. 7-3.
Dg on f is small, ion transport can be almost determined for Pe and
90:/9Cs. Therefore, the influence of Dg on normalized BTC’s is negligi-
ble. This is the reason why the BTC’s for cases 2B and 2C are similar

1o each other, and why, cases 4B and 4C are similar even though the val-

ues of Dy differ substantially.
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7.5.2. THE EXPERIMENTS

Miscible-displacement experiments, using the Allophanic Andisel,
were carried out in order to identify the effect of Dg on the norma l i zed
BTC. The measured and calculated BTC’s for Run 1 are shown in Fig. 7-4,
and those for Run 2 are shown in Fig. 7-5. The conditions and parameters
for these runs are listed in Table 7-2. The measured exchange isotherms
and the exchange isotherms used in the calculations for the Sr2*-Ca2*
system are shown in Fig..7-6 and those for the Br~-Cl- system in Fig.
7-7. Because the exchange isotherms were measured using the batch meth-
od, those pH values differed from the pH values of the miscible-dis-
placement experiments for Runs 1 and 2. The measured Sr2*-Ca?* exghange
isotherms indicate that the isotherm becomes more convex as the pH de-
creases (Fig. 7-6) as described in the preceding chapter. However, al-
though Run 1 was carried out for a pll of 4.2, an exchange isotherm with
less than a pH of 4.55 was not detected. The two reguired conditions
for the Sr2*-Ca?* exchange isotherm for Run 1 were that the Sr2*-Ca2?*
isotherm be slightly more convex than the measured isotherm at pH 4.55,
and also that the isotherm produce the calculated BTC that would agree
with the observed BTC. Under these conditions, a value of 3 for Ksr-ca
for Run 1 was obtained by fitting a curve to the measured data. The
other Ksr-cea and Ker-c1 values for Runs 1 and 2 were obtained by curve
fitting the measured exchange isotherms.

- The calculated BTC’s agree well with those observed as shown in

Figs. 7-4 and 7-5. Although Ker.c1 is the same for the Br~ BTC’s for
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‘ Table 7-2
Soil column data for the Allophanic Andisol and paraméters, Dy, Kirz, Pe, used for the numerical
calculations.

-G01~

Bulk Volume HMean borC‘uater “jon exchange
pH  Concentration density wetness * velocity ion capacity Dy Kirz P
mole m*? kg uw? m® m? um st cmole kg™!
_Run 1 . ' ..

.2 100 510 0.723 6.85 Sr 4.10 0.29 3.0 250
Br 15.11 1.07 0.7 250

Run 2.

5.05 10 510 0.734 0.72 Sr 5.13 3.56 1.5 250

Br 8.63 6.00 0.7 250




ARPARENT PORE VOLUME

Fig. 7-4 Comparison of measured breakthrough curves {( OBr~ ; @Sr2*.)
for Run I and calgulated breakthrough curves (solid |ines).

APPARENT PORE VOLUME

Fig. 7-5 Comparison of measured breakthrough curves ( OB~ ; @Sr2* )
for Run 2 and calculated breakthrough curves (solid lines).

‘Runs 1 and 2, the Br~ BTC for Run 2 is flatter than that for Run 1. The
reason is that Dg for Run 2 for Br~ is larger than that for Run 1, so
that the infiuence of the Br~-CI~ exchange isotherm for Run 2 is greater
than that for Run 1. Therefore, the BTC for Run 2 is flatter.

As is well known, a BTC becomes steeper as Ki-2 increases (e.g.,
DeVault, 1943; Lai and Jurinak, 1972; Bolt, 1978; Cho, 1985; Schulin et
al., 1986; Mitsuno, 1988; Toride and Nakano, 1981). However, although
Ksroco for Run 1 is larger than that for Run 2, the Sr®* BTC for Run |

-106-



s

G 1 —
O -
£
= e
2 05- ,';/'
BV
s A
= i
0 05 1

SE‘CONC. / TOTAL CATION CONC.

fig. 7-6 Heasured Sr2*-Ca2* exchange
isotherms ¢ OJ pH 4.5%, 100 molc w2 ;
O pH 4.9, 10 wole w2 ; V pH 5.5,
1 mole 02 ) and exchange isotherms
calculated from Eq.(7.4) (curves).
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Fig. 7-7 Measured Br~-Cl” exchange iso-
therms ¢ O pH 4.9, 10 mole m™3 ;
V pH 5.5, 10 mol. w? ) and exchange
isotherms calculated from Eq.(7.4)
(dotied curve).
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is slightly flatter than that for Run 2. The reason for this can be ex-
plained by the difference of Dy. Because Dg for Run 1 for Sr?* is
smaller than that for Run 2, the influence of the Sr3*-Ca2* exchange
isotherm for Run 1 is less. Therefore, the Sr2* BTC for Run 1 is
slightly flatter than that for Run 2. A smaller value of Dg decreases
the influence of the nonlinear exchange isotherm on the BTC. Due to the
smaller values of Dg, the Sr®* and the Br~ BTC’s for Run 1 became closer

to a BTC for a linear isotherm than those for Run 2.
7.6. CONCLUSIONS

Exchanging ionic-solute transport through soil columns is signifi-
canfly affected by ion exchange reaction. The BTC for the input ion
based on time or pore volume shifts to the right in the figure as the
ion exchange capacity increases or the input ion conceniration
decreases. The shapes of the BTC’s with different mean breakthrough
times are easily compared in one figure when the BTC’s are normalized by
the mean breakthrough times. |In this chapter, the influence of the dis-
tribution ratic, Dg, the ratio of ithe amount df_ions.adsorbed in the
soil to that in the solution in unit volume of the soil, on normalized
BTC’s with nonlinear exchange isotherms was evaluated. The cases studied
here invelved ion exchange in a binary system at a constant total con-
centration under sieady-state water-flux conditions. The BTC’s were
calculated and interpreted using a normalized, one-dimensional advective

dispersive equation. |1 was determined that the effect of the nonlinear

-108-



isotherm on the BTC increases as Dy increases. |t was also shown that
when Dg is much greater than unity, an increase in Dg has no effect on
the BTC. These results were confirmed with experimental data on actual
soil columns of Allophanic Andisol. When the BTC’s have a similar non-
iinear exchange isotherm and Péclet number, the deviations among them
were easily interpreted by the Dy values. When both the nonlinear ex-
change isothern and the Dy differ among BTC’s, the deviations of the
BTC’s can be explained by comparing both the nonlinear exchange isotherm

and the Ds.
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CHAPTER 8

CONCLUDING REMARKS

Significant effects of macropores on the movements of both non-sorb-
ed and sorbed solutes in the hard pans of paddy fields were investigat-
ed. VWhen the mean water velocity in the macropores was faster, solute
discharged rapidly before diffusing well into the soil matrix. On the
other hand, when the mean water velocity in the macropores was slower,
sofute discharged slowly while sufficiently diffusing into the soil ma-
trix. Such phenomena are common in fields because their soils have di-
verse nonuniform structures which vary from place to place. Moreover,
the structures change according to the water content, human activities,
living organisms, etc. Macropores and complicated structures are deci-
sive factors for solute transport in soils. However, evaluation of such
spacially variable structures, which often change over time, remains one
of the largest problems in soil science.

The effects of electric charges of the Allophanic Andisol on ion
transport were investigated in the latter part. Because the Allophanic
Andisol has variable charges, the solution concentration and the pH af-
fected the AEC and the CEC of the soil significantly. The solution pH
also affected the ion exchange isotherms. Therefore, the transport of
the counterions in the soil was influenced strongly by such charge char-

acteristics. The increase of the AEC or the CEC delayed the movement of
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the counterions, and changes in the exchange isotherm altered the shape
of the BTC. When the input concentration was lower, the counterion pen-
etrated more siowly because the supplied amount of the counterion con-
tained in the unit solution volume was smaller. The charge characteris-
tics of the soil can be understood with reference to the microscopic
structures of the soil. The phenomenon of the interaction between 2 soil
particle and a solute, which occurs in the microscopic space, signifi-
cantly affects scoiute transport in the macroscopic space such as a field
or a hasin. To understand solute transport in ithe field or the basin,
further progress in research on interactions between soil particles and
solutes is highly desirable.

The natural environment is extremely delicate. Once it is polluted,
it is most difficult to remove those pollutants and restore the natural
environment. Technology to preserve the environment requires further

understanding of solute transport in soils.
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