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3 . 1 I N T R O D U C T I O N

Modeling is at the core of any experimental characterization, and hence also
the characterization of soil water and chemical fate and transport processes.
The use of a conceptual model (rather than a numerical model) is necessary
before undertaking any process characterization. Thus, from this point of view,
modeling can be considered as the starting point of any soil characterization
process. It is important to recognize that the end result of most of the charac
terization efforts is to describe how the processes will evolve in space and time
through a mathematical model. Hence, while the characterization process
as such is based on modeling, soil process simulation modeling also builds on
the results of the soil characterization. Conceptual models, for instance, are
often translated into mathematical models as a basis for the interpretation of
soil observations, thereby supporting the process characterization. Modeling
can further be used to optimize the characterization effort in terms of data
collection quantity and quality (frequency of data needed, parameters to
monitor, need to assess variability, etc.).

Chapter 2 established the need for field studies and outlined a number of
preliminary issues, including the selection of a theoretical methodology that
takes into account the purpose of characterization (research, consulting, etc.).
This is, in fact, the core of the integrated approach for process characterization,
as it requires the coupling of a model with a monitoring methodology, both
designed as a trade-off between the desired degree of detail of process descrip
tion and cost. No general guidelines can be given for shifting from a more
generalized to a more detailed degree of process description in modeling
processes. But as stated in Chapter 2, this will depend very much on the
modeling objective, or, as stated in Chapter 1, it will be dictated by the spatial-
temporal scale of process or the process description. Bouma (1997) illustrates
this question with three examples;

1. Soil chemical phase transfer and transformation processes are often
characterized under equilibrium conditions in the laboratory, which are
quite different from the field conditions, where equilibria often do not
occur. These experiments could provide a basic understanding of
process characterization and approximate independent estimations of
certain parameters, but will yield soil parameters that may be ineffective
in predictive simulation modeling. Hence, it should be questioned
when soil properties determined under equilibrium conditions in the
laboratory should no longer be used in predictive modeling and when
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characterization should shift to procedures based on larger in situ
experiments performed under transient conditions.

2. Most simulation models for solute transport in soil implicitly assume
soils to be homogeneous and isotropic, although field soils are rarely
homogeneous and isotropic. More general approaches for representing
heterogeneous systems include stochastic, stratified, and two-domain
or dual-porosity approaches. Therefore, one should also question in
which conditions more detailed and complicated solute transport
models should be preferred.

3. Complex, deterministic models are often used to model solute fluxes
within landscapes. However, taking into account the lack of data to
feed part of these models, simpler modeling approaches could be
considered in some conditions in a predictive simulation context.

Hence, the complexity of the modeling-based soil characterization
procedure will depend on the modeling objectives and the accuracy required.
For the description of nitrate fate and transport in soil, for example, the
characterization of the hydrodynamic dispersion process will not be significant,
given the low sensitivity of the simulated nitrate concentration profiles and
fluxes to this parameter. On the other hand, when dealing with fate and
transport at low concentration levels, as is the case when predicting pesti
cide transport at the ppm level, then the consideration of the hydrodynamic
dispersion in the flow and transport model is essential. This illustrates
clearly that the complexity of the model to be considered in the soil charac
terization process depends very much on the characterization and modeling
objective.

Taking into account the characterization-modeling tandem as the basis
for an integrated approach to process characterization, a previous modeling
perspective must be given before introducing characterization strategies and
methods of measurement. Thus, the purpose of this chapter is to develop
a modeling framework for soil process description that will serve as the basis for
character izat ion methods descr ibed in the next sect ions of th is book. This wi l l be
done in three steps. First, a general classification of soil processes based on their
conceptual and mathematical description will be presented. This classification
includes equilibrium, reversible and irreversible rate processes, and transport
processes. The starting points will be simple conceptualizations, and the
discussion will be directed towards higher description levels, taking into account
the constraints imposed by scale and variability. Second, as the transport
mechanisms of the solvent and solute are different in nature, driving forces for
water flow and solute movement will be described using different conceptual
and mathematical models. For this reason, soil-water and soil-solute processes
(including biological transformations) will be analyzed separately. Finally, the
development of complex models is presented by integrating the description of
several individual processes. Inverse modeling is introduced as a characteriza
tion tool that will be further developed in Chapter 20.
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3.2 GENERAL CONCEPTUALIZATION OF SOIL PROCESSES

Jury and Fluhler (1992) proposed five elements in a general soil chemical
fate and transport model: (1) division of chemical mass into appropriate
phases requiring separate description (e.g., the gaseous, the dissolved, the
adsorbed, and the nonaqueous liquid phase); (2) interphase mass transfer;
(3) intraphase mass transformation describing the rate of appearance or
disappearance of mass per unit volume from the system; (4) mass conservation;
and (5) mass transport according to a given flux law for each mobile phase.
Considering the corresponding mathematical formulation of the above
elements and taking into account the rate (temporal scale) and nature (mass
transfer, thermodynamics, etc.), a general classification of individual soil
process description for characterization purposes could be:

1. Local phase transfer and transformation process description: (a) instan
taneous equilibrium soil process description: at a particular time
scale, the rate of the process is fast enough to be considered instanta
neous and reversible (e.g., instantaneous sorption of a chemical
released in the soil solution at the liquid solid inter-phase); (b)
irreversible soil process description: nonreversible rate-limited processes
(e.g., hydrolysis of a chemical); (c) reversible soil process description:
reversible rate-limited processes (e.g., some sorption-desorption
processes).

2. Transport process description: processes where spatial coordinates
are required for the description. This group includes the description of
several transport mechanisms that are different for solvent (water) and
solute. These will be described separately in more detail in Sections 3.3
and 3 .4 .

It is interesting to note that a particular process can be considered
instantaneous, rate limited, or stationary depending on the model time
scale, and thus, the temporal scale will dictate the appropriate description
for rated processes. Figure 3.1 shows different examples of rate processes
simultaneously occurring at different time scales. When modeling the
process represented by the central block (e.g., sorption), the process
occurring at a lesser time scale can be considered as "instantaneous," while
the process taking place at a higher time scale can be considered as
"stationary."

Thus, a general chemical transport and transformation model will use
these basic process descriptions as "building stones" to construct each of the
five elements. For example, the inter-phase mass transfers can be described
using equilibrium, kinetic, or mass transfer descriptions, while the reaction
term can be described through rate equations (equilibrium, reversible,
and irreversible kinetics). Finally, transport processes will combine mass
conservation and flux laws for each phase. Each of these building stones
wi l l nex t be desc r ibed in de ta i l .
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I n s t a n t a n e o u s

Respiration Biodegradation
Tota l ce l l

Ion exchange D i f f u s i o n
M i n e r a l

crystallization

Sorption

1 0 - 3 1 0 - 2

Transport
Soil swelling

structural changes

Photosynthesis Transpiration Canopy dry
m a s s

FIGURE 3.1 Time scales of soil reactions. Each row represents an example of
three simultaneous processes occurring at different time scales. The central process
can be considered as rate limited, the processes at smaller time scales (left) can be
cons ide red i ns tan taneous when obse rved a t t he " cen t ra l " t ime sca le , and those

occurring at larger time scales (right) can be considered as "stationary." Time scales are
approximated.

3 .2.1 Instantaneous Equi l ibr ium

Equilibrium is rarely achieved in natural environments. However, this
simple conceptualization sometimes gives reasonable approximations when
characterizing soil processes. For example, a simple linear equilibrium model
describing the partitioning of a solute between two phases is given by:

c , = K d C U ( 3 . 1 )

where c, [e.g., M M~'] and c„ [e.g., M L~" ]̂ are the concentrations in the two
phases and Ko [e.g., M~'] is the distribution or partition coefficient. This
conceptualization can be used for describing liquid-solid, liquid-liquid, or
liquid-gas partitioning. The above linear relationship for describing equili
brium is a simplified conceptualization that is usually valid only for a limited
range of concentrations and temperatures. Other soil properties such as the soil
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pH or the ionic strength of the solution can limit the validity of the linear
equilibrium for a soil chemical process. For example, Henry's law, which is
the linear equilibrium model [Eq. (3.1)] for the liquid-gas phase transfer, is
only valid for diluted solutions. In addition, the partition of a solute
between two immiscible liquids can only be described successfully with a
linear equilibrium model for a small range of concentrations. More
complex equilibrium models can be obtained by using nonlinear models
(such as the Freundlich sorption model described in Sec. 3.4) or the use of
conceptual models based on thermodynamic theory, which consider activity
coefficients, description of ionic interaction, or computation of the free
Gibbs energy.

3 . 2 . 2 I r r e v e r s i b l e K i n e t i c s

Soil processes are often rate limited due to the heterogeneity of the porous
medium and the simultaneous occurrence of several coupled mechanisms. The
kinetics of slow reactions act together with scale-dependent transport mecha
nisms (e.g., diffusion processes) that take place simultaneously, and thus the
applicability of a particular model is restricted to the scale of use (e.g., batch,
column, field, landscape, region, etc.).

This is the general case for batch methods, which can be used for
characterizing process kinetics and equilibrium (or pseudo-equilibrium if
equilibrium is not fully achieved). Batch methods for obtaining kinetic
data present several advantages, including low-cost equipment, the elimination
of several mechanisms by mixing such as film diffusion and sometimes
particle diffusion, achievement and control of a constant soil-to-solution
ratio, and control of reaction conditions (O2, pH, etc.). However, these
experiments also have a number of limitations: the values of several experi
mental variables can be far from those found in natural scenarios, the products
are not removed and are allowed to accumulate in the closed system, etc.
(Amacher, 1991).

In a general process A^B, rates can be expressed as a decrease in
the concentration of the source A as a function of time, or an increase in the
product formation as a function of time:

= ~ = 1 F < 3 - 2 >

where and cg are the concentration of reactant and products [M L"-^];
and Rate is the reaction rate [ML~^T~']. The most frequently used kinetics
are, by far, first-order kinetics, given by:

d c

J, =
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where c [M L~ ]̂ is the concentration and A:, [T '] is the first-order kinetics
constant. The corresponding integrated form is:

c = c o e - ^ " ( 3 . 4 )

where Cq [M L" ]̂ is the initial concentration. The half-life (/i :) represents the
time corresponding to a concentration c = cq{1. Substituting this concentration
in Eq. (3.4), the half-life for first-order kinetics is obtained:

fi / 2 =

Also, the zero-order kinetics can represent a stationary source or sink of a
chemical of concentration c:

^ = ± i t „ ( 3 . 6 )d t

where ko [M L~^ T"'] is the zero-order rate parameter.
Table 3.1 summarizes the most frequently used kinetics equations used

in soil science. The integrated forms are given for solute sinks (solute

TABLE 3 .1

Equations for Extended Kinetics Models

D i f f e r e n t i a l
Integrated
sinks, -k H a l f - l i f e

Integrated form
sources, +k

Z e r o - o r d e r

F i r s t - o r d e r

H-Order

(initial condition:
r = 0, C=Co)

^ = ±A- C = Co - k!
i = ±kc £ =d t C o

'^r- = TT

(2"-' - 1)= 7^ = 7=^ + <"-l"''' "/:=pfcT7—

(initial condition:
t = 0.C=0)

Co

E l o v i c h

(simplified)*
P o w e r

Parabo l i c

d i f f us ion law

C = Co-at^

Co- at''-

■'==(i)'
' 1 / 2 - V

C, — a + hint

C, = at''

C = at"-

♦ Assuming apt»l. = 1/p. a = Aln(aP).
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disappearance considering as initial condition c = cq) and sources (considering
c = 0 as initial condition). In the case of solute sinks, the variation of solute
concentration c with time is a negative value (-k). On the other hand, solute
production from sources is represented mathematically by a positive variation
of c with time (-!-/:). Power and parabolic diffusion law kinetics are generally
enunciated directly in its integrated form. In fact, parabolic diffusion law can
be considered as a singular case of the more generalized power kinetics (with

In addition, Elovich and simplified Elovich kinetics are reflected
in Table 3.1.

In the simplest cases, the kinetics parameters are considered as constants.
However, in many soil chemical fate and transport models, rate parameters are
considered as variables. Variable rates have been applied to the case when
several time scales are characterized simultaneously. For example, Bloom and
Nater (1991) described the rate of mineral dissolution as weathering reactions
proceed, with rates decreasing several orders of magnitude from the first day to
several years. Another example is the reduction of the rate parameters for
biologically mediated processes when soil environmental conditions (e.g., soil
temperature, soil moisture, soil pH) will limit the rate of certain processes. Soil
temperature dependency of biologically mediated rate parameters, for instance,
can easily be encoded by multiplying the reference rate constant with d Q\o
reduction function (e.g.. Reduction = in Vanclooster et al., 1996).
Another popular concept is the use of the trapezoidal soil moisture-dependent
reduction function, allowing reaction rate parameters to reduce when soil
becomes too dry or too wet.

3.2.3 Reversible Kinetics

The above equations refer to irreversible processes, although they can be
considered as a simplified form of the more generalized model of reversible
kinetics. The rate of variation of the concentration for a given compound
C will be proportional to the kinetics of solute loss plus the corresponding
kinetics of solute increase. For example, in a reversible first-order kinetics
sorption process, the rate of variation of the concentration of the dissolved
phase (c) is given by:

d c p
' ' r k d e g — S ( 3 . 7 )

where c [M L is the concentration in the dissolved phase, s is the concen
tration in the sorbed phase [M M"'], p is the bulk density of soil [M L"̂ ], 0 is
the soil water content [L^ L-'], and [T"'] and [T"'] are the rate
parameters for the sorption and desorption reactions, respectively.

Another example is the partitioning processes between two liquids, two
regions, or two phases, which can be described by means of a mass
transfer coefficient, assuming that the rate of exchange is proportional to the
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concentration difTerence between the two liquid regions:

j ^ = a ( c „ - c , ) ( 3 . 8 )
where c/ and c// are the concentrations in phases or regions I and II,
respectively, and a is the mass transfer coefficient [T~']. This conceptual des
cription has been used to describe mass transfer between water in different soil
domains in physical nonequilibrium models (Sec. 3.4.2) and transfer of gases
from soil to atmosphere (Sec. 3.4.5).

3 . 2 . 4 T r a n s p o r t

Mass flow in the liquid phase requires a different treatment for solvent
(usually water) and solute, because solvent and solute transport in soil obey
different driving forces. This holds also for mass flow in the gaseous phase.

Water flow in soil is mainly governed by capillarity (4^), gravity (r), pressure
(vp/,), and osmotic forces (4^„). which are the dominant components of the
total hydraulic head, H [L]. The total hydraulic head is then used for describing
the liquid water flux, 7,, [LT"']. which for one-dimensional flow yields:

A = ( 3 . 9 )
O.Y

where K is the unsaturated hydraulic conductivity function [LT "'], which also
strongly depends on the water potential and properties of the porous media.

In the case of chemical transport in the soil liquid phase, the two dominant
transport mechanisms are advection (transport of dissolved species due to a
water flow) and dispersion (a macroscopic effect that accounts for micro
scopic variability in the flow field). Then, the total mass flow in the liquid
phase, Js [M L"- T"'], can be described through the sum of each mass flow
c o m p o n e n t :

J s = J , + J D ( 3 . 1 0 )

with Jc [M L~- T~'] the convective mass flux iJc = Jn- C), and Jo [M L~~ T "']
the dispersive mass flux. Note that the total solute (Js) and dispersive flux
(Jo) are expressed in terms of solute mass per cross-sectional area of soil
and per unit of time [M L~" T~'], whereas the water flux [7,, in Eq. (3.9)]
corresponds to the Darcian velocity [LT~']. The description of the chemical
flux term 7s requires accounting for each possible transport mechanism. The
dispersive flux per unit area of soil can be written as:

J d = d x
(3.11)
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where D is an effective dispersion coefficient (see Sec. 3.4.3). A description of
other possible mechanisms can be found in Scanlon et al. (2002).

Within a continuum approach, the flux laws are further combined with
the mass conservation equation to yield the governing soil flow and transport
equations. The above descriptions of water and solute transport are the sim
plest classical conceptualizations, which consider the soil as a continuous
homogeneous system. Sections 3.3 and 3.4 will discuss the main constraints
of classical approaches and alternatives for description of soil-water and
s o i l - s o l u t e .

3 . 3 S O I L - WAT E R T R A N S P O R T P R O C E S S E S

3.3.1 Classical Description of Water Movement

Water movement in soils is generally described by assuming the soil to be
a homogeneous (and rigid) medium. Assuming laminar one-dimensional
flow and neglecting the inertial terms of the momentum conservation
equation, the macroscopic water flux is given by Darcy's flow equation
[Eq. (3.9)], which can be written for one-dimensional vertical flow in terms of
the hydraulic head:

/ ) / /
c f = j , , = - K — ( 3 . 1 2 )

o r

where H [L] is the hydraulic head, and r [L] is the depth. In rigid unsaturated
soils, the hydraulic head consists of the gravimetric potential or piezometric
head r [L] and the pressure or suction head \)/ [L], often referred to as the
matric potential, which result from capillary forces. Equation (3.12) indicates
that the water flow through the soil is in the direction of and proportional to
the hydraulic gradient, which is the driving force, and proportional to the
hydraulic conductivity, which is an intrinsic property of the medium.
Darcy's law is valid only for laminar flow, since the linearity of flux versus
hydraulic gradient fails at high flow velocities (where inertial forces are not
negligible). In addition, another assumption of this equation is that the
osmotic potential is not a significant mass transfer factor, which is generally
acceptable at the macroscopic scale when the soil solution is diluted.
Water movement in rigid, homogeneous, isotropic, variably saturated soil is
described by combining mass conservation with Darcy's flow equation in an
equation proposed by Richards (1931):

where 6 = 0(\|/) is the volumetric water content [L^ L~ ]̂, t is time [T], and A;(v1/)
the unsaturated hydraulic conductivity [L T~']. Both 0(\|/) and A^(v(/) are
functions of the matric potential head \1/. Equation (3.13) is known as the mixed
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form, as it contains two dependent variables 0 and \|/. By defining the hydraulic
diffusivity function ^(0) [L" T~'] as,

m = /C(e)^ (3.14)
the diffusive or Q-form of Richards' equation is obtained:

In addition to the simplification of the equation with just one variable,
^(0) varies less over the range of 0 than ^(0), which improves the stability of
the numerical solution of Richards' equation. The drawback of this form
is that C(0) is only defined for unsaturated conditions, which makes the
equation unusable for general conditions where the soil is saturated. An
alternative formulation can be obtained by defining the hydraulic capacity
function, C(v|/) [L~'] as:

» = = C ( t ) ^ ( 3 . 1 6 )
d r a v l / d r d t

yielding the capacitive or y^-form of Richards' equation:

Although this is a simpler formulation in terms of a single variable, it contains
two rapidly varying functions in xj; (C and K), which complicates its solution
and usually translates to poor numerical mass balance.

Celia et al. (1990) showed that the mixed form of the Richards' equation
(Eq. 3.13), although somewhat more complex to solve numerically, presents
the advantage of being valid for the entire soil moisture range (i.e., saturated
and unsaturated conditions) and improves the mass balance of the numerical
solution as compared to the other formulations.

Although Richards' equation provides a complete description of water
flow in soils, there are important limitations. Although this was originally
defined for homogeneous isotropic media, soil heterogeneity can be partially
handled through different numerical methods by assigning different properties
to the nodes of the numerical grid. The equation in its basic form will not
be valid for nonrigid media (i.e., swelling soils). However, by introducing
an overburden component in the total hydraulic head, flow in the matrix of
nonrigid media can be described with a modified version of the Richards'
equation (Kim et al., 1993). The equation will also not be valid when specific
forms of preferential flow occur, such as macropore flow in well structured
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soils, by-pass flow in hydrophobic soils (highly organic or certain sandy
soils), or funneled flow in sloping stratified soils. Another problem or
limitation in applying the Richard's equation is the difficulty of correctly
describing the intrinsic soil properties such as the 6(\|/) relationship (soil
moisture retention characteristic) and the unsaturated hydraulic conduc
tivity, /l(v|/). These two important soil hydraulic functions are presented in
the nex t sec t ion .

3 . 3 . 2 C h a r a c t e r i z a t i o n o f Wa t e r C o n t e n t - P r e s s u r e H e a d a n d

H y d r a u l i c C o n d u c t i v i t y - P r e s s u r e H e a d R e l a t i o n s h i p s

Soil volumetric moisture content 6 [L^ L~ ]̂ and suction head \|/ [L] are related
by the soil water characteristic (soil moisture retention) curve, 0 = 0(v|/). Since
suction is related to capillarity forces and these to pore diameter, soils with
coarse structure (larger pore size in general) release moisture readily even at
low suction values, where for the same suction values fine soils (small pores)
retain most of the moisture. Thus, the shape of the nonlinear relationship
depends largely on the soil pore size distribution and hence on soil
texture (Figure 3.2). A similar effect, although more pronounced, can also
be seen in the unsaturated conductivity function. K{y^) (Figure 3.2). However,
for this latter relationship, soil structural properties related to the pore
water connectivity and tortuosity will additionally determine the shape of
the cu rve .

Several analytical expressions for 0(v)/) and A:(\|/) have been proposed in
the literature (Table 3.2). The analytical description of these functions typi
cally exhibits limitations close to saturation and dry soil conditions. Close

S u c t i o n . 9 * ( c m H g O ) S u c t i o n . V ( c m H g O )

FIGURE 3 .2 E f fec t o f so i l t ex tu re on so i l wa te r charac te r i s t i cs and unsa tu ra ted

hydraulic conductivity functions.



TA B L E 3 . 2

Soil Moisture Characteristic and Hydraulic Conductivity Equations

Equation* Parameters Range (frequent) C o m m e n t s

Soi l water character ist ic funct ion

Hyperbolic
Brooks and

Corey (1964)

van Genuchten

(1980)

|»l/| = r/0"
5.. = k

5, = [I +(onl/)"J-
f o r i l / > 0

Leibcnzon (1947) Kr = S"'

Brooks and Corey K,. =

Gardner (1958) K, =c'"*'

Mualem (1976). Kr = 5.'/-[l - (l - 5,'/"')"']" m
v a n G e n u c h t e n n

( 1 9 8 0 ) ( O „ 0 , )

Point at </0/r/v|; = 0
2 - 5

— (measured/nttcd)

General shape but does not fit well values close to saturation.
High values of X indicate uniform pore distribution and low values

wide range of pores sizes. Depending on soil type, does not fit well
values close to saturation.

0-1 (0.005-0.05 cm ) More parameters required but fits values close to saturation well. On
>1 (1.2-4)
0 1 (I - \/n)
— (measured)

the Mualem version (m= I - I//;) and if 0^ and 0, are measured, only
2 parameters.

Hydraulic conductivity function

1-4 (3)

3-f| (Brooks Corey)
— (measured/fitted)

Point at <I0/<1^ = 0
. 3 - 11

0 . 1 0 . 0 1

0-1 (1 - I/O)

Derived from Kozeny's principle. Works well for low permeable media
(compacted clay). The Brooks and Corey exponent is more general
and lends some phy.sical significance to the parameter, although
inherits some of i ts l imitat ions.

l-requently used. Derived from studies of capillarity in sands.

a relates to soil texture and structure. Simple exponential formulation
is easy to integrate and use in inverse problems. Usually only valid in
the wet range up to a certain limit value.

Works well with a wide range of soils. Parameters can be estimated
graphically from Brooks and Corey values or by non-linear fitting.

'with S, = (0 - 0j/(0, - 0,); and Af, = K(\^)/K, CO
CO
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FIGURE 3.3 Hysteresis in the soil water characteristic curve.

to saturation, 0,., some soils display inflexion points in the 0(\|/) and
A (̂v|/) relationships that are better described by alternative models (Table 3.2).
The main problem in the dry range of the curve is related to the determi
nation of the residual moisture content, 0,. L"-^]. In some instances, if 0,.
is estimated by fitting experimental soil moisture or hydraulic conductivity
data, the values cannot be interpreted physically. A simple method for inde
pendently estimating 0,. has not been tested on a broad scale (Kutilek et al.,
1994).

Another complicating factor is the occurrence of hysteresis in the soil
moisture retention characteristic (Figure 3.3). The irregular pore geometry of
natural soils and in particular solid-liquid interphase mechanisms on a
microscopic scale results in different 0-vf/ relationships for the draining and
moistening phase of soils. Different conceptual models have been proposed
to describe soil water hysteresis. Viaene et al. (1994), for example, reviewed
different hysteresis models of the soil hydraulic functions. Among these,
Mualem s model (Mualem, 1976) was found to be one of the most accurate.
This is a two-branch conceptual model, where the soil hydraulic status
is defined as a function of the two principal drying and wetting retention
curves, each described by a set of Mualem-van Genuchten parameters
(Table 3.2).

Critical comparisons of field methods to measure the 0(ij/) and A:(\1/)
relationships are presented in Chapter 5 and Chapter 6, respectively.

3 .3 .3 Dua l Poros i t y Mode ls

Soil homogeneity was one of the assumptions made by the Richards' equation
in the classical description of water flow. A more realistic representation
of soil water flow is given by a dual-porosity model, which accounts for
two flow domains. The first domain comprises unsaturated flow, which is
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described by Richards' equation. The second flow domain accounts for the
flow through macropores. When the soil is (nearly) saturated, vertical water
flow in structured soils will be dominated by macropore flow, as these pores
drain at low suctions. Although macropores represent a small part of the
porosity, they induce preferential flow paths, allowing fast transfer of an
important fraction of the flow (Bouma and Wosten, 1979; Luxmoore, 1981;
Beven and Germann, 1982). The generation of robust methodologies for the
in situ direct characterization of the macroporous flow domain of soils
remains a challenging task. Indirect methods are often proposed where A^Cvj/)
or Af(0) is estimated from more easily measured soil properties, such as the
retention curve (van Genuchten and Leij, 1992). Additional approaches have
been developed for bi-modal porosity models exhibiting macropore flow
(Othmer et al., 1991; Ross and Smettem, 1993; Durner, 1994) but remain
subject to much uncertainty. Field methods for in situ measurement of soil
hydraulic properties are discussed in Chapter 6, and preferential flow
characterization is described in Chapter 8.

3.4 SOIL-SOLUTE TRANSPORT PROCESSES

The four major processes that control the movement of contaminants in porous
media are advection (or convection), dispersion, interphase mass transfer, and
reaction or transformation (Brusseau, 1994). Advection refers to the movement
of a solute with the flowing water and is described by the water flux and
dissolved solute concentration (J^C). Dispersion represents the spreading of
solute about a mean position, such as the center of mass and is a consequence
of several transport mechanisms depending on the water regime. Phase changes
include sorption, volatilization, and partitioning (e.g., two immiscible liquids
such as octanol-water). Reaction can be conceptualized as a sink or source of
the solute, expressed in terms of a rate equation.

3.4.1 Classical Description of Solute Movement

The simplest and classical approach describing "ideal" solute transport assumes
that soil is homogeneous and rates of interphase mass transfer are fast enough
to be considered as instantaneous {local equilibrium assumption). The expres
sion of the one-dimensional advection-dispersion equation (ADE) for solute
transport in a homogeneous soil is [from Eqs. (3.9) and (3.10), considering
Js = JuC + JDr and mass conservation: dQc/dt = -VJs ± OF]:

^=-£(y„.c-ei>|)+9r O.is,
where 0 is the water content [L^ L"''], c is the solute resident concentration
[M L~̂ ], t is time [T], .y is the distance [L], 7,, is the water flux [L T '], D is
the dispersion coefficient [L" T"'], and OF is the solute sink^ource term
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[M L"^ T~']. Equation (3.18) is also designated as the convective-dispersive
equation (CDE).

When the water content is constant with time and space (e.g., under
saturated conditions), the equation can be simplified as:

d c ^ d ^ c d c ^
d t d x - d x

where v = y„./0 [L T"'] is the average linear velocity of the fluid in the pores
of the medium {pore water velocity). This equation is a second-order partial
differential equation (classified as a parabolic equation). Analytical solutions
of Eq. (3.19) for specific boundary conditions are described by van Genuchten
and Alves (1982) and Leij and van Genuchten (2002). When the solute is
sorbed to soil constituents, the mass conservation principle should take into
account the total mass of solute CT=^c + ps. Following the same mathemati
cal derivation, the transport ADE (or CDE) equation for sorbed solutes is
given by:

d c d c ^

where R is the retardation factor (/? = 1 -t- p{ds/dc)/Q). Mathematical expres
sions of the retardation factor for linear and Freundlich isotherms are
developed in Chapter 11.

3 .4 .2 Nonequ i l i b r ium Mode ls

The governing transport model for solute transport in porous media (i.e.,
ADE) was based on assumptions that the porous medium was homogeneous
and that the interphase mass transfers were linear and essentially instanta
neous. Brusseau (1998) reviewed several nonideal transport analyses of reactive
solutes in porous media. Four major factors were identified as responsible for
nonideal transport:

1. Physical nonequilibrium: Most solute transport models consider that
all soil water contributes to solute transport, while this is often not the
case in structured or heterogeneous soils. Soil domains with minimal
flow and advection originate in soil regions with smaller hydraulic
conductivity.

2. Rate-limited sorption: Most field-scale solute transport models
include the assumption that equilibrium for mass-transfer processes is
attained instantaneously, while experimental evidence shows that
sorption-desorption of many organic compounds can be significantly
r a t e l i m i t e d .
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3. Nonideal sorption: Most solute transport models include the assump
tion of a linear equilibrium sorption isotherm. Yet many chemicals,
especially in field conditions, do not obey this simplified isotherm
relationship.

4. Field-scale heterogeneity: The influence of spatially variable hydraulic
conductivity on water flow and solute transport at the field scale
generates apparent values of longitudinal dispersivity which are much
larger than those observed in soil columns.

The four above-mentioned factors can be described with different model
ing approaches. The simplest conceptualization of physical nonequilibrium
consists of dividing the soil flow domain into mobile (i.e., advective flow)
and immobile soil regions. Thus, the total volumetric water content of the
soil is divided into mobile and immobile (stagnant) fractions, and solute
concentration is considered different for each region. This mobile-immobile
concept was proposed by Deans (1963) and Coats and Smith (1964) and
was later developed and applied in soil science by Skop and Warrick (1974),
van Genuchten and Wierenga (1976), and Vanclooster et al. (1991), among
others. Alternatively, the simplest conceptualization of solute nonequilibrium
sorption models is the kinetic adsorption (one-site) model introduced by van
Genuchten et al. (1974). Cameron and Klute (1977) applied a two-adsorption
site model based on the different affinities of soil components to solutes. More
sophisticated conceptualisations have been published, which include multi-
reaction retention models and nonequilibrium based on maximum adsorption
capacity (second-order models). These models were reviewed by Ma and
Selim (1998).

The two-site and two-region nonequilibrium models have equivalent
dimensionless formulations according to Nkedi-Kizza et al. (1984) and van
Genuchten and Wagenet (1989):

ac„_ ia^C/| 3 ; ? _ + ( l _ P ) / ? _ _ _ _ - ^ O

( 1 - = c o ( C , - C j j ) - 1 1 C „ ( 3 . 2 1 )

where C/ and C// are dimensionless equilibrium and nonequilibrium concen
trations: T is dimensionless time, X is dimensionless distance, P is the Peclet
number, co is a dimensionless mass transfer coefficient, and the subscripts I and
II refer to the equilibrium and nonequilibrium phases, respectively. R is the
retardation factor. For the two-region model:

X = x/LJ = vt/UP = vL/A R = \ + PaATo/G

Q 6 h j + f P h ^ D C m C i mP = t ; — . C O = — , C / = — , C i i = —Q + P ^ K d 0 V C o C O
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where a- is distance [L]; v is the pore water velocity [L T~']; p/, and Ko are
the soil bulk density [M L"^] and distribution coefficient for linear sorption
[L^ M~'];/is the dimensionless fraction of sorption sites in equilibrium with
the fluid of the mobile region; 0 is the volumetric water content [L L~ ]̂; a is a
mass transfer coefficient between the two regions [T~']; £■„„ c„„ are the resident
concentration [M L~^], respectively, in the mobile and the immobile soil
region; L is the characteristic length [L]; and cq is the arbitrary characteristic
concentration. The subscripts m and im denote mobile and immobile regions,
respectively. ^ and q are the dimensionless degradation rate parameters:

^ + ( 1 ( 3 - 2 3 )
J i v J H '

where p is a first-order rate degradation coefficient [T~'], Im and sm denote
liquid and solid mobile phases, and Urn and sim denote liquid and solid
immobile phases, respectively.

3 . 4 . 3 S o l u t e D i s p e r s i o n

Soil (and heterogeneous porous media in general) is a complex and irregular
distribution of voids and solids. Fried and Com burnous (1971) described three
levels in the study of dispersion phenomena, which could be applied to the
characterization of any physical property or process: a local level, where
the physical quantity is described in an "infinitely small" volume element;
a fluid volume level, which considers means of the corresponding local param
eters over a pore or a set of pores; and a macroscopic level. The macroscopic
level is only used in porous media, when a solid matrix exists, to define an
equivalent continuum. Hence, assumptions of a geometrical structure of
the porous media are not required. The parameters at this level are the
averages of the corresponding local parameters taken over a finite volume of
t h e m e d i u m .

Dispersion is due to a combination of both, a purely mechanical pheno
menon and a physico-chemical phenomenon. The first phenomenon is denoted
as mechanical dispersion, originated by boundary and geometrical effects
when a fluid flows through a porous medium. Mechanical dispersion increases
with the fluid velocity. The physical-chemical dispersion is referred to
as molecular diffusion, which results from a chemical potential gradient.
This mechanism is not dependent on fluid velocity (and therefore it exists
even when there is no flow). However, the diffusion coefficient may depend
on concentration if the viscosity of the mixture varies with concentration or
if the mixture is not ideal (Harned and Owen, 1963). In addition, a rise in
temperature will increase molecular agitation with consequent change of
diffusion coefficients. In practice, diffusion in porous media has been described
by the general diffusion equation with the introduction of an effective diffusion
coefficient, which depends on the texture of the medium. This equation,
based on Pick's first law of diffusion, is used for convenience to describe
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macroscopic solute flux, despite the conceptual difTerences between diffusion
and dispersion.

Since it is impractical, if not impossible, to define flow at the microscopic
scale, averaging of the water flow over a representative volume is necessary.
This averaging introduces some uncertainty in the velocity, which implies an
uncertainty as to the dispersion coefficient. The averaging, or the scale which is
chosen to define the flow, can result in a scale and flow rate dependency of
the mechanical dispersion coefficient or dispersivity (Pickens and Grisak,
1981; Morel-Seytoux and Nachabe, 1992; Logan, 1996; Vanderborght et al.,
1997; Javaux and Vanclooster, 2002). These authors developed expressions
for dispersivity as a function of the mean travel depth and flow rate,
van Wesenbeeck and Kachanoski (1994) also reported a spatial scale
dependence of dispersion measured in terms of variance of solute travel time.

When representing the dispersion coefficient versus mean velocity, several
velocity ranges can be recognized:

1. Pure molecular diffusion: This regime occurs when the mean velocity is
very small or in a fluid at rest. The porous media slows down the
diffusion processes so that the effective dispersion coefficient is always
lower than the molecular diffusion {DjDo < 1):

D = ^ ( 3 . 2 4 )
2. Superposition: The contribution of mechanical dispersion becomes of

t h e s a m e o r d e r a s t h e m o l e c u l a r d i f f u s i o n .
3. Major mechanical dispersion: The contribution of mechanical disper

sion is predominant, but molecular diffusion cannot be neglected and
reduces the effects of mechanical dispersion.

D = ^ + Xr (3 .25)

4. Pure mechanical dispersion: The influence of molecular diffusion
becomes negligible.

5. Mechanical dispersion: the flow regime is out of the domain of
Darcy's law.

For a one-dimensional system, the macroscopic (effective) dispersion coeffi
cient is usually defined by means of Eq. (3.25) (Freeze and Cherry, 1979;
Brusseau, 1993). In this equation, Tp is the dimensionless tortuosity factor
(> 1), defined as 7}, = (L^,y/L)~ with Ldif [L] and L [L] being the actual and
the shortest path lengths for diffusion. And X is the (longitudinal) dispersivity
[L]. It should be noticed that the above equation can be found as:

D — tZ)o 4" Xv (3.26)



1 0 6 Soil-Water-Solute Process Characterization: An Integrated Approach

where x is the apparent tortuosity factor (< 1) defined as x = f LjLdif)', and thus,
terms such as tortuosity (defined as Ldi/jL), tortuosity factor, and apparent
tortuosity factor have not been consistently used in the literature (Leij and van
Genuchten, 2002).

A second approach for modeling the effect of multiple sources of disper
sion to the lumped coefficient consists of coupling additional coefficients to
Eq. (3.24). Brusseau (1993) presented a modified version of the equation
of Horvath and Lin (1976), written in terms of the lumped dispersion
c o e f fi c i e n t D * :

D q ^ V „ , ( r / ; , v , n ) ~ 7 ^ ~ e 6 /
i+[(6(i-e,„)5)/(e„rf„)] 36Do( I - e„,)[i + /'(e.o/ce,,,)]^

^ (r/„v,„)-fB,T,
6oz)oe„,i i+m)/(e.,)l-

where the four terms account for axial diffusion, hydrodynamic dispersion,
film diffusion, and intra-particle diffusion, respectively, and where S is
the thickness of the stagnant water film surrounding the particles [L], £ is the
porosity of the particles, d„ [L] is the nominal particle diameter. T,, is the
tortuosity factor (interparticle), T, is the intraparticle tortuosity factor, 0,„
[L"̂  L~ ]̂ is the volumetric water content of the mobile domain. 0, [L^ L~ ]̂ is
the volumetric water content of the immobile domain (intraparticle), F is
the fraction of the intraparticle porosity accessible by the solute, and v^ is the
pore water velocity {JJQm)-

Also, a lumped or apparent dispersivity (X*) could be defined as:

D * = ( 3 . 2 8 )

Dependence of the axial diffusion [i.e., the first term of Eq. (3.27)] with soil
volumetric water content can be described through a dependence of the
tortuosity factors on water contents (Bear, 1972; Simunek et al., 1999):

07/3
T r = - ^ ( 3 . 2 9 )

where 0 and 0^ are the actual and the saturated volumetric water contents,
respectively. Alternatively, Vanclooster et al., (1996) used an equation prev
iously introduced by Kemper and Van Schaik (1966) to estimate the effective
diffusion coefficient from the chemical diffusion coefficient [first term in
Eq. (3.27)] and the following tortuosity factor:



A Tool for Characterization of Soil Water and Chemical Fate 1 0 7

However, Beven et al. (1993) reported differences in dispersivities and effec
tive dispersion coefficients of more than four orders of magnitude, which
reveals a tremendous difficulty in characterizing dispersion as a macro
scopic (effective) process. It is not surprising, then, that several authors have
suggested omitting the modeling of physical dispersion when using numerical
methods with numerical dispersion in the solution. Bresler et al. (1982), when
discussing the salt dynamics and distribution in fallow soils, observed that
salt distribution profiles computed using both physical and numerical
dispersion terms were similar to the profiles obtained by the numerical
solution from a expression in which the dispersion terms were omitted.
Analogous observations were made by Garcia-Delgado et al. (1997). The role
of dispersion in stochastic models has also been the focus of much discussion.
For example, Isabel and Villeneuve (1991) observed that the dispersion
coefficient had little influence on a stochastic convection-dispersion model.
They found, through a set of numerical simulations, that the stochastic
convection model produced numerically equivalent results under most soil
conditions. Thus, the stochastic convection model was proposed to replace
the stochastic convection-dispersion conceptualization in the modeling of
solute transport at the field scale. Zhang et al. (1996) compared stochastic and
deterministic models to simulate solute transport through the vadose zone
at the field scale. Comparison of the simulation results with field data
showed that the models described the mean concentration reasonably well
without considering the pore scale dispersivity. However, the pore scale
dispersivity had a significant impact on the estimation of the concentration
variance. This will therefore have important consequences when predicting
leaching fluxes, especially for trace elements. Indeed, at low concentration
levels, fluxes will be extremely sensitive to variance of the resident concen
tration profile and therefore to the dispersion parameters. This is a serious
point of concern when predicting, for instance, pesticide leaching in soils at
the ppm level (Boesten, 2004).

3 . 4 . 4 S o r p t i o n

The degree of accuracy required in the characterization of the sorption proce
sses is dependent upon its interaction with other soil-solute processes. Among
them, the most important processes are solute transformations (e.g., degra
dation) and volatilization (or other distribution between physical phases). The
characterization of sorption is discussed in Chapter 12. Conceptual description
of sorption requires accounting for kinetics and equilibrium, although the
most simplistic assumption assumes only a conceptual model for equilibrium,
e.g., the Freundlich model (Table 3.3).

A useful simplifying assumption of the Freundlich equation is given by
isotherm linearity (A^/ — 7, linear isotherm). The first concern, as stated before,
is the role of kinetics in the scenario in which sorption processes take place, as
equilibrium rarely, if ever, occurs in soil-solute experiments. A more accurate
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TA B L E 3 . 3

Equilibrium Isotherms Used for Characterizing Sorption Processes in Soil and
Corresponding Description of Hysteresis for the Desorption Process*

I s o t h e r m

Langmuir

F r e u n d l i c h

M o d i fi e d

Langmuir model

Equation Parameters Hysteresis

C = K d C \

^^ ~ 1 + KiC,

^ _ c„K^e~-^'Ce' AV-'-f-.C + tC/G,,)*

(Gu et al.. 1994; Carton et al., 1997)

(van Genuchten
et a!.. 1974)

A / . C n i . b , h b

solute concentration in the sorbed phase: C,.: Solute concentration at equilibrium in the
dissolved phase; Kp. K,. A'/. K^: equilibrium constants (for a given temperature); nonlinearity
parameter of the Freundlich isotherm: C,.,,,,,,: maximum adsorbed concentration; C„„.: equilibrium
adsorbate concentration after adsorption. //: hysteresis coefficient (li = 0 for complete reversibility).
c,„. a. h. c: isotherm parameters. The subscripts and represent adsorption and desorption.
respectively.

description of sorption would include a hysteresis effect, as represented in
Figure 3.4.

Rambow and Lennartz (1994) evaluated the effect of different degrees of
complexity for describing herbicide sorption in the estimation of leaching.
Total atrazine discharge calculated with the linear isotherm was approximately
three times larger than for the Freundlich and for the hysteresis version.
These results demonstrate that careful consideration of the applied sorption-
desorption assumptions must be taken when assessing the transport of chemi
cals in soils. Koskinen et al. (1979) and Brusseau and Rao (1989) suggested
several possible mechanisms responsible for hysteresis; chemical precipitation,
variation of the binding mechanism with time, incorporation of the solute into
the soil matrix, and physical trapping. Also, several experimental artifacts can
generate an "apparent hysteresis effect."

A higher degree of complexity for the description of sorption is given by
considering temperature effects on sorption isotherm. Sorption is an exo
thermic process, and, depending on the magnitude of the sorption enthalpies,
a decrease in sorption with temperature occurs. For example, Koskinen and
Cheng (1983) and Carton et al. (1997) found that low-magnitude values of
the isosteric heats of adsorption revealed a slight increase in adsorption as
temperature decreased. Finally, the effect of competitive solutes (co-solutes) in
scenarios where competitive sorption could occur could be included in more
complex descriptions of sorption.
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FIGURE 3.4 Sorption-desorption equilibrium for the dissolved (C^) and sorbed (S^,)
solute concentrations in the presence of a hysteresis effect. Solid circles represent the
sorption equilibrium points. Empty circles represent the desorption equilibrium starting
from different initial concentrations at equilibrium.

3 . 4 . 5 Vo l a t i l i z a t i o n a n d G a s S o l u b i l i t y

Volatilization and gas solubility can be conceptualized as solute exchanges
from the liquid to the gas phase (volatilization) or vice versa (gas solubility),
which take place in the bulk soil. This phenomenon should be taken into
account when the process of solute transport in the gaseous phase is consi
dered. Henry's law describes the distribution of a chemical between gaseous
and liquid phases at equilibrium:

X h = - ( 3 . 3 1 )
Cu-

where is the distribution coefficient (Henry's constant) and c\, and c,,. are
the concentrations of the solute in air and water, respectively. A similar expres
sion could be used to represent solid and gas. Henry's law can be expressed in
terms of partial pressure of the chemical in the gaseous phase {pa)\

= - ( 3 . 3 2 )

The equivalence between the two expressions is given by:

(3.33)
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where R is the gas constant [8.3 kJ/niol°K] and T [K] is temperature. Care
must be taken, because sometimes Henry's law is expressed in terms of gas
solubility instead of solute volatility, and thus Eq. (3.33) is inverted (i.e.,
expressed as a ratio of water concentrations divided by air concentrations or
partial pressures). Henry's law assumes equilibrium and is therefore applicable
only at small scales under laboratory-controlled conditions. Kh increases
with increasing temperature (Bamford et al., 1999). A simple description of
temperature dependence is given by Sander (1999):

K„ = <rexp(̂
where AHgoin is the enthalpy of solution.

Volatilization processes can be studied in chambers at laboratory scale
under controlled conditions of temperature, wind speed, and air humidity.
In these scenarios, volatilization and sorption processes are two doininating
processes that can be described with a conceptual coupled model (Alvarez-
Benedi et al., 1999). Although sorption-desorption processes and volatilization
can be described with equilibrium equations as given by the sorption isotherm
and Henry's law, kinetics or mass transfer equations should be used to account
for the limited availability of the desorbed chemical as well as the volatilization
rate. Thus, the boundary condition at the soil surface can be described by a
mass-transfer equation:

= k a t m { C a t m C g ) | . _ Q ( 3 . 3 5 )

where Jo [M L~" T~'] is the solute flux to the atmosphere, is a mass
transfer coefficient analogous to the one used in water evaporation (Brussaert,
1975), and Co,„, is the solute concentration in the atmosphere (which can be
assumed negligible in certain experimental conditions, such as wind tunnels
with an external input air stream). The mass balance for a sorbed solute in soil
under volatilization, considering = 0, could be written as:

e^+p| = -Ar„„„9i- (3.36)
A major disadvantage of this formulation is the strong dependence of the
kinetics constant ka„„ with experimental conditions. The above conceptualiza
tion is very useful for characterizing the sorption-volatilization coupled pro
cesses at the laboratory scale, as a tool to study the kinetics and reversibility
of sorption-desorption processes, and also to quantify the relative impor
tance of volatilization under varying conditions of soil and air humidity
and temperature. However, at larger scales and considering field environ
ments, there are several experimental variables with simultaneous influence on
volatilization that further complicate the process.
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Most techniques for characterizing the gas exchange at the soil surface can
be categorized using a soil mass balance, chambers, or micrometeorological
methods. Chapter 13 studies the application of an appropriate methodology
taking into account the availability of equipment, sample analysis capacity,
resolution of sensors over the sampling period, treatment plot size or sampling
interval. Micrometeorological techniques employ a combination of atmo
spheric turbulence theory and measurement to estimate gas flux to or from a
surface. These techniques allow near-continuous flux estimates; some techni
ques also allow temporal averaging through sampling accumulation. Micro
meteorological techniques can accommodate a wide range of plot sizes. The
aerodynamic technique consists of the measurement of gas concentration and
wind speed at two (or more) different heights. Other approaches reviewed in
Chapter 13 are the Bowen ratio-energy balance technique (which does not
require a wind speed profile) and other available alternatives based on different
conceptual models and measurement strategies.

3 . 4 . 6 T r a n s f o r m a t i o n

Despite the enormous variety of different possible solute transformations, the
strategy of characterization follows the same methodological objectives, which
consist of the estimation of the reaction pathways and rates of transformation
(kinetics) for each solute studied. First, reaction pathways must be known.
Second, data on solute concentrations for each chemical species must be
determined with time in order to finally define a kinetics conceptual model.
Concentration-time relationships can be obtained in incubation studies by
chemical analysis or using radiolabeled compounds. For example, pesticide
transformations can be represented as a simple linear pathway (Wagenet and
Hutson, 1987):

P a r e n t D a u g h t e r D a u g h t e r
(3.37)

P e s t i c i d e P r o d u c t ] P r o d u c t !

Note that each of the above chemical species can be involved in sorption
and volatilization processes. Thus, it is important to simplify the trans
formation scheme as much as possible when working with field scenarios.
Again, a trade-off between the degree of the complexity of description and
the needs for data must be achieved in order to finally select a reasonable
conceptual model and the corresponding sampling strategy.

Most of the chemical and physically mediated transformation processes
can be well described by zero- or first-order kinetics. Rate equations for these
processes have been summarized in Table 3.1. Microbial mediated processes,
however, present a more complex component in which microbial biomass
and activity can require a higher degree of description complexity. In this case,
the rate constants are a function of microbial biomass and activity, and these
in turn are a function of several additional environmental factors such as
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soil water content, temperature, aeration, pH, substrate availability, etc.
Hence, it is important to have a conceptual model for microbial growth,
maintenance, and decay (Starr, 1983). If a population of microorganisms uses a
compound as its source of energy (and C), its population will be dependent on
substrate concentration. At low concentrations the growth rate of the
microorganisms would be slow because it is limited by the availability of
substrate. Conversely, the growth rate will increase with concentration until a
maximum level of growth is achieved. This conceptualization was formulated
by Monod (1949):

Kr + c (3.38)

where |ig is the specific growth rate [M T~']of the bacterium, is the
maximum growth rate [M T~'], c is the substrate concentration [M L~^], and
Kc [M L~*̂ ] is a constant representing the substrate concentration at p = p„w.v/2.

In general, the rate that a given substrate c is utilized by microorganisms in
soil can be described as (McLaren, 1973):

d c d m „
97 = (3.39)

where m is the biomass of the microbes [M] and A a/, [L~-^ T~'], and (3^
[L~' T~'] are coefficients related to growth, maintenance and waste, respec
tively. If a steady state is assumed and the biomass m is constant, the expres
sion may reduce to the Michaelis-Menten rate:

k m c

K + c (3.40)

where k and K are the Michaelis-Menten rate constants. Note that K^C
gives a first-order kinetics and K<$:.c is equivalent to a zero-order kinetics.
As stated by Starr (1983), a major factor limiting the use of such conceptual
models in the field is the lack of input data.

Some examples of the above-mentioned concepts are given below. Estrella
et al. (1993) applied a nonlinear regression analysis of the simultaneous solution
of the Monod equation for growth of cell mass (X), substrate utilization, and
CO2 production:

I y
dt - ■ K,,, + C '''

d t y ' ^ "
x c

K,,s + C (3.41)

a C O : _ {
'̂CO;tndogcno
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where X is the cell mass concentration, t is time, C is the solution phase
concentration of substrate, is the maximum specific growth rate, Kh^ is
the half-saturation constant, kjr is the cell death rate coefficient, Y is the cell
mass yield from substrate degradation, Ĵ coĵ ubstraie is the CO2 mass yield from
substrate degradation, and >co2<,„dog™ous is the CO2 mass yield from endogenous
decay of cells.

The complexity level of the selected transformation model will strongly
depend on the desired level of explanation. For describing nitrogen turnover in
soil for instance, a simple first-order decay model might give a good description
of the mineralization processes shortly after the addition of organic matter.
However, this model might fail to describe the long-term mineralization
process involving decomposition of the organic matter fractions (Vanclooster
et al., 1996). On the other hand, a more detailed description reduces the
applicability for extrapolation purposes and requires a greater experimental
effort for characterization. A long-term approach for nitrogen transformations
and resulting mineralization of organic carbon was developed by Johnsson
et al. (1987). The conceptualization is based on a three-pool concept, which
consists of (1) organic matter/microbial biomass complex (soil litter pool),
(2) receiving fresh organic matter, and (3) slow cycling pool of stabilized
decomposed products (soil humus pool). This representation was used by
Vereecken et al. (1990, 1991) and was further included in the WAVE model
(Vanclooster et al. 1996).

In conclusion, each microbiological transformation scenario should be
characterized with a particular degree of description complexity. The funda
mental aspects related to the characterization of soil microbiological
processes are reviewed in Chapter 15, including methods for soil microbial
characterization, sampling, soil handling, and choice of methods.

3 . 5 M O D E L I N G S O I L P R O C E S S E S

3 . 5 . 1 B u i l d i n g S o i l P r o c e s s M o d e l s

The construction of more complete models is generally based on the above
equations, which can be considered "pieces" for more sophisticated
conceptualization. The simplest case would be an equilibrium description for
solute sorption, in which the solute concentrations at equilibrium in the
dissolved (C,,) and sorbed (5"^) phases are related through a sorption isotherm.
This model can be represented by two boxes for and Se, respectively, and an
equilibrium relationship between them (Figure 3.5). The equilibrium could be
given by any of the equations presented in Table 3.3. Similarly, a rate-limited
reversible sorption is described by a kinetic model considering the rate of
approach towards equilibrium between Q and Se (e.g., Hornsby and
Davidson, 1973). In this case, a double arrow in Figure 3.5 represents the
reversible kinetics process.

The two-region model considers mass transfer between two flow
domains (mobile with a solute concentration C„„ and immobile with a solute
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(a) Sorption Equilibrium
Seyfried et a!., 1989

(e) Two Regions
Coats and Smith, 1963

(b) Sorption Kinetics
Homsby and Davidson, 1973

(d) Two Site (kinetics)
Sellm and Amacher, 1988

FIGURE 3.5 Schematic of some conceptual models for sorption processes: (a) sorption
equilibrium (Seyfried el al.. 1989); (b) sorption kinetics (Hornsby and Davidson, 1973).
(c) two region (Coats and Smith. 1963), (d) two site (kinetics) (Selim and Amacher.
1988), (e) nonlinear multireaction model (Ma and Selim. 1994).

c o n c e n t r a t i o n w h e r e b o t h d o m a i n s a r e a s s u m e d t o h a v e t h e s a m e
retention mechanism (e.g.. Coats and Smith, 1963). This conceptualization
requires four boxes: mobile and immobile concentrations of sorbed and
dissolved solutes, a mass transfer relationship between dissolved mobile
and immobile solute, and sorption equilibrium for relating sorbed and
dissolved solute amounts (Figure 3.5c). A two-site kinetic sorption model
considering different rate-limited sorption with soil sites of type I and II
(Selim and Amacher. 1988) is also depicted in Figure 3.5d. Brusseau et al.
(1989) developed a transport model including two reversible kinetics,
two irreversible kinetics, and a mass transfer between six different domains.
An alternative generalized multireaction model was also described by Ma
and Selim (1998), which considers five possible processes (Figure 3.5e).
Depending on the purpose of a specific study and/or the data available, the
appropriate process can be selected.
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3 . 5 . 2 I n v e r s e C h a r a c t e r i z a t i o n o f S o i l P r o c e s s e s

If a particular soil process can be described by a particular forward simulation
model, then inverse methods can be used to characterize the soil process
properties. Inverse methods are now becoming popular tools to identify the
soil flow and transport properties. For example, Dane and Hruska (1983)
used a numerical solution of Richards' equation assuming the equations of
van Genuchten (1980) for 9(v|/) and Ar(\j/). The solution was optimized to find
a and n in these equations. This procedure was also applied in layered
soils by Lambot et al. (2002), and Ritter et al. (2003, 2004) comparing
several methodological approaches for characterizing hydraulic parameters in
a layered soil.

The required premises to apply the inverse estimation are identifiability and
uniqueness. Different parameter sets must lead to different solutions. If not,
the parameters are unidentifiable. Additionally, nonuniqueness appears when
one parameter set results in more than one solution. Care must also be taken
with the simultaneous optimization of several model parameters of a physically
based model as the curve can be fitted by a set of parameters that do not
correspond with the true set (global minimum). In such a case, the model
parameters are no longer representing the physics of the soil system. For
example, the use of single parameter model to systems affected by at least more
than one parameter will yield a lumped empirical single parameter. The single
parameter in this case will only be valid for that specific situation. For instance,
this is the case when fitting the governing ADE solute transport model
with local equilibrium assumption to data from transport experiments
affected by nonequilibrium flow. In this case the dispersion parameter will
be a lumped parameter encompassing some of the terms of Eq. (3.26).
The apparent hydrodynamic dispersivity inferred from such an experiment
is not necessarily a measure of the microscopic variability of the flow field
in t he so i l ma t r i x .

Additional problems occur when parameters are correlated. For example,
the parameters of the nonequilibrium two-region model are often strongly
interdependent. This strong correlation between parameters implies that
changes in one parameter can be compensated by corresponding changes in
the correlated parameter. Thus, a simultaneous optimization of all of the
model parameters will result in "shape parameter values" without a physical
plausibility (Koch and Fliihler, 1993).

Chapter 20 presents a general discussion on the use of a inverse estimation
methodology. The application of inverse techniques to estimate hydraulic
properties are discussed in Chapter 5, and Chapter 11 shows the application to
estimate solute transport properties.
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N O T A T I O N

c Concentration (dissolved phase) [M L~ ]̂
CA, Cb Concentration of reactant and products [M L~ ]̂

O / Concentration of a partitioning solute in phases I and II [M L~ ]̂
^ i r Concentration of a volatile solute in air and water [M L~^]

Ch C'H Concentrations in phases or region I and II, respectively [M L~ ]̂
Ci, Cn Dimensionless concentration in regions I and II {Ci=Cjlco,

(^I/= CI/JCQ) [-]
Cjf,] Resident concentration in the mobile and immobile regions

[M L-^]
Co Characteristic concentration [M L
C t Total mass of solute [ML~ ]̂
C(^ ) Hydraulic capacity function [L~^]
D Effective dispersion coefficient [L" T"']
H Hydraulic head [L]
F Fraction of the intraparticle porosity accessible by the solute [-]
Jc Convective mass flux iJc = Ju C) [M L"" T~']
J D Dispersive mass flux [M L~~ T~'].
Jo Solute flux of a volatile compound

to the atmosphere [M L~- T~']
J . Water flux [LT~']
J s Total mass flow in the liquid phase [M L~- T~^]
ko Zero-order rate parameter [M T~']
A-, First-order kinetics constant [T~']
âds Rate parameters for the sorption reaction [T~']
d̂es Rate parameters for the desorption reaction [T"']

K Unsaturated hydraulic conductivity [LT
K d Distribution or partition coefficient
K h Henry's distribution coefficient
L Characteristic length [L]
P Peclet (vL/D) [-]
R Retardation factor [-]
s Concentration in the sorbed phase [M M~']
t Time [T]
T Number of pore volumes (vt/L)
Tp Tortuosity factor [-]
h!2 Half-life [T]
X Distance [L]
X Dimensionless distance (X=xlL) [-]
- Depth [L]

G r e e k

r Solute sink/source term [M L~^ T~']
a Mass transfer coefficient [T~']
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S T h i c k n e s s o f t h e s t a g n a n t w a t e r fi l m s u r r o u n d i n g ( s o i l )
particles [L]

£ P o r o s i t y o f t h e p a r t i c l e s [ - ]
X D i s p e r s i v i t y [ L ]
|i First-order rate degradation coefficient [T~']
v„, Pore water velocity of the mobile region (v,„ = y|, /0,„) [L T~^]
V Average linear velocity (v = J„./0) [L T~']
0 Soil volumetric water content [L^ L ~^]
0,„ Volumetric water content of the mobile domain [L^ L ~^]
0, Volumetric water content of the immobile domain [L^ L ~^]
p Bulk density of soil [M L~^]
T Apparent tortuosity factor x = (LILdij)~ [-]
\ J / P r e s s u r e o r s u c t i o n h e a d [ L ]
^(0) Hydraulic diffusivity function [L* T ~^]
[ - ] D i m e n s i o n l e s s
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