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Abstract

In dealing with groundwater contamination and pollution monitoring, it is important to predict
the characteristics of the various chemicals that flow in the soil-water environment. This research
reviews the current state of the formulations of chemical flow in unsaturated mobile-immobile wa-
ter systems and proposes a new approach towards the selection of a model basis. This includes the
use of the irreducible moisture as the immobile moisture term and the use of a simple kinetic term
for the soil sorption. These assumptions when tested on a simple discrete experiment for the sorption
term and analytical and experimental fitting for the immobile term show an acceptable level of
performance.
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1. Introduction
1.1. Generdl

Solute movement studies are important tools in the field of subsurface hydrology especially in
predicting the movement of pesticides, nitrates, heavy metals, leached salts from the surface layers of
the soil and other solutes through the soil. Studies of this type provide information not only on the
characteristics of the chemical being transported (dispersion, diffusion, sorption reactions, or other
exchange processes) but also information about the medium itself (van Genuchten and Wierenga, 1976).
By observing the characteristics of the function of the concentration at the outflow of experimental
columns (breakthrough curves or BTCs), chemical characteristics have been determined (van Genuchten
and Wierenga, 1976) and certain soil parameters were obtained (Sugita and Gillham, 1993). Concern-
ing the formulation of the flow of water and chemicals in porous media, Biggar and Nielsen (1967), and
Bear (1972) provides good reviews of the state of the art.

Most of the formulations, however, are based on the equations of continuity of water flow and the
convective-dispersive equation of mass balance (Lapidus and Amundson, 1952). The equation of mass
balance can be expressed as equation (1), for the general unsteady water flow, and equation (2) for
steady state uniform flow (90 /dz =0). In the above equation C is the concentration of the flow (g/
cm3), D4 is the dispersion coefficient (cm2/day), q is the Darcy flux (cm/day) and v, is the pore water
velocity (Darcy flux divided by the volumetric water content 8; cm/day). Also, z is the distance of flow
(cm) and ¢ is the time (days).

The use of equation (2) however, produces symmetrical concentration distributions both with
depth and as BTCs (Gershon and Nir, 1969). Experiments on the other hand have consistently shown
that concentration distributions are generally non-symmetrical or nonsigmoid in character (Aylore and
Karim 1970, Green et al. 1972). This phenomenon is usually called tailing, indicating the appearance of
such unsymmetrical concentration distributions (van Genuchten et al. 1976). Experiments have shown
that the tailing phenomenon to occur under the following conditions; a) during unsaturated flow where
larger pores become empty and thus contribute less to the total flow, b) during flow in aggregated media
where there is usually slow and incomplete mixing between waters, ¢) during flows with low water
velocity, and d) if sorption reactions exist (Nielsen and Biggar 1961, Biggar and Nielsen 1962, Giddings
1963, Gupta et al. 1973, MacMahon and Thomas 1974, Skopp and Warrick, 1974). '

1.2. Previous Formulations

From the above discussions it is clear that equation (2) is incapable of predicting the actual proc-
ess of unsaturated-saturated water and chemical flow in porous me-
dia. In order to account for the tailing phenomenon, several research- 0C o o 9C
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ent parameters. Some of the most notable formulations are as follows; a) One formulation is from Coats
and Smith (1964) who expanded the model by Deans (1963). In their formulation two soil-water re-
gions are considered namely, the mobile and the immobile zones. The immobile part of the soil water is
assumed to be created from the existence of dead end pores and trapped air inside the soil; b) Another
formulation is from van Genuchten and Wierenga (1976) and De Smedt and Wierenga (1979) who
proposed a general transport equation which includes reaction terms between the soil and mobile and
immobile water. In the formulation, they assumed that the adsorption is instantaneous and that the
relation between the solution concentration and adsorption can be described by a linear Freundlich
relationship (S=KC ) which when introduced into equation (2) produces the retardation factors de-
scribed by Hashimoto et al. (1964); ¢) The above formulations were further expanded by van Genuchten
and Wagenet (1989), and Zurmuhl et al. (1991) to include solute decay composed of degradation terms
for both the water and the soil, the functions of which are dependent on the type of chemical being
modelled; d) Aside from these, there were other approaches, including a two phase model (Skopp and
Warrick 1974), a classification of the water system into stagnant, moderately mobile and rapidly mobile
waters (Horiuchi et al. 1992), and a dual porosity model (Gerke and van Genuchten 1993) to name a
few. Solutions to some of these equations can be found in Coats and Smith (1964), Villermaux and
Swaay (1969), Bennet and Goodridge (1970), van Genuchten and Wierenga (1976), Goltz and Roberts
(1986), Lassey (1988), Toride et al. (1993), and Fry et al. (1993).

Although these kinds of relationships have been successfully used in modelling, most researchers
admit that the selection of the model assumptions and the determination of the numerous parameters
becomes difficult. In horizontal soil-column experiments by Smiles and Philip (1978), they have found
that there seems to be a piston-like displacement of the initial water by the absorbed water, suggesting
that there is very little or no immobile water. This means that for experimental soils there seems to be no
basis for a separation of the system into mobile and immobile waters.

Even if the water can be initially assumed to be separated into mobile and immobile zones, as in
trapped water in dead-ended pores as the immobile part, the determination of the mobile and immobile
fractions would be very difficult especially during unsteady state flows. Another is the assumption that
the sorption reactions are instantaneous. This would present problems for variable water velocities
especially during transient states of the soil. If the rate of adsorption is slow compared to the rate by
which the chemicals move through the soil, then a kinetic approach towards equilibrium would be more
appealing. One formulation was proposed by Lapidus and Amundson (1952) as shown in equation (3).
There are other formulations for the storage component of the flow equations comprising sorption-
equilibrium, non-equilibrium and additive combinations of the two. A thorough review of formulations
is given by Boast (1973), and of the underlying assumptions by van Genuchten and Wierenga (1976),
Nkedi-Kizza et al. (1983), and Goltz and Roberts (1986).

2. Basis of the Proposed Model

To overcome some of the limitations of the above formulations, a new model is required that will
utilize some physical basis thus minimizing the number of parameters which needs to be estimated.
Based on this, a new model is proposed which rationalizes the selection of the immobile water compo-
nent and the soil sorption term. ‘

2.1 Formulation of Immobile Term

Considering the physics of the -6 relationship, there would naturally exist an irreducible mois-
ture content 8 even during dry conditions whose value would vary depending on the soil type. For most
soils, this amount is small as may be the case for certain bead-column experiments, but for some mate-
rials this moisture content is considerable and therefore cannot be neglected. Based on this, a new
model is proposed utilizing the irreducible moisture content as the immobile component of the water
system. Not only will this assumption provide the model with another physical basis, it will also provide
an accurate value for the immobile moisture parametet, 8.

The use of this assumption would not contradict the results of other researchers who have found
that there was very little or no immobile fraction, since the irreducible moisture for such experimental
sands and beads are extremely small.

2.2. Checking Kinetic Sorption Approach by Experimental Fitting

It has been generally stated that physically, ions in aggregated soils may be viewed as soil salts in
solution existing in pores between and inside the aggregates. Biggar and Nielsen (1967) stated that of
the two kinds of pores, the larger in-between-the-soil pores dominate ion flow and mixing, while the in-
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aggregate pores act as a kind of ion source or
sink. Considering that the effect of immobile
water is negligible for typical soils compared

Fig 1. Schematic diagram of discrete model (left) and Eule~
rian (top right) and Lagrangian (bottom right) observations.

to soil sorption reactions, three discrete models are considered and compared with experimental results.
The objective of this is to determine the feasibility of different formulations of a kinetic approach to-

wards equilibrium.

The experiments were conducted on 40 cm long soil columns with rainwater as the initial input on
top of the column and observation of the outflows at the bottom of the column. The experiments mimic
the different states of discrete lengths of the soil during rainfall and observes the outflow concentration
for two states. One is an Eulerian observation of the outflow from a soil length during repeated washing
of water; and the other is a Lagrangian observation of the outflow as a unit volume of water flows along

the soil slope. Details of the experimental setup can be found
in Velasquez (1991, 1994) and Matsubayashi et al. (1992).
The schematic diagram of the model system and the obser-
vations can be seen in figure 1. In the above, an Eulerian
observation simply means that the observer is fixed at a point
while the process flows along his view. In the Lagrangian
observation, the observer flows along with the process. These
two viewpoints are needed since the actual chemical-soil
sorption process may either be that the soil has more con-
centration than the diluting water (similar to an Eulerian
observation) or it may have less concentration than the di-
luting water (similar to a Lagrangian cbservation).

Three models are used to fit the experimental data,
all of which are of a kinetic approach towards equilibrium.
This was done to determine the performance of this com-
pared to an equilibrium approach (e.g., linear Freundlich
Isotherm) and to compare the performance of similar mod-
els of varying complexities. The first model used in the fit-
ting is similar to that of Macpherson and Peck (1987) and
considers that the amount of ions carried away in constant
flow during a time increment dt is proportional to the dif-
ference in concentration between the ion storage and the
diluting flow. This model is given by equation (4). The sec-
ond model is a non-linear modification of the first and is
given by equation (5). The third model is a further modifi-
cation where it is a non-linear series function as shown in
equation (6). In these equations, V is a representative vol-
ume (liters) for the ion stored in the soil and is assumed to
be constant. S’ is the virtual concen-
tration of the in-aggregate pore wa-
ter (g/liter), C and C1 are the con-
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Fig. 2. Fitting of Models 1, 2 and 3 to the
experimental Eulerian (top) and
Lagrangian (bottom) observation data.

Table 1. Goodness of fit and sorption parameter values for models.
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as far as goodness of fit is concerned. For the sorp-
tion kinetic parameters, it seems to be in the order
of 10-2 or smaller for both the linear and non-lin-
ear cases.

3. A New Model
3.1. Formulation

Considering the above, for the flow of chemi-
cals through an unsaturated, aggregated, sorbing
porous media, four regions can be identified as
shown in figure 3. The regions are as follows: a)
Air spaces trapped between soil particles; b) Mo-
bile water located inside pore spaces both large and
small. Solute flux occurs through advection and
diffusion in this region; ¢) Immobile water which
envelopes the soil particles. This enveloping water
is the irreducible water film as described by 6 in
the y—0 relationship. This region mixes with the *= e AR
mobile region through a kinetic mixing term; d) Fig. 3. Schematic diagram of new model.
Soil region which is in contact with the immobile
region and in some places with the mobile region. The percentage of contact of this region with the
mobile part is given by the parameter f. Soil sorption reactions occur in this region with the immobile
and mobile regions. Decay exists in the chemicals in the last three regions described by a first order
decay term (for ions, decay may mean reaction with other ions forming signless-chemical molecules
thus neutralizing them). For the relationship between the adsorbed and solution concentration, a ki-
netic approach to equilibrium is proposed.

The conservation equations thus becomes equation (7) for the mobile region, and equation (8) for
the immobile region, with the relationship between S and C expressed in non-equilibrium form as in
equation (9), where C is the solution concentration (g/cm?3), § is the adsoption in the soil region (g/g),
o is a kinetic mass transfer coefficient (day1), p is the soil bulk density (g/cm3) and K is a dimension-
adjusting coefficient (¢cm3/g). Thus for the total soil it becomes equation (10), where linear decay is
assumed as equation (11).1n these equations, dy,, di; and d; are first order decay term for the mobile
water, immobile water and soil, respectively (g/cm3/day), Bsm, and f; are kinetic sorption parameters
between the soil and the mobile and immobile water (day!) and &p,&m and & are decay parameters
(day1). Also, J (J =8,Cv - 8Dq grad(C)) is the solute flux by advection and dispersion (g/cm2/day).
3.2. Fitting the Model with Analytical and Experimental Data

The differential equations were solved using an alternative predictor-corrector finite difference
scheme which retains all the advantages of a Crank-Nicolson approach but slightly increases the trunca-
tion error to O((Ax)2+ (At)3/2) (Remson et al. 1971, Freeze 1978). To determine the performance of the
model compared to experimental and analytical data, the model results were fitted with the analytical
results from van Genuchten and Wierenga (1976) and experimental results from Shimojima and Sharma
(1993).

The fitting with the analyti-

cal results can be seen in figure 4.
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chemical process. Since it is physically
unusual for an initially steep BTC to suddenly flatten below the input concentration under regular
process of advection (the steep BTC means low dispersion) with no detectable sorption processes during
initial breakthrough up to about 90 percent of the total input concentration, then the sudden flattening
of the concentration at about 1.5 pore volumes cannot be explained by the present equations without
further and more detailed knowledge of the experiment itself. However aside from the latter stage of the
BTC, it can be seen that estimation of the immobile term using the irreducible moisture produces the
desired lag of 0.25 pore volumes from the value 1.0 which should be the BTC’s mid-position expected by
the use of the usual mobile-only advection-dispersion equation of flow (since the parameters p, 6;, Om,
and q are actual experimental values, and the rest of the parameters are practically very small). The
result of the fitting shows that the fraction of the soil exposed to the mobile water zone does not greatly
affect the BTC, mainly due to the very low sorption terms required for the estimated fitting. The disper-
sion coefficient was also very low which can be explained by the very steep BTC of the experiment.
4. Discussions and Conclusions

In an attempt to mimic the physical phenomenon of tailing, modifications have been made on the
mass transport equation to include the effects of mobile and immobile waters and soil sorption reac-
tions. However, in this attempt two points becomes prominent. These are whether to do away with such
a mobile-immobile distinction of the water system and retain simple sorption reactions to simplify the
modelling process, or whether to include both sorption and the mobile-immobile distinction and deal
with the increased number of parameters through some kind of assumptions. It is obvious that the usual
mass transport equations in itself cannot fully approximate the actual phenomenon and thus needs
some modification, but to what extent this modification should be made still, up to the present, has not
been fully resolved. It is obvious that for certain soils and for certain ions, one phenomenon may be
more prominent than the other, but since this is not the case for all soils, thus there is a need for a more
specific, non-general approach to these model basis formulation. Even for specific approaches in the
determination of model parameters through experiments, unsuitable assumptions may cause erroneous
results. In one example, the immobile component derived from the difference of the observed total
moisture (through suction measurements by porous cup) and the mobile moisture (through the meas-
urement of the time of arrival of effluent at a certain point in the column) may totally depend on the
accuracy of the derived y~0 relationship of the soil (and the determination of the actual state of the
experiment in the graph between the drying and wetting curves). As for the soil sorption term, since this
is highly soil type dependent, a single generalization may not be suitable for all types of experimental
and field usage.



From these discussions it becomes clear that a simple physical basis is needed and will be applica-
ble on a case to case basis. This research proposes such a basis from the results of the above analysis.
One such proposal is the utilization of the irreducible moisture content for the immobile component of
the water system. This will simplify its determination and its use will still be in agreement with the
results of previous researchers. The second proposal is the use of a more simple formulation for a kinetic
approach of the soil sorption term if the kinetic approach becomes suitable for the particular ion being
studied. This is because of the results of the fitting to experimental results of three models of increasing
complexity, all of which producing similar goodness of fitting.

What is still required is an experimental derivation of the applicability of the different formula-
tions (equilibrium, non-equilibrium, addition of both) of the soil sorption reactions depending on differ-
ent conditions. However, a clear understanding of the basis for such formulations can be used as an
initial guide in modelling, as in the applicability of the linear and non-linear Freundlich isotherm, linear
and non-linear kinetic approach, and the interaction of two or more jons. Nevertheless, since the more
complex the sorption term becomes, the more the number of parameters have to be estimated or de-
rived, then a determination of the balance between simplicity and formulation logic becomes highly
important.

One approach which is now being undertaken by the authors is the formulation of the model
through the above assumptions and then the derivation of the rest of the parameters through idealized
experiments where the effect of other parameters are negligible or are nonexistent. It is hoped that
through this kind of approach, the parameters of chemical flow in unsaturated soil can be more seri-
ously analyzed.
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