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Abstract: Improved understanding of water flow and solute transport through the unsaturated zone is important for the 
sustainable management of soils. As soils are complex and heterogeneous systems, quantification of the transport 
processes is difficult. More knowledge on the relationship between solute transport process, soil structure, hydrologic 
initial and boundary conditions, and observation scale is needed here.Modeling unsaturated flow and transport with 
mathematical or numerical methods is an important tool for predicting the infiltration and redistribution of soil water and 
the transport of solutes in the unsaturated zone. Flow and transport models are commonly used to support the decision 
making process in agricultural management, environmental impact assessment, toxic waste control, remediation design, 
and subsurface cleanup monitoring. The movement of contaminants through porou media describs by the combination of 
advection, diffusion-dispersion and chemical retardation. The most common model that describes solute transport by 
convection and dispersion is the convection-dispersion equation (CDE). This equation describes the change in 
concentration at any point along the flow path as a function of time. This paper is mainly dedicated to a discussion of 
basic processes for modelling of water flow and contaminant transport in saturated and unsaturated soils. After a brief 
description of the classical approach for simulating water flow and solute transport in porous media, issues related to 
water and solute trasport equation in soil. 
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1. INTRODUCTION 

Soil is heterogeneous porous medium and an 
exceedingly complex system composed of three 
phases: the solid phase consisting of soil particles, tht 
liquid phase consisting of soil water together with 
dissolved substances, and the gaseous phase 
consisting of soil air. Each of these three phases has 
organic and inorganic constituents and possesses both 
inert and active compounds. The biological and 
heterogeneous character of soil strongly influences its 
physical and chemical properties. With regard to solute 
transport, the interaction of the diverse components in 
the soil has a direct effect on such phenomena as 
dispersion, convection, adhesion, adsorption, and ion 
exchange. The understanding of water flow and solute 
transport processes through the unsaturated zone is 
important [1-6]. Fate and transport processes are 
influenced by soil and environmental conditions, 
including rainfall, atmospheric pressure, wind, relative 
humidity, temperature, water content, plant coverage, 
sun light, and soil type [7]. The behaviour of a chemical 
in the environment depends on its structure and its 
physico-chemical characteristics (e.g., water solubility 
and distribution coefficient; [8]. The soil’s organic 
matter and clay content are important parameters for 
the sorption of pesticides while the temperature 
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influences the chemical’s degradation. Chemicals that 
are ineffectively retained or rapidly transported through 
the vadose zone may reach the groundwater. Shallow 
groundwater tables are especially vulnerable for 
pesticide contamination [2].Various theatrical models, 
deterministic [9, 10] and [11, 12], have been developed 
to describe the transport of solute into soil. The 
stochastic model is important for unsteady-state water-
flow situation. But a deterministic approach is 
commonplace in many scientific and technologic 
domains, as in hydrology, soil science, biology, and 
chemical engineering. In this chapter, the flow and 
transport equations used in the present study are 
briefly described. 

2. BASIC PROCESSES IN SOLUTE TRASPORT  

Understanding processes and modelling transport 
of solutes in porous media is a critical issue in the 
environmental protection. When water containing a 
solute is applied to a soil profile, free of solute, there 
will be a very sharp front of solute initially near the 
surface of the soil. As more solution is added, the 
sharp front becomes more and more dispersed due to 
the combined effects of convection, diffusion, and 
mechanical dispersion consequently; the transport of 
solute through soils consists of these three processes. 

2.1. Transport of Solute by Convection (Advection) 

Advection is the component of solute movement 
attributed to transport by the flowing water. This is the 
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phenomenon whereby dissolved substances are 
carried by the moving water. In this case, water and the 
move at the same average rate. As a consequence, 
mass flow of solute is strongly controlled by the laws 
determining the transport of water. Hence, the 
convective flux of solute passing through a unit area of 
soil expressed as:  

qc = qC = !C k h( ) "h
"x

#

$%
&

'(
          (1) 

where qc is the solute flux(L T-1); q is the water flux 
(L T-1) (Darcy velocity); C is concentration of solute in 
water (ML-3); K(h) is the unsaturated hydraulic 
conductivity (L T-1); h the pressure head (L) and x  the 
spatial coordinate (L) (positively defined upwards). 

To estimate solute travel or arrival times, the mean 
apparent velocity or pore water velocity (v) is used:  

V =
q
!

            (2)  

Where ! is total volumetric water content of soil,  
(L3 L-3). 

Thus solute flux may also be characterized as qc = 
v! C. The water flux q represents the flow velocity 
averaged over an entire cross sectional area. However, 
because convection occurs in the liquid phase only,  
(v > q) is used to represent the average interstitial flow 
velocity in the liquid-filled pores.  

2.2. Transport of Solutes by Diffusion 

Diffusion is the process by which a solute moves 
from areas of higher chemical potentials to areas of 
lower chemical potentials. This process is also known 
as molecular diffusion. It is assumed that the rate of 
transfer of solute by diffusion through a unit area of a 
section of soil is proportional to the gradient in 
concentration normal to the section. 

The rate of diffusion (qd) in bulk water at rest is 
given by Fick's Law: 

qd = !Dc
"C
"x

           (3)  

where qd is the solute flux in soil due to the diffusion 
process, (L T-1); Dc is the diffusion coefficient in bulk 
water, (L2 T-1) and C is concentration of solute in water 
(ML-3). The negative sign in equation (3) arises 
because diffusion occurs in the direction opposite to 
that of increasing concentration. The diffusion 

coefficient in porous media is lower than for bulk water. 
Because air and solid particles form barriers to liquid 
diffusion, the apparent soil-liquid diffusivity (Ds [L2T-1]) 
is a function of the available path for diffusion 
determined by the tortuosity T(!), resulting from the 
geometry of the medium (i.e., texture and structure) 
and the volume water content. An example of the 
relationship between Dc (bulk water) and Ds (soil) is 
given by Jury et al. [13]: 

Ds = Dc!T !( ) = Dc
!
10
3

n2
          (4)  

where n is porosity. An empirical expression proposed 
by several researchers is given by Bresler et al. [14]: 

Ds = Dcae
b!            (5)  

where a and b are empirical parameters (b=10, and a 
ranges from 0.005 to 0.001 for sandy-loam to clay 
textures). The flux of diffusing solutes in an unsaturated 
porous medium is thus: 

qd = !"Ds
#C
#x

           (6)  

2.3. Dispersive Solute Transport  

Differences in flow velocities at the pore scale (due 
to different pore sizes and shapes) cause the solute to 
be transported at different rates and thus lead to mixing 
(or dispersion) of an incoming solution within an 
antecedent solution. The process is macroscopically 
similar to mixing by diffusion (thermal motion); 
however, it is passive (i.e., not driven by concentration 
gradients) and is entirely dependent on water flow. The 
solute flux due to mechanical (or hydrodynamic) 
dispersion (qh) is described by an equation similar to 
Fick's Law for diffusion: 

qh = !"Dh
#C
#x

             (7)  

Where qh is dispersive flux of solute, (L T-1); Dh is 
the hydrodynamic dispersion coefficient (L2 T-1) and C 
is concentration of solute in water (ML-3). This 
coefficient is dependent on the interstitial pore water 
flow velocity (v [LT-1]), and on the dispersivity ( ! =  [L]) 
of the soil (a function of pore sizes and shapes) 
according to: 

Dh = !
q
"
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Where n is an empirical factor usually assumed to 
equal 1 (i.e., a linear dependency of Dh on v). The 
value of !  may range from 1 cm in small columns to a 
few meters in field experiments. In most cases the 
relative effect of hydrodynamic dispersion can exceed 
that of diffusion. Because of the macroscopic similarity 
between diffusion and hydrodynamic dispersion, it is 
common to combine their coefficients (assuming that 
they are additive) into a diffusion-dispersion coefficient 
(De):  

De !, v( ) = Ds + Dh           (9)  

Where De is longitudinal hydrodynamic dispersion 
coefficient, L2 T-1).  

Usually, De  is simply referred to as the dispersion 
coefficient. It is also called the apparent diffusion 
coefficient [15, 16] or the diffusion- dispersion 
coefficient [17]. 

3. WATER FLOW 

The movements of water as well as the transport of 
chemicals in a soil are generally quantified using some 
fundamental physical and chemical equations. 

One-dimensional uniform (equilibrium), steady state 
water flow under unsaturated conditions is described 
by the Buckingham-Darcy equation: 

q = !k h( ) "h
"x
+1
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Where q is the water flow (L T-1); k(h) the 
unsaturated water conductivity(L T-1); h the pressure 
head and (L) and x  the spatial coordinate(L) (positively 
defined upwards). 

The unsaturated water conductivity is dependent on 
water content of the soil. The effective soil water 
content (Se) itself is a function of the pressure head h. 
It is often described by the van Genuchten equation: 

Se h( ) = 1

1+ !".h( )n#
$

%
&
m         (11) 

where α and n are fitting parameters and n > 1. The 
definition of m is: 

m =1! 1
n

         (12) 

To transfer the actual soil water content !  into the 
effective soil water content (Se). The definition of Se is: 

Se =
! h( ) "!r
!s "!r

         (13) 

Where !s  (L3 L-3) is the saturated water contend 
and !r (L

3 L-3) is the residual water contend. For 
Equaion (13) the predictive capillary bundle model of 
Mualem has the following analytical solution for the 
unsaturated water conductivity (k): 

k Se( ) = ksSle 1! 1! S
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where l is a parameter taking into account tortuosity 
and connectivity. The saturated water conductivity is ks. 

4. SOLUTION TRANSPORT EQUATION 

The transport of solute through the soil is governed 
by the combined effects of three main solute transport 
mechanisms, convection, diffusion, and dispersion. By 
adding the convective (Eq. 1), diffusive (Eq. 2), and 
dispersive (Eq. 7) fluxes of solute, the total flux of 
solute, moving along the direction of flow is expressed 
by: 

 qt = qC !"Ds
#C
#x

!"Dh
#C
#x

       (15) 

During the transport of reactive solute, the particles 
of the soil adsorb some solute and retain it on their 
surfaces. 

The rate of change of concentration of the solute or 
the gradient of the total flux of solute is equal to the 
amount of solute remaining in a unit volume of the bulk 
soil. Thus, the mass balance of solute during the 
transport through the soil is expressed by the continuity 
equation as: 

!
!t

"C + #bSm( ) = $ !qt
!x

        (16) 

Where !b  is bulk density of soil (kg m !3 ); Sm is 

mass of adsorbed solute per unit mass of soil (kgkg !1 ); 
t  is variable time ( sec ); !  is total volumetric water 
content of soil (L3L-3) and C is concentration of solute in 
soil-water (ML-3). 
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Substituting Equation (15) into (16) and using 
Equation (9) yields the transport equation as: 

!
!t

"C + #bSm( ) = !
!x

"D !C
!x

$ qC
%

&
'

(

)
*        (17)  

The left-hand side of Equation (17) accounts for the 
changes in the concentrations of solute associated 
both with the liquid and solid phases. The actual 
relation between Sm and C is complicated. However, 
this relation has been simplified by assuming an 
instantaneous equilibrium between the liquid and solid 
phases. The criteria for this equilibrium have been 
developed [18-21] and the assumption is valid at low 
concentrations of the solute. At equilibrium, the 
adsorption of solute by the soil is assumed to be linear 
and Sm and C are related by a linear equilibrium 
isotherm of the form: 

Sm = kC           (18)  

Where k  is empirical distribution coefficient of 
solute between the liquid and solid phases, m3  (H2O) 
kg !1  

If, in addition to linear equilibrium adsorption, steady 
water flow in a homogeneous soil profile is assumed, 
Equation (17) can be simplified to: 

Rf
!C
!t

= D !2C
!x2

"V !C
!x

        (19)  

Where Rf is retardation factor, dimensionless. 

The retardation factor is given by:  

Rf =1+
!bk
"

         (20)  

Where k is a coefficient representing distribution of 
the contaminant between the solid and liquid phases 
(e.g., sorption).  

If there are no interactions between the solute and 
soil particles, k becomes zero and Rf reduces to unity. 
With exclusion (negative adsorption) of solute occurs 
Rf  becomes less than unity. Equation (19) assumes 
that the solute is not subject to any production or decay 
processes. But for many organics, nitrogen species, or 
radionuclides, these processes are involved and 
Equation 19 is modified as: 

Rf
!C
!t

= D !2C
!x2

"V !C
!x

µdC +µ p         (21)  

Where µd  is rate coefficient for first-order is decay 
(T-1) and µ p  is rate coefficient for zero-order production 
(s-1). 

Equation (19) is the basic equation governing the 
transport of solute through soils and is known as the 
classical convection-dispersion equation (CDE); 
however, the CDE is not valid during the early stages 
of the transport process, because, the hydrodynamic 
dispersion starts only after a sufficient time has elapsed 
[22, 23]. Equation (19) assumes that adsorption 
process is instantaneous and is described by a linear 
equilibrium isotherm. But since the solid phase of the 
soil consists of different constituents; a chemical is 
likely to react with these constituents at different rates 
and with different intensities. Sorption data exhibit a 
two-stage approach to equilibrium: a short initial 
phases of fast uptake, followed by an extended period 
of much slower uptake. This pattern is followed by 
sorption reactions. The adsorption of the solute by soil 
minerals consists of two components, one governed by 
the equilibrium adsorption and the other by a first-order 
kinetic non-equilibrium adsorption. The adsorption sites 
of the soil particles are divided accordingly into two 
fractions. Adsorption on one fraction is assumed to be 
instantaneous, and that on the other fraction is though 
to be time-dependent. This type of ‘tow site’ adsorption 
model has been described [24-28] for the transport of 
solute through the soil. Ignoring any production or 
decay processes, the ‘two site’ model is expressed by: 

  
1+

F!bK
"
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+
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"

)Sk

)t
= D )2C

)x2
*V )C
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      (22)  

!Sk
!t

=" ' 1# F( )KC # Sk$% &'         (23)  

Where F is fraction of adsorption sites of soils 
occupied by instantaneous adsorption, dimensionless; 
Sk is mass of adsorption solute per unit mass of soil 
by the kinetic adsorption sites (kg kg !1 ) and ! ' is first-
order rate coefficient for kinetic adsorption ( s!1 ). 

The non-equilibrium concentration of solute is 
sometimes assumed to be attributed due to the large 
heterogeneities in the macroscopic velocities of pore-
water. This approach assumes that the water phase of 
the soil consists of mobile and immobile regions. The 
convective and dispersive transport of solute is 
restricted to the mobile phase of soil-water whereas the 
transfer of solute into and out of the mobile water 
phase is controlled by diffusion. The transport of solute 
under these assumptions is described by a two-region 
mobile-immobile model of the form: 



102    Journal of Applied Solution Chemistry and Modeling, 2017, Volume 6, No. 3 Agah et al. 

!m + f "bk( ) #Cm

#t
+ !im + 1$ f( )"bk%& '(

#Cim

#t
=!mDm

#2Cm

#x2
$Vm!m

#Cm

#x

      (24)  

!im + 1" f( )#bk$% &'
(Cim

(t
=)* Cm "Cim( )        (25)  

Where !m  is volumetric water content of soil in the 
mobile phase (L3 L-3); !im  is volumetric water content of 
soil in the immobile phase (L3 L-3); f is fraction of the 
sorption sites in contact with the mobile soil-water 
phase, dimensionless; Cm is concentration of solute in 
the mobile soil-water phase (M L-3); Cim concentration 
of solute in the immobile soil-water phase (M L-3); Dm is 
dispersion coefficient of the solute for the mobile region 
(L2 T-1); Vm is velocity of water in the mobile phase  
(L T-1) and !* is first-order rate constant that governs 
the rate of exchange of solute between the mobile and 
immobile regions (s-1).  

5. RESIDENT AND FLUX CONCENTRATIONS 

In solving transport problems two types of chemical 
concentrations are usually involved in the transport of 
solutes through the soils. Deponding on the mode of 
detection, the concentration may be volume-average 
known as the total resident concentration, denoted as 
cr, which is the mass of solute per volume of soil or the 
flux concentration, cf, which is the ratio of the solute 
mass flux (qc) and the water flux (q), i.e., cf=qc/q. The 
difference between these two concentrations may be 
illustrated by the outcome of a hypothetical 
measurement of the effluent leaving a soil column vs. 
The solution concentration at a given soil volume within 
the column. This is somewhat analogous to the 
relationship between changes in volumetric water 
content and the water flux leaving a soil volume. These 
concentrations are related through the solute continuity 
equation (for an inert solute assuming vertical flow 
along x):  

!Cr

!t
= "

!qc
!x

          (26)  

And under steady state flow conditions: 

!Cr

!t
+ q !C

f

!x
= 0          (27)  

An alternative representation was given by [29]: 

C f = Cr !
D
V
"Cr

"x
        (28)  

The inlet boundary condition for the analytical 
solution of the CED differs with the type of con-
centration. Improper use of the mode of concentration 
leads to the erroneous estimate of the solute-transport 
parameters [30] from the solution of CDE, because 
some of the soltions describe the resident 
concentrations adequately while others describe the 
flux concentrations. When the initial distribution of the 
solutes through the column of soil is uniform,a flux 
concentratin is usually used to solve the CDE [31, 32], 
othewise a resident concentration is used. 

The dimensionless column Péclet number PL, a 
ratio between solute convection and molecular diffusion 
[33], for a given column segment with length L, is 
defined as:  

PL =
VL
D

         (29)  

Howver, for hige values of the Peclet number, PL, 
which occur for long columns of soil and/or at hige 
velocities of pore-water, the mode of concentrations is 
not improtant. This is because the resident and flux 
concentrations becomes nearly identical for a semi-
infinite system when PL is greater than 5 [32]. 

6. INITIAL AND BOUNDARY CONDITION  

In order to obtain a unique solution to the differential 
equation it is necessary to specify the initial and the 
boundary conditions that apply. The initial conditions 
describe the values of the variables under 
consideration (concentration) at some initial time equal 
to 0 and it is expresses as: 

C x, 0( ) = Cini x( )                           x ! 0       (30)  

Proper formulation of the boundary condition are 
important, because an incorrect choice of the solute-
transport parameters for short soil column [34]. The 
boundary conditions specify the interration between the 
area under investigation and its external enviroments. 
Three types of boundary condition are normally used in 
transport (1) Dirichlet, (2) Neumann and (3) Cauchy 
boundary condition. The first kind condition, Dirichlet 
mspecifies the concentration along a boundary 
segment. It is also referred as a concentration-type 
boundary and can be expressed as follow: 

C 0, t( ) = f t( )                      t ! 0        (31)  

Where the expression f(t) is an arbitrary function 
that describes the concentration of the influent. The 
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second-king condition, Neumann, specifies the 
concentration gradient along a boundary segment 
setting dispersive flux eaual to zero. It is also referred 
as a fixed-gradient boundary and can be expresses as 
follow: 

!C
!x x=0 = f t( )          (32)  

The third-king condition, Cauchy, also referred as a 
mixed or as the flux-type condition, prescribes total 
contaminant flux in a linear combination of 
concentration (convection) and concentration gradient 
(dispertion along the boundary [35]. Mass conservation 
along the boundary requires: 

!D "C
"x

+VC
#

$
%

&

'
( x)0 =Vf t( ) =VC0                 t * 0      (33)  

Where the expression f(t) is also an arbitrary 
function that describes the concentration of the 
influent.The right side of the equation represents the 
flux entering the model area,while the left side gives 
the mass flux just inside the boundary. This boundary 
condition is valid if the concentration in the outside 
region adjacent to the model boundary is perfectly 
mixed.In this casem the concentration across the inlet 
boundary are discontinous in contrast to the first-type 
boundary. 

7. CONCLUSION 

The mobility and persistence of contaminant in soils 
are controlled by fate and transport processes involving 
advection, dispersion, mass transfer, and various 
physical, chemical, and biological reaction processes. 
Advective and dispersive processes relate to the 
movement of the chemicals with and within the bulk 
fluids (water, air), and control the direction and 
magnitude of this movement. Chemical, physical, and 
biological reactive processes influence the fate of the 
chemicals and overall transport. Mathematical models 
can be used effectively as a tool for predicting the 
extent of solute in the environment and their adverse 
effects on natural resource systems. Fate and transport 
processes affecting the mobility of solute in soils are 
incorporated into fate and transport equations that can 
be applied to describe and predict the spatial and 
temporal distribution of chemicals concentrations in 
soils. The most common model that describes solute 
transport by convection and dispersion is the 
convection-dispersion equation (CDE). This equation 
describes the change in concentration at any point 

along the flow path as a function of time. The accuracy 
of the distribution of solute obtained with the CDE 
depends on concentration of the initial and boundary 
condition. These reduce the physical complexity of the 
flow and transport of solute near or across the inlet or 
outlet boundary and simplify the trasnport process. So 
proper formulation of the initial and boundary condition 
are important. 

REFERENCES 

[1] Leijnse SEATMvdZaA. Solute Transport in Soil: INTECH 
Open Access Publisher 2013. 

[2] Flury M. Experimental evidence of transport of pesticides 
through field soils - A review. Journal of Environmental 
Quality 1996; 25(1): 25-45. 
https://doi.org/10.2134/jeq1996.00472425002500010005x 

[3] Vereecken H, Kasteel R, Vanderborght J, Harter T. 
Upscaling hydraulic properties and soil water flow processes 
in heterogeneous soils: A review. Vadose Zone Journal 
2007; 6(1): 1-28. 
https://doi.org/10.2136/vzj2006.0055 

[4] Vogel HJ, Roth K. Moving through scales of flow and 
transport in soil. Journal of Hydrology 2003; 272(1-4): 95-
106. 
https://doi.org/10.1016/S0022-1694(02)00257-3 

[5] Yang T, Wang QJ, Liu YL, Zhang PY, Wu LS. A comparison 
of mathematical models for chemical transfer from soil to 
surface runoff with the impact of rain. Catena 2016; 137: 
191-202. 
https://doi.org/10.1016/j.catena.2015.09.014 

[6] Leijnse SEATMvdZaA. Solute Transport in Soil. book edited 
by Maria C. Hernandez Soriano, ISBN 978-953-51-1029-3, 
Published: February 27, 2013 under CC BY 3.0 license. © 
The Author(s). INTECH Open Access Publisher 2013. 

[7] Anaya CA, Garcia-Oliva F, Jaramillo VJ. Rainfall and labile 
carbon availability control litter nitrogen dynamics in a 
tropical dry forest. Oecologia 2007; 150(4): 602-10. 
https://doi.org/10.1007/s00442-006-0564-3 

[8] McBride MB. Environmental chemistry of soils. New York, 
N.Y.: Oxford University Press 1998. 

[9] Biggar DRNaJW. Miscible displacement: III. Theoretical 
considerations. Soil Sei Soc Am Proc 1962; 26: 216-21. 
https://doi.org/10.2136/sssaj1962.03615995002600030010x 

[10] Day PR, Forsythe WM. Hydrodynamic dispersion of solutes 
in the soil moisture stream. Soil Sei Soc Am Proc 1957; 21: 
477-80. 
https://doi.org/10.2136/sssaj1957.03615995002100050005x 

[11] Jury WA. simulation of solute transport using a transfer-
function model. Water Resources Research 1982; 18(2): 
363-8. 
https://doi.org/10.1029/WR018i002p00363 

[12] White RE, Dyson JS, Haigh RA, Jury WA, Sposito G. a 
transfer-function model of solute transport through soil.2. 
illustrative applications. Water Resources Research 1986; 
22(2): 248-54. 
https://doi.org/10.1029/WR022i002p00248 

[13] Jury WAG, Gardner WR, W. H. Soil physics. 5th ed. New 
York, N.Y.: John Wiley & Sons 1991. 

[14] Bresler E, McNeal BL, Carter DL. Saline and sodic soils: 
principles, dynamics, modeling. Berlin; New York: Springer-
Verlag 1982. 

[15] Boast CW. Modeling the movement of chemicals in soils by 
water. Soil Science 1973; 115: 224-30. 
https://doi.org/10.1097/00010694-197303000-00008 



104    Journal of Applied Solution Chemistry and Modeling, 2017, Volume 6, No. 3 Agah et al. 

[16] Nielsen DR, Jackson RD, Cary JW, Evans DO. Soil Water. 
ASA, SSSA, Madison, WI.: American Society of Agronomy, 
Soil Science Society of America 1972. 

[17] Hillel D. Fundamentals of soil physics. San Diego, Calif. 
[u.a.]: Acad. Press 1996. 

[18] Bahr JM. Kinetically influenced terms for solute transport 
affected by heterogeneous and homogeneous classical 
reactions. Water Resources Research 1990; 26(1): 21-34. 
https://doi.org/10.1029/WR026i001p00021 

[19] Bahr JM, Rubin J. Direct comparison of kinetic and local 
equilibrium formulations for solute transport affected by 
surface-reactions. Water Resources Research 1987; 23(3): 
438-52. 
https://doi.org/10.1029/WR023i003p00438 

[20] Valocchi AJ. Validity of the local equilibrium assumption for 
modeling sorption solute transport through homogeneous 
soils. Water Resources Research 1985; 21: 808-20. 
https://doi.org/10.1029/WR021i006p00808 

[21] Valocchi AJ. Spatial moment analysis of the transport of 
kinetically adsorbing solutes through stratified aquifers. 
Water Resources Research 1989; 25(2): 273-9. 
https://doi.org/10.1029/WR025i002p00273 

[22] Jury WA, Gardner WR, Gardne, WH. Soil Physics, 5th 
edition.. New York, NY.: John Wiley and Sons 1991. 

[23] Taylor GI. Dispersion of solute matter in solvent flowing 
slowly through a tube. Proceedings of the Royal Society of 
London, Series A 1953; 219: 186-203. 
https://doi.org/10.1098/rspa.1953.0139 

[24] De Camargo OA, Biggar JW, Nielson DR. Transport of 
organic phosphorus in an Alfisol. Soil Science Society of 
America 1979; 43: 884-90. 
https://doi.org/10.2136/sssaj1979.03615995004300050013x 

[25] Flühler HJ, William A. Estimating solute transport using 
nonlinear, rate dependent, two site adsorption models: an 
introduction to use explicit and implicit finite differnece 
schemes - Fortranprogram documentation. Birmensdorf: 
Eidgen. Anstalt für das forstliche Versuchswesen 1983. 

[26] Hoffman DLaDER. Transport of organic phosphate in soil as 
affected by soil type. Soil Sci Soc Am J 1980; 44: 46-52. 
https://doi.org/10.2136/sssaj1980.03615995004400010011x 

[27] Rao Psc JM, Davidson RE, Jessup and Selim HM. 
Evaluation of conceptual models for describing non-
equilibrium adsorption-desorption of pesticide during steady 
flow in soils. Soil Sci Soc Am J 1979; 43: 22-8. 
https://doi.org/10.2136/sssaj1979.03615995004300010004x 

[28] Selim HM, Davidson JM, Mansell RS. editor Evaluation of a 
two-site adsorption-desorption model for describing solute 
transport in soils. Proceedings of the Summer Computer 
Simulation Conference, July 1976. Summer Computer 
Simulation Conference; 1976.; Washington, D.C. 444-448. 

[29] van Genuchten MT, Wierenga PJ. Solute dispersion 
coefficients and retardation factors. In: A. Klute (ed.), 
Methods of Soil Analysis, part 1, Physical and Mineralogical 
Methods, Agronomy 9(1): 1025-1054. 2nd ed., Am. Soc. 
Agron., Madison, WI. Madison: American Society of 
Agronomy 1986. 

[30] Ward AL, Kachanoski RG, Elrick DE. laboratory 
measurements of solute transport using time-domain 
reflectometry. Soil Science Society of America Journal 1994; 
58(4): 1031-9. 
https://doi.org/10.2136/sssaj1994.03615995005800040006x 

[31] Kreft A, Zuber A. On the physical meaning of the dispersion 
equation and its solutions for different initial and boundary 
conditions. Chemical Engineering Science 1978; 33(11): 
1471-80. 
https://doi.org/10.1016/0009-2509(78)85196-3 

[32] Toride N, Leif FJ, Van Genuchten M. A comprehensive set of 
analytical solutions for nonequilibrium solute transport with 
first-order decay and zero-order production. Water 
Resources Research 1993; 29: 2167-82. 
https://doi.org/10.1029/93WR00496 

[33] Bear J. Dynamics of fluids in porous media. New York: Dover 
1988. 

[34] Vangenuchten MTP, JC. boundary-conditions for 
displacement experiments through short laboratory soil 
columns - reply. Soil Science Society of America Journal 
1994; 58(3): 991-3. 
https://doi.org/10.2136/sssaj1994.03615995005800030052x 

 
 

 
Received on 11-03-2017 Accepted on 10-07-2017 Published on 31-10-2017 
 
DOI: https://doi.org/10.6000/1929-5030.2017.06.03.2 
 
 


