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Vadose Zone Journal

Jirka Simdnek* and Martinus Th. van Genuchten

Accurate process-based modeling of nonequilibrium water flow and solute transport remains a major challenge in
vadose zone hydrology. Our objective here was to describe a wide range of nonequilibrium flow and transport model-
ing approaches available within the latest version of the HYDRUS-1D software package. The formulations range from
classical models simulating uniform flow and transport, to relatively traditional mobile-immobile water physical and
two-site chemical nonequilibrium models, to more complex dual-permeability models that consider both physical and
chemical nonequilibrium. The models are divided into three groups: (i) physical nonequilibrium transport models, (ii)
chemical nonequilibrium transport models, and (iii) physical and chemical nonequilibrium transport models. Physical
nonequilibrium models include the Mobile-Immobile Water Model, Dual-Porosity Model, Dual-Permeability Model,
and Dual-Permeability Model with Immobile Water. Chemical nonequilibrium models include the One Kinetic Site
Model, the Two-Site Model, and the Two Kinetic Sites Model. Finally, physical and chemical nonequilibrium transport
models include the Dual-Porosity Model with One Kinetic Site and the Dual-Permeability Model with Two-Site Sorption.
Example calculations using the different types of nonequilibrium models are presented. Implications for the formula-
tion of the inverse problem are also discussed. The many different models that have been developed over the years for
nonequilibrium flow and transport reflect the multitude of often simultaneous processes that can govern nonequilib-
rium and preferential flow at the field scale.

increasing evidence that flow and transport pro-

cesses in soils often cannot be described using classical
models that assume uniform flow and transport (e.g., Nkedi-
Kizza et al., 1984; Hendrickx and Flury, 2001; Pot et al., 2005;
Kéhne et al., 2006). Many laboratory and field experiments have
demonstrated the presence of nonequilibrium flow and transport
conditions in soils. Nonequilibrium water flow and solute trans-
port in the unsaturated zone can be simulated at present by means
of a large number of models of various degrees of complexity and
dimensionality. Modeling approaches range from relatively simple
analytical solutions for solute transport (e.g., van Genuchten,
1981; Toride et al., 1993) to complex numerical codes (e.g.,
Simiinek et al., 2005; Jacques and Simuanek, 2005). While such
programs as STANMOD (Simunek et al., 1999) that implement
analytical solutions undoubtedly will remain useful for simpli-
fied analyses of solute transport during steady-state flow (e.g., for
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analyzing solute breakthrough curves measured in the labora-
tory, or for initial or approximate analysis of field-scale transport
problems), numerical models are now increasingly being used
since they can be applied more readily than analytical models
to realistic laboratory and field problems. The use of numerical
models has been further popularized during the last 20 yr or so
because of the appearance of appropriate software packages in
both the public and commercial domains and the development
of increasingly sophisticated graphics-based interfaces that can
simplify their use tremendously.

Attempts to describe nonequilibrium transport have tradi-
tionally been developed along two lines: physical and chemical
nonequilibrium models (van Genuchten and Cleary, 1979).
While physical nonequilibrium models assume that nonequilib-
rium flow or transport is caused by physical factors (e.g., van
Genuchten and Wierenga, 1976), chemical nonequilibrium
models assume that chemical factors are the cause of nonequi-
librium transport (e.g., Selim et al., 1976; van Genuchten and
Wagenet, 1989). Only a few researchers (e.g., Brusseau et al.,
1989; Selim et al., 1999; Pot et al., 2005) have combined the
physical and chemical nonequilibrium approaches to account
for both possible causes of nonequilibrium, thus improving the
description of solute transport in soils.

Over the years, several publicly available numerical codes
have been developed that consider a number of options for
simulating nonequilibrium water flow and solute transport (e.g.,
Pruess, 1991; Jarvis, 1994; van Dam et al., 1997). Unique to
the HYDRUS-1D software package (Simtnek et al., 2005,
2008) is the wide range of approaches that can be selected for
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Equilibrium Model Non-Equilibrium Models
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FiG. 1. Conceptual physical nonequilibrium models for water flow and solute transport. In the plots, 0 is the water content, 0, and 0, in
(b) and (c) are water contents of the mobile and immobile flow regions, respectively; 0, and 6 in (d) are water contents of the matrix and

macropore (fracture) regions, respectively, and 6 0

M,mo’ “M,im’

and 6 in (e) are water contents of the mobile and immobile flow regions of the

matrix domain, and in the macropore (fracture) domain, respectively; ¢ are concentrations of corresponding regions, with subscripts having
the same meaning as for water contents, while S is the total solute content of the liquid phase.

simulating nonequilibrium processes. Our objective here is to
describe the large number of physical and chemical nonequilib-
rium approaches available in the latest version of HYDRUS-1D
(Simtnek et al., 2008). The models range from classical models
simulating uniform flow and transport, to traditional dual-
porosity physical and two-site chemical nonequilibrium models,
to complex dual-permeability models that consider both physi-
cal and chemical nonequilibrium. Since our focus is mainly
on solute transport and since the nonequilibrium models for
water flow have been reviewed relatively recently (Siminek
et al., 2003), we only very briefly review here the governing
water flow equations to define variables later used in the solute
transport equations. We will present several examples calcu-
lated with the different nonequilibrium approaches to show
the effect of various transport and reaction parameters, and to
demonstrate the consequences of increased complexity in the
models. Implications for the formulation of the inverse problem
are also discussed.

Overview of Conceptual Models

A large number of alternative physical and chemical non-
equilibrium models can be formulated. Figures 1 and 2 show
schematics of a range of possible physical equilibrium and non-
equilibrium models for water flow and solute transport. Figure
3 shows similar schematics of various chemical nonequilib-
rium models that have been incorporated into HYDRUS-1D.
Traditional flow and transport models are
based on the classical description of uniform
flow and transport in soils (the Uniform Flow
Model in Fig. 1a and 2a). In this model, the
porous medium is viewed as a collection of
impermeable soil particles (or of impermeable
soil aggregates or rock fragments), separated
by pores or fractures through which flow
and transport takes place. Variably saturated
water flow through such a porous system is
usually described using the Richards equa-
tion and solute transport using the classical
advection—dispersion equation. Definitions

a. Uniform Flow

of various water contents and concentrations used in the different
models are given in the Appendix.

A hierarchical set of physical nonequilibrium flow and
transport models can be derived from the Uniform Flow Model.
The equilibrium flow and transport model can be modified by
assuming that the soil particles or aggregates have their own
microporosity and that water present in these micropores is
immobile (the Mobile-Immobile Water Model in Fig. 1b and
2b). While the water content in the micropore domain is con-
stant in time, dissolved solutes can move into and out of this
immobile domain by molecular diffusion (e.g., van Genuchten
and Wierenga, 1976). This simple modification leads to physical
nonequilibrium solute transport while still maintaining uniform
water flow.

The mobile-immobile water model can be further expanded
by assuming that both water and solute can move into and out
of the immobile domain (Simiinek et al., 2003), leading to the
Dual-Porosity Model in Fig. 1c and 2c. While the water content
inside of the soil particles or aggregates is assumed to be con-
stant in the Mobile-Immobile Water Model, it can vary in the
Dual-Porosity Model since the immobile domain is now allowed
to dry out or rewet during drying and wetting processes. Water
flow into and out of the immobile zone is usually described using
a first-order rate process. Solute can move into the immobile
domain of the Dual-Porosity Model by both molecular diffusion
and advection with flowing (exchanging) water. Since water can

dhuE

b. Mobile-Immobile Water

d. Dual-Permeability  e. Dual-Permeability with MIM

¢. Dual-Porosity

Fig. 2. Conceptual physical nonequilibrium models for water flow and solute transport.
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a, One Kinetic Site Model b. Two-Site Model  ¢. Two Kinetic Sites Model

d. Dual-Porosity Model with ¢, Dual-permeability Model

One Kinetic Site with Two-Site Sorption
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FiG. 3. Conceptual chemical nonequilibrium models for reactive solute transport. In the plots, 0 is the water content, 6, and 6, in (d) are
water contents of the mobile and immobile flow regions, respectively; 0, and 0 in (e) are water contents of the matrix and macropore (frac-
ture) regions, respectively; ¢ are concentrations of the corresponding regions, s€ are sorbed concentrations in equilibrium with the liquid
concentrations of the corresponding regions, and s¥ are kinetically sorbed solute concentrations of the corresponding regions.

move from the main pore system into the soil aggregates and vice
versa, but not directly between the aggregates themselves, water
in the aggregates can be considered immobile from a larger scale
point of view.

The limitation of water not being allowed to move directly
between aggregates is overcome in a Dual-Permeability Model
(e.g., Gerke and van Genuchten, 1993a,b). Water and solutes
in such models also move directly between soil aggregates, as
shown in Fig. 1d and 2d. Dual-permeability models assume that
the porous medium consists of two overlapping pore domains,
with water flowing relatively fast in one domain (often called the
macropore, fracture, or interporosity domain) when close to full
saturation, and slow in the other domain (often referred to as
the micropore, matrix, or intraporosity domain). Like the Dual-
Porosity Model, the Dual-Permeability Model allows the transfer
of both water and solutes between the two pore regions.

Finally, the Dual-Permeability Model can be further refined
by assuming that inside of the matrix domain an additional
immobile region exists into which solute can move by molecular
diffusion (the Dual-Permeability Model with MIM in Fig. le
and 2e).

Chemical nonequilibrium models implemented into
HYDRUS-1D are schematically shown in Fig. 3. The simplest
chemical nonequilibrium model assumes that sorption is a
kinetic process (the One Kinetic Site Model in Fig. 3a), usually
described by means of a first-order rate equation. This model can
be expanded into a Two-Site Sorption model by assuming that
the sorption sites can be divided into two fractions (e.g., Selim et
al., 1976; van Genuchten and Wagenet, 1989). The simplest two-
site sorption model arises when sorption on one fraction of the
sorption sites is assumed to be instantaneous, while kinetic sorp-
tion occurs on the second fraction (Two-Site Model in Fig. 3b).
This model can be further expanded by assuming that sorption
on both fractions is kinetic and proceeds at different rates (the
Two Kinetic Sites Model in Fig. 3c). The Two Kinetic Sites Model
reduces to the Two-Site Model when one rate is so high that it
can be considered instantaneous, to the One Kinetic Site Model
when both rates are the same, or to the chemical equilibrium
model when both rates are so high that they can be considered
instantaneous.

The different models discussed thus far involve either physi-
cal or chemical nonequilibrium. Many transport situations will

involve both types of nonequilibrium. One obvious example
occurs during transport through an aggregated laboratory soil
column involving steady-state water flow (either fully saturated
or unsaturated) when both a conservative tracer (no sorption)
and a reactive solute are used. The collected tracer breakthrough
curve may then display typical features reflecting nonequilib-
rium, such as a relatively rapid initial breakthrough followed by
extensive tailing. Since the tracer is nonreactive, this nonequi-
librium must be caused by physical factors. When the reactive
solute is additionally sorbed kinetically to the solid phase (an
indication of a chemical nonequilibrium), the use of a model is
required that simultaneously considers both physical and chemi-
cal nonequilibrium.

The resulting combined physical and chemical nonequi-
librium approach may be simulated with HYDRUS-1D using
the Dual-Porosity Model with One Kinetic Site (Fig. 3d). This
model considers water flow and solute transport in a dual-poros-
ity system (or a medium with mobile—~immobile water) while
assuming that sorption in the immobile zone is instantaneous.
Following the two-site kinetic sorption concept, however, the
sorption sites in contact with the mobile zone are now divided
into two fractions, subject to either instantaneous or kinetic
sorption. Since the residence time of solutes in the immobile
domain is relatively large, equilibrium probably exists between
the solution and the sorption complex here, in which case there
is no need to consider kinetic sorption in the immobile domain.
The model, on the other hand, assumes the presence of kinetic
sorption sites in contact with the mobile zone since water can
move relatively fast in the macropore domain and thus prevent
chemical equilibrium.

Finally, chemical nonequilibrium can also be combined with
the Dual-Permeability Model. This last nonequilibrium option
implemented into HYDRUS-1D (the Dual-Permeability Model
with Two-Site Sorption in Fig. 3e) assumes that equilibrium and
kinetic sites exist in both the macropore (fracture) and micropore
(matrix) domains.

A complete list of the different models summarized here, and
described in more detail below, is given in Table 1, including the
specific equations used for the water flow and solute transport
models. The table additionally lists the various parameters, and
their total number, that will appear in any particular solute trans-
port model when used for steady-state flow conditions.
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TABLE 1. Equilibrium and nonequilibrium models in HYDRUS-1D, their governing equations, and the number of solute transport parameters

for each model under steady-state water flow conditions.

At steady-state water flow

Model name Water. flow Solute tr.ansport No. of
equation(s) equation(s) : Parameters
parameters
Equilibrium model
Uniform flow and transport [1] [6] 4 0,9, ), Kq
Physical nonequilibrium models
Mobile—immobile water model (1] [2], [11] 0o Oim Imor “mor Ker Frnor “mim
Dual-porosity model (2], 3] [11] 7 0o Qi Tmor Mmor K Fnor Wrnim
Dual-permeability model (4], (5] [12] 9 O 06 Grr G N N Kger Ko W
Dual-permeability model with immobile water [4], [5] [13], [14] 12 gm’m, eim'm, 06 Gy Gp Ny N Kgr Ko Fr Wy Wpdm
Chemical nonequilibrium models
One kinetic site model [1] [6], [15] 5 0, 9, X\, Ky, oy
Two-site model [1] [16], [17] 6 0,9, N\, Ky, for o
Two kinetic sites model (1] (18] 7 0,9, N, kyy, kyps ko kgy
Physical and chemical nonequilibrium models
Dual-porosity model with one kinetic site [2],[3] [2], [20], [21] 9 Bmor Oime Tmor Mmor Kar Finor Femr Wphs O
Dual—pe.rmeability model with two-site [4], [5] [22] 13 0 0 Ao G N N Ky K o F Wp, e me Cch f
sorption

Specific Models for Water Flow

We will briefly review the governing equations for both equi-
librium (uniform) water flow and for nonequilibrium flow in
dual-porosity and dual-permeability systems. Subsequently we
will describe various solute transport models that consider either
physical or chemical nonequilibrium and models that consider
simultaneously both physical and chemical nonequilibrium.

Uniform Flow Model

Numerical models for water flow in soils (Fig. 1a and 2a) are
usually based on the following equation:

o0(h) _ 0
Ot Oz

or its extensions (e.g., for two- and three-dimensional systems). In
Eq. [1], often referred to as the Richards equation, z is the vertical
coordinate positive upward [L], ¢ is time [T], / is the pressure
head [L], 0 is the water content [L3 L™3], Sis a sink term rep-
resenting root water uptake or some other source or sink [T~1],
and K(/) is the unsaturated hydraulic conductivity function,
often given as the product of the relative hydraulic conductivity,
K. (dimensionless), and the saturated hydraulic conductivity, K
[L T~ 1. Solutions of the Richards Eq. [1] require knowledge of
the unsaturated soil hydraulic functions made up of the soil water
retention curve, 0(4), which describes the relationship between
the water content 6 and the pressure head 4, and the unsaturated
hydraulic conductivity function, (%), which defines the hydrau-
lic conductivity Kas a function of /4 or 6. HYDRUS-1D considers
both relatively traditional models (Brooks and Corey, 1964; van
Genuchten, 1980) for the hydraulic functions, as well as more
recent alternative single- (e.g., Kosugi, 1996) and dual-porosity
(Durner, 1994) models.

) [1]

0h
kL)

Dual-Porosity Model

Dual-porosity models (Fig. 1c and 2¢) assume that water
flow is restricted to the macropores (or interaggregate pores and
fractures), and that water in the matrix (intraaggregate pores
or the rock matrix) does not move at all. This conceptualiza-

tion leads to two-region type flow and transport models (van
Genuchten and Wierenga, 1976) that partition the liquid phase
into mobile (flowing, interaggregate), 0 , and immobile (stag-
regions [L31L-3]:

nant, intraaggregate), 0.,

0=0,,+0,, [2]

The dual-porosity formulation for water flow can be based on a
mixed formulation of the Richards Eq. [1] to describe water flow
in the macropores (the preferential flow pathways) and a mass
balance equation to describe moisture dynamics in the matrix as
follows (Simiinek et al., 2003):

90mo (o)
ot
9 oh
9k h MNP 1llZs (5 VT
o ( mo)[ s + ]] mo( mo) w (3]
ot

where S and S, are sink terms for the mobile and immo-
bile regions, respectively [T~1], and I, is the transfer rate for
water between the inter- and intraaggregate pore domains [T~1].
Simiinek et al. (2003) and Kéhne et al. (2004) discussed different

formulations that can be used to evaluate the mass transfer rate I' ,
Dual-Permeability Model

Different dual-permeability approaches (Fig. 1d, le, 2d, and
2e) may be used to describe flow and transport in structured
media. While some models invoke similar equations for flow in
the fracture and matrix regions, others use different formula-
tions for the two regions. A typical example of the first approach,
implemented in HYDRUS-1D, is the work of Gerke and van
Genuchten (1993a,b, 1996), who applied the Richards equa-
tion to each of the two pore regions. The flow equations for the
macropore (fracture) (subscript f) and matrix (subscript m) pore
systems in their approach are given by
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where w is the ratio of the volumes of the macropore or fracture
domain and the total soil system (dimensionless). This approach
is relatively complicated in that the model requires character-
ization of water retention and hydraulic conductivity functions
(potentially of different form) for both pore regions, as well as a
hydraulic conductivity function of the fracture-matrix interface.
Note that the water contents, Ocand 0 in Eq. [4], have different
meanings than in Eq. [3], where they represented water contents
of the total pore space (i.e., 0 =0__ +0, ), while here they refer
to water contents of the two separate (fracture or matrix) pore
domains such that

Hence, lowercase subscripts in the dual-permeability model refer
to the local (pore-region) scale, while uppercase subscripts refer
to the global (total soil medium) scale.

Specific Models for Solute Transport

Uniform Transport

Solute transport in numerical models is usually described
using the relatively standard advection—dispersion equation (Fig.
la and 2a) of the form

e 010 1p0) 0
ot ot Oz Oz 0z

or various extensions thereof (e.g., for two- and three-dimen-

o (6]

sional systems, or for multiple phases or components). In Eq.
[6], ¢ is the solution concentration [M L~3], 5 is the sorbed con-
centration [M M~1], D is the dispersion coeflicient accounting
for both molecular diffusion and hydrodynamic dispersion [L?
1, g is the volumetric fluid flux density [L T 1] evaluated
using the Darcy—Buckingham law, and ¢ is a sink—source term
that accounts for various zero- and first-order or other reactions
ML3T1).

While HYDRUS-1D considers a general nonlinear sorption
equation that can be simplified into a Langmuir or Freundlich
isotherm (Simtinek et al., 2005), for simplicity we assume here
only linear adsorption of the form

s=K,c (7]

where K is the distribution coefficient [L3 M~1]. Linear sorp-
tion leads to the following definition of the retardation factor R
(dimensionless):

R= 1+—p§d 8]

In our examples below we will be using Eq. [7] for linear sorp-
tion and applying the resulting definition of R to all of the
liquid domains involved (e.g., the total liquid phase, the mobile
and immobile regions, or the matrix and macropore domains)
with their appropriate parameters. Although considered in
HYDRUS-1D, the effect of molecular diffusion will be neglected
in the various examples. The dispersion coeflicient D accounting
only for hydrodynamic dispersion [L2 T 1 is thus defined as

D:xvzx% [9]

where X is the dispersivity [L] and v the average pore velocity [L
T~1]. The same definition of the dispersion coefficient will be
used for all mobile phases. HYDRUS-1D additionally considers
molecular diffusion for transport in the gaseous phase, which will
not be discussed here either. Finally, in the examples to follow we
will use the time 7 needed to reach one pore volume of effluent.
This time is given by

o
q

where L is some distance (e.g., column length) within the trans-

T (10]

port domain being considered. For the physical nonequilibrium
models discussed below, the pore volume for different domains is
defined using corresponding water contents and fluxes.

Physical Nonequilibrium Transport Models

Mobile-Immobile Water and Dual-Porosity Models

The concept of two-region, dual-porosity type solute trans-
port (Fig. 1b, 1c, 2b, and 2¢) was implemented already in earlier
versions (1.0 and 2.0) of HYDRUS-1D to permit consider-
ation of physical nonequilibrium transport. While the physical
nonequilibrium transport model in the earlier versions was
combined only with uniform water flow Eq. [1], Version 3.0 of
HYDRUS-1D was expanded to also consider the dual-porosity
water flow model Eq. [3] with a transient immobile water content.
In both implementations, the governing solute transport equa-
tions are as follows:

09 _ ¢ 0s
mo'mo 4 —mo
T mp
i[emODmo acmo ]_ aqmocmo _¢mo _Fs [11a]
Oz 0z 0z
90imCim . %_ _
T—'_(l fmo)p al’ _Fs (])im [llb]
Fs = Wnim (Cmo ~Cim )+FWC [11c]

in which solute exchange between the two liquid regions is mod-
eled as the sum of an apparent first-order diffusion process and
advective transport (where applicable). In Eq. [11], ¢, and ¢, ,
are concentrations of the mobile and immobile regions [M L],
respectively; s, and s, are sorbed concentrations of the mobile
and immobile regions [M M™!], respectively; D is the dis-
persion coefficient in the mobile region [L? T~1], 9o is the
volumetric fluid flux density in the mobile region [L T~!], & o
and o,  are sink—source terms that account for various zero- and
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first-order or other reactions in both regions [M L™3 T~1]; £,
is the fraction of sorption sites in contact with the mobile water
content (dimensionless), w_; is the mass transfer coefficient
[T-1,and T , is the mass transfer term for solutes between the
mobile and immobile regions [M L3 T—1]. Eauation [11a]
describes solute transport in the mobile (macropore) zone, Eq.
[11b] is a mass balance for the immobile (micropore) domain,
while Eq. [11c] (') describes the rate of mass transfer between
the mobile and immobile domains. The second (advective) term
of I, in Eq. [11] is equal to zero for the Mobile-Immobile Model
since that model does not consider water flow between the two
regions. In the Dual-Porosity Model, ¢* is equal to ¢ for ' >
0and ¢ forI' <O.

Dual-Permeability Model

Analogous to Eq. [4], the dual-permeability formulation for
solute transport is based on advection—dispersion type equations
for transport in both the fracture and matrix regions as follows

(Gerke and van Genuchten, 1993a,b) (Fig. 1d and 2d):

86{[{ 8Sf 8 [ 865] aqfé'f F
At 4L =—1|0.D,— |- ¢, =

or P TP s e, T, I
B s _

ot ot (125

12

i[emDm 8Cm ]_ aqmcm _¢)m + Ps
Oz Oz 0z 1—w
Iy =wg,(1-w)0,, (e —cm )+ D" [12¢]

The variables in Eq. [12] have similar meanings as in Eq. [11],
except that they refer now to two overlapping domains, i.e., the
matrix (subscript m) and fracture (subscript f) domains. Equation
[12a] describes solute transport in the fracture domain, Eq. [12b]
transport in the matrix domain, and Eq. [12¢] advective—dis-
persive mass transfer between the fracture and matrix domains.
Equation [12] assumes complete advective—dispersive transport
descriptions for both the fractures and the matrix. Van Genuchten
and Dalton (1986) and Gerke and van Genuchten (1996), among
others, discussed possible expressions for the first-order solute
mass transfer coefficient, w dp [T-1).

Dual-Permeability Model with Immobile Water

The Dual-Permeability Model with Immobile Water (Fig. le
and 2e) assumes that the liquid phase of the matrix can be further
partitioned into mobile (Howing), em,m [L3 L—3], and immobile
(stagnant), 6. (L3173, regions as follows:

im,m

em = em,m +eim,m [13]
where 0 is the volumetric water content of the matrix pore
system [L? L=3]. The governing advection—dispersion equation
for transport in the matrix region (Eq. [12b]) is then replaced
with the modified equations (Eq. [11]) (e.g., Pot et al., 2005)

to yield

86{5{ 8Sf 6 [ 6Cf] 8qfff F

— 4y, L =—10,D — |- ¢, —==
LA Y L ) B P A (P

00 ¢ Js,
m,m“m,m + mm __
— o tTPmfmy,
0 e 04,c r [14b]
a emml)m | — T mm+ : _Fs*
0z [ ’ 0z ] 0z Om, l1—w
IoLs 0s, [14c]
m,m~1im,m + 1_ 1m,m — 1’\ *_ X
81’ Pm ( fm ) 81’ s (blm,m
Ii=uwy, (1-w)0, (cf—cm‘m )—I—ch* [14d]
Fs* = wdpm (cm,m ~Cim,m ) [146]

where ¢,

, and Com AT€ solute concentrations in the immobile
and mobile zones of the matrix region [M L™3], respectively;
dm and i, Fepresent various reactions in the mobile and
immobile parts of the matrix [M L3110, respectively; £ is
again the fraction of sorption sites in contact with the mobile
region of the matrix (dimensionless), wy, is the mass transfer
coefficient between mobile and immobi}ie zones of the matrix
region [T~1], and [ * is the mass transfer term for solutes
between the mobile and immobile regions of the matrix domain
IML3T1. Equation [14a] now describes solute transport in
the fracture domain, Eq. [14b] transport in the mobile zone of
the matrix domain, Eq. [14c] is a mass balance for the immobile
zone of the matrix domain, Eq. [14d] describes mass trans-
fer between the fracture and matrix domains, while Eq. [14e¢]
describes mass transfer between the mobile and immobile zones

within the matrix domain.

Chemical Nonequilibrium Transport Models
One Kinetic Site Model

When sorption in the Uniform Transport Model is consid-
ered (Fig. 3a) to be kinetic, Eq. [6] needs to be supplemented
with an equation describing the kinetics of the sorption process.
This is usually done by assuming a first-order process as follows:

9 ask 0 dc) dqc
T LT B

ot _ k_k)- (15]
Pat —@kp(fe s ) ol

sf:[(dc

where s: is the sorbed concentration that would be reached at
equilibrium with the liquid-phase concentration [M M~1], &is
the sorbed concentration of the kinetic sorption sites [M M~1],
oy is a first-order rate constant describing the kinetics of the
sorption process [T~1], and Oy represents a sink—source term
that accounts for various zero- and first-order or other reactions
at the kinetic sorption sites [M L3171,

Two-Site Model

Similarly to the mobile—~immobile water concept, the con-
cept of two-site sorption (Selim et al., 1976; van Genuchten and
Wagenet, 1989) (Fig. 3b) was implemented already in Versions
1.0 and 2.0 of HYDRUS-1D to permit consideration of nonequi-
librium adsorption—desorption reactions. The two-site sorption
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concept assumes that the sorption sites can be divided into two
fractions:

s =548 [16]

Sorption s [M M~ 1 on one fraction of the sites (Type 1 sites) is
assumed to be instantaneous, while sorption &M M™1], on the
remaining (Type 2) sites is considered to be a first-order kinetic
rate process. The system of equations describing the Two-Site

Model is given by:

% | 9 85::f1ﬁ095}fﬁf—¢ [174]
or  "or "or 9z 0z) 02

= fKye [17b]
p%—@kp e =S ) or [17¢]
sE=(1—f.)Kge [17d]

where f; is the fraction of exchange sites assumed to be in
equilibrium with the liquid phase (dimensionless), and oy is a
first-order rate constant [T~1]. Equation [17a] describes solute
transport in the total system, Eq. [17b] equilibrium sorption onto
the instantaneous sorption sites, Eq. [17¢] is a mass balance of
the kinetic sorption sites (van Genuchten and Wagenet, 1989),
while Eq. [17d] represents the sorbed concentration of the kinetic
sites when equilibrium would be reached with the liquid-phase
concentration.

Two Kinetic Sites Model

To facilitate simulations of the transport of colloids or
microorganisms (such as viruses and bacteria), Version 3.0 of
HYDRUS-1D also implemented a Two Kinetic Sites Model (Fig.
3c¢) using the attachment—detachment approach:

69€+ 8§1 + %ZE[GDQ]—%

ar Por "or oz 0

0z 0z
851 k [18]
pE = ky e —kgips; — by
a5k
p 852 = kyfc— /edszg — 02

where sf and s are sorbed concentrations of the first and
second fractions of kinetic sorption sites [M M~1], respectively;
k,, and k_, are attachment coeflicients for the first and second
fractions of kinetic sorption sites [T-1], respectively; &4, and
ky, are detachment coefficients for the first and second fractions
of kinetic sorption sites [T-1, respectively; and ¢, and ¢,
represent sink—source terms for the first and second fractions
of kinetic sorption sites [M L3171, respectively. Note that
the Two Kinetic Sites Model can be used (and often is used) to
describe different processes. While the first kinetic process could
be chemical attachment, the second kinetic process could repre-
sent physical straining (e.g., Bradford et al., 2004; Gargiulo et al.,
2007, 2008). Note that in Eq. [18] we do not give the nonlinear
blocking coefficients accounting for, for example, Langmuirian

blocking to attachment sites or depth-dependent straining that
are considered in HYDRUS-1D (e.g., Bradford et al., 2004).

It is easily shown that the formulation based on attach-
ment—detachment coeflicients is mathematically identical to
the formulation using first-order mass transfer coeflicients. For
example, by comparing Eq. [15] with [18] we have

85 —elec—/edps —pcxk(ch—s )
t
k, :@k%Kd
1
kd = Q [ 9]
K, = 0k,
po

Physical and Chemical Nonequilibrium Transport Models
Dual-Porosity Model with One Kinetic Site

This model (Fig. 3d) is similar to the Dual-Porosity Model
(Eq. [2]) in that the porous medium is divided into mobile and
immobile domains such that 0 =0_  +0, . The current model,
however, additionally divides the sorption sites in contact with
the mobile zone, similarly to the Two-Site Model (Eq. [16]), into
two fractions involving instantaneous and kinetic sorption such
that the total sorption concentration at equilibrium is given by

:(lifmo)f +fmo Smo
= (1= Fro)sim + o (S50 + S0 )
= (1 _fmo ) Cmo + fmof;:mKdeo [20]

+fmo (1 - f;m )chmo
= chmo
where 57 is the sorbed concentration in equilibrium with the

liquid-phase concentration of the mobile region of the Dual-
Porosity Model [M M1, s . is the sorbed concentration of
the kinetic sites in contact with the mobile region of the Dual-
Porosity Model when at equilibrium [M M~1], Joo is the fraction
of sorption sites in contact with mobile water (the remainder is in
contact with immobile water), and £,  is the fraction of sorption
sites in equilibrium with the mobile liquid phase (the remaining
kinetic sites are also in contact with the mobile liquid phase). The
complete Dual-Porosity Model with One Kinetic Site is described
using the following equations:

89 5o
mO ml) fmo —
[21a]
0 [emoDmo 86 o ]_ aqmocmo _d)mo _Psl _FSZ
0z 0z 0z
a9, ¢, Js,
_ im-"1im _|_ 1m — 1" _ . 21b
Ot ( fmo )p 9t sl d)lm [ ]
ask
mo _ T _ [21¢]
fmop 81‘ s2 d)mo,k

Fsl = wph ([mo _Cim) [Zld]
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Iy =0gp (5};0)6 fsln(no ) [21e]

‘ffno = .f;m[(dcmo [ZIf]
k

Smo,e — (1 - f‘em )chmo [21g]

where w_; and o, are first-order rate constants [T~ account-
ing for physical and chemical rate processes, respectively; I ; is
the mass transfer term for solute exchange between the mobile
and immobile regions [M L3171, ) Tepresents mass transfer
to the kinetic sorption sites in the mobile region [M L=3 T~1];
and ¢, &, and & | represent sink—source terms for the
equilibrium phases in the mobile zone, the immobile zone, and
the kinetic sorption sites [M L3171, respectively. Equation
[21a] describes transport in the mobile phase, Eq. [21b] is a mass
balance for the immobile phase, and Eq. [21c] a mass balance
for the kinetic sorption sites in contact with the mobile zone.
Equations [21d] and [21e] describe mass transfer rates between
the mobile and immobile zones and to the kinetic sorption sites,
respectively, while Eq. [21f] and [21g] represent sorption onto
the equilibrium and kinetic sorption sites in contact with the
mobile zone, respectively.

Dual-Permeability Model with Two-Site Sorption

Finally, simultaneous physical and chemical nonequilibrium
processes are implemented in HYDRUS-1D by assuming applica-
bility of the Dual-Permeability Model (Gerke and van Genuchten,
1993a; Simiinek et al., 2003) and dividing the sorption sites of
both the fracture and matrix domains into equilibrium and
kinetic sites (Fig. 3e). This model leads to the following set of
equations (Pot et al., 2005):

aefff BSF _
ot e or
0 Ocg | Oggc r
—lo.p =L |2 4 _Zs_ T
az[ £ 82] 0z O w f
09,6 + Osyy
Ot Pm 5
1o} Jc 04, ¢ T
—~10.D m | m'm 4 s T
6z[ mem 8z] Oz Om l—-w ™
[22]
Dsf
D,
P, F—Ppk
a5~
Dm o
3t m d)m,k

L'y =uwy, (1—w)0,, (cf —cpy )+ D™
k
L =pragns [(1 — fi ) Kager — st ]
k
Fm = meLch,m [(1 7fm )Kdmcm ~Sm }
where 55 and sf are sorbed concentrations of Type 2 (kinetic)
sites in the matrix and fracture domains [M M™1], respectively;

/., and f; are fractions of the exchange sites assumed to be in
equilibrium with the solution phases (dimensionless) of the

matrix and fracture domains, respectively; op O, (bf,k’ and ¢ mk
represent reactions in the equilibrium phases of the fracture and
matrix domains and at the kinetic sites of the fracture and matrix
. — 3 — 1 . . .
domains [M L7 T, respectively; and o hm and o oh,far€ again
first-order rate constants for the matrix and fracture domains
[T, respectively. Note that the distribution coefficients can be
different in the different regions (i.e., Ky = Ky ).

Numerical Implementation

All of the models presented here were implemented in the
HYDRUS-1D software package and as such are all solved with
very similar numerical techniques. The Galerkin-type linear finite
element method was used for spatial discretization of the govern-
ing partial differential equations, while finite difference methods
were used to approximate temporal derivatives. A fully implicit
finite difference scheme with Picard linearization was used to
solve the Richards equation, while a Crank—Nicholson finite
difference scheme was used for solution of the advection—dis-
persion equations. For the dual-permeability models, we always
first solved the equations describing processes in the matrix, after
which the equations describing processes in the fractures were
solved. Complete details about the invoked numerical techniques
are provided in the HYDRUS-1D technical manual (Simtinek
etal., 2008).

Implications for Formulation of the

Inverse Problem

The physical and chemical nonequilibrium models both
involve relatively large numbers of parameters, many of which
cannot be (or cannot easily be) measured independently. Some
parameters need to be obtained by calibrating a particular model
against laboratory or field measurements. This is usually done
using a parameter estimation procedure (e.g., Simiinek and
Hopmans, 2002; Simtnek et al., 2002) in which the sum of
squared deviations between measurements and model predictions,
organized in an objective function, is minimized. While the defi-
nition of the objective function for models that consider only
uniform flow and transport may be relatively straightforward, the
objective functions for calibration of the nonequilibrium models
can become extremely complicated. For the equilibrium flow and
transport models, one usually defines the objective function in
terms of measured pressure heads, water contents, solution con-
centrations, or actual or cumulative water or solute fluxes. Note
from Fig. la that the system is always described using unique
values of the water content, pressure head, or solution concen-
tration. In addition to the resident concentration, the objective
function can also be defined using the flux concentration or the
total solute mass at a specified location. The total solute mass
must include not only the mass in the liquid phase but also the
mass sorbed to either instantaneous or kinetic sorption sites (the
latter if a kinetic sorption model is used).

By comparison, when physical nonequilibrium models are
used, one can encounter different water contents such as the
mobile water content, the immobile water content, the water con-
tent of the fracture domain, the water content of the matrix, or
the total water content. The nonequilibrium models typically will
also involve different types of concentrations, including concen-
trations of the mobile and immobile zones, sorbed concentrations
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associated with instantaneous and kinetic sorption sites, and total
concentrations. Since different measurement techniques may lead
to different types of concentrations (e.g., resident, flux, or total
concentrations), a flexible inverse approach should also allow for
the different modes of concentrations. Different types of water
and solute fluxes can furthermore be defined in the nonequilib-
rium models, including total fluxes, fluxes in the mobile zone,
or fluxes in the fracture and matrix domains. To provide users
with flexibility during the model calibration process, these vari-
ous water contents, concentrations, and water and solute fluxes
must be considered in the objective function. Table 2 provides a
list of variables in the different equilibrium and nonequilibrium
models that can be incorporated in the objective function when
HYDRUS-1D is used for parameter estimation purposes.

Applications

We now briefly demonstrate the main features of selected
transport models, including especially the sensitivity of calculated
breakthrough curves to several key transport parameters. As before,
we will focus only on solute transport, while assuming that water
flow is at full saturation and steady state and thus that the various
water contents and fluxes are constant with depth and time. Steady-
state flow is initiated by fixing all pressure heads in the system equal
to zero (both the initial and boundary conditions).

Uniform Transport

The uniform (equilibrium) solute transport model during
steady-state water flow is fully defined in terms of four parameters
(Table 1). Of these, two parameters (the water content, 6, and
the fluid flux density, ) are related to water flow, and only two
parameters (the dispersivity, X, and the distribution coefficient,
K,) are directly related to solute transport. Figure 4 shows the
well-known effects of the dispersivity (left) and the distribution
coeflicient (right) on calculated breakthrough curves. Notice that
the red lines in Fig. 4 (left and right) represent the same simula-
tion. While higher values of the dispersivity lead to earlier arrival
of the solute and more pronounced tailing compared with lower
X values, larger values of the distribution coefficient delay the
arrival of solute in the efHluent. Note that the selected distribu-
tion coefficients of 0, 1, and 3 lead to retardation factors of 1, 4,
and 10, respectively. Also note that one pore volume (Eq. [10])
for the selected parameters corresponds to 1 d.

Physical Nonequilibrium Transport Models

Mobile—Immobile Water and Dual-Porosity Models

Since the immobile water content is constant for conditions
of steady-state water flow for both the Mobile-Immobile Water
and the Dual-Porosity models, the two models are identical with
respect to solute transport. These two models have three addi-
tional parameters compared with the Uniform Transport Model:
the immobile water content (6, ), the fraction of sorption sites in
contact with mobile water (f, ), and the mass transfer coefficient
(Wi (Table 1). Figure 5 demonstrates the effect of the mass
transfer coeflicient (left) and the fraction of mobile water (right)
on calculated breakthrough curves. For the breakthrough curves
in Fig. 5 (left), one pore volume (7'= L0, /g) is equal to 1 d and
the retardation factor of the mobile phase (R =1 + £ 0K;/0, )
is equal to 4. Notice that the effluent concentration for the case
with the lowest value of the mass transfer coefficient (0.1 d 1), i.e.,

the case most resembling uniform transport in the mobile region,
indeed reaches approximately 0.5 after about 4 d. Notice also that

this breakthrough curve shows the most tailing resulting from the

slow release of solute from the mobile zone into immobile liquid.
The large value of the mass transfer coefficient (10 d=1) leads to

fast equilibration of the concentrations of the mobile and immobile

zones, and thus to a breakthrough curve resembling uniform trans-
port in the entire pore system (7'= 1.666 d and R = 4) characterized

by a relatively sigmoidal curve. If the mass transfer coefficient had

been equal to zero (i.e., equilibrium flow in the mobile region), the

resulting breakthrough curves would have been the same as in Fig.
4. Figure 5 (right) demonstrates the effect of an increasing frac-
tion of immobile water and the corresponding fraction of sorption

sites. Following Nkedi-Kizza et al. (1983), the ratios of mobile to

total water (0 /0) and equilibrium to total sorption sites (f) were

assumed to be the same. A smaller fraction of mobile water leads to

earlier solute arrival and more pronounced tailing. Notice that the

red lines in Fig. 5 (left and right) represent the same simulation.

Dual-Permeability Model

In the dual-permeability system, solute moves simultane-
ously through two overlapping porous regions, with the number
of model parameters further increasing. Solute transport during
steady-state water flow now requires the following nine param-
eters: two water contents (0 and 0p), two fluxes (¢, and g),
two dispersivities (X and \p), distribution coefficients for each
domain (K, and Kj¢), and a mass transfer coefficient w dpr The
exchange of solute between the two pore regions is proportional
to the mass transfer coefficient w, . When this coefficient is equal
to zero (black lines in Fig. 6), solute will move independently
through each of the two pore systems, in which case the transport
process reduces to that of the uniform transport model applied
separately to each of the two pore systems. Outflow concentra-
tions from the matrix (thin line), fracture (intermediate line),
and the entire soil (thick line) are shown in Fig. 6. Note that
due to accelerated transport in the dual-permeability system, the
time scale in Fig. 6 is only 10 d, compared with 20 d in the
preceding examples. For the selected parameters, the retardation
factor for both regions is equal to 4 and the pore volumes are
equal to 0.1666 and 1.666 d for the fracture and matrix domains,
respectively. The solute front indeed arrives after about 0.6666
and 6.666 d (7R) in the fracture and matrix domains, respec-
tively. The average outflow concentration can now be obtained
as a weighted average of the outflow concentrations from each
domain:

_ weege + (1—w)cpgm 23]
wqe +(1—w)q,,
As shown in Fig. 6, the average outflow concentration quickly

‘T

increases initially, similarly as for the fracture domain, but then
stabilizes at about 0.5 since only about half of the outflow comes
from the fracture domain. When solute arrives also in the outflow
from the matrix domain, the average outflow concentration gradu-
ally increases again until it reaches unit concentration. The solute
breakthrough curves start deviating from those calculated using the
Uniform Flow Model individually for the matrix and macropore
regions when the mass transfer coefficient is increased (red lines in
Fig. 6) because of exchange of solute between the two regions. For
relatively large values of the mass transfer coeficient, this causes
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TABLE 2. Variables that can be included in the objective function.

Model Variable Definition
Uniform model Water content 0
Pressure head
Resident concentration c
Flux concentration DO e
-
q Oz
Total solute mass (uniform transport) c(0+pKy)
Total solute mass (One Kinetic Site Model) c0 + psk
Total solute mass (Two-Site Model) 0+ fpKy) + psk
Total solute mass (Two Kinetic Sites Model k k
( ) cO+ps; +ps;
Dual-Porosity Water content 0= emo + eim
Pressure head Pino
Mobile-zone resident concentration Crmo
Immobile-zone resident concentration Cim
Mobile-zone flux concentration
Dmoemo aCl"l"lO
Cmo 7—8_
9mo z
Average liquid concentration c 0 4 0.
J— mo " mo 1m = 1m
‘ri=— — 5
0
Total solute mass (no chemical nonequilibrium)
Cmo (emo +fmop[(d )+fim [eim + (lifmo )pKd}
Total solute mass (kinetic sorption
( P ) Cimo (emo + fmof;:mpKd )+
k
fmopxmo +Cim [eim + (1 _fmo )pKd}
Dual-Permeability Matrix water content Oy =(1-wb,,
Fracture water content 0 = wh
Total water content 0=wb;+(1-w)o,
Matrix pressure head ha
Fracture pressure head he
Matrix flux qn(1-w)
Fracture flux qw
Total flux qp(1-w)+qw
Fracture concentration [
Matrix concentration Cm

Flux concentration

Average liquid concentration

Total solute mass (no chemical nonequilibrium)
Total solute mass (kinetic sorption)

Dual-Permeability with Matrix water content
MIM Fracture water content
Total water content
Matrix pressure head
Fracture pressure head
Matrix flux
Fracture flux
Total flux
Fracture concentration

Matrix immobile concentration
Matrix mobile concentration

Flux concentration

Average liquid concentration

wepgp +(1—w)ew g
wqg +(1—w)q,

weele +(1—w)e,,0

m~’m

wh +1—w)o,,

WCf(ef + prdf) +(1- W)Cm(em + medm)
w[ff (O + fipeK g )+ pest ]+
(l *W)[Cm (em + fmmedm )+pm‘f111{1 ]

Opm=2-w)0, ,+0
0 = wo;
0=w+(1- w)(emlm +0
h

im,m)

im,m)
m

hf

Am(1-w)

qw

A1 -w)+gw

Ct

Cim,m
m,m

weeqe +(1—w)e

m,mqm

wqr +(1—w)q,,

weebe +1—w) (e, ,0

m,m"’ m,m + Cim,me

wef + (1 - w) (em,m + eim,m)

im,m)

Total solute mass (no chemical nonequilibrium) w0+ peKye) + (1= WHE (0 m + FnPinKadm) + i mlOim.m + (1 = F) P K]}
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rapid equilibration of the concentrations of the two domains. The
breakthrough curves from the two regions will then start converg-
ing and will again resemble the results of the uniform transport
model applied to the entire soil (blue lines in Fig. 6). For a fully
equilibrated system, R equals 4 and one pore volume equals 0.88
d, causing the solute to arrive at approximately 3.5 d.

Dual-Permeability with Mobile—Immobile Water Model

The simulations above (red lines in Fig. 6) were further
modified by assuming the presence of immobile water (varying
between water contents of 0 and 0.4) and a corresponding frac-
tion of sorption sites in the matrix region. The resulting model
requires three additional parameters: the immobile water content
of the matrix domain (eim)m), the fraction of sorption sites in
contact with the mobile zone of the matrix domain (f] ), and the
mass transfer coeflicient characterizing solute exchange between
the mobile and immobile zones of the matrix domain (c,). Since
the same flux is forced through an increasingly smaller part of
the matrix domain, the average pore water velocity increases and
solute in the matrix region will arrive earlier at the end of the
column (Fig. 7). Increased concentrations in the mobile zone of
the matrix domain lead to smaller gradients between the fracture
and matrix domains, and correspondingly less solute exchange
between the two domains. This, in turn, causes less tailing in the
breakthrough curve of the fracture domain. When only 20% of
water in the matrix domain is mobile (0 = 0.5, ' N
= 0.4), the average pore water velocity is only half of that in ‘the
fracture domain (green lines in Fig. 7).

Chemical Nonequilibrium Transport Models
One Kinetic Site Model
The simulation of Fig. 4 (red, uniform transport) was taken

as a basis for evaluating the effect of kinetic sorption. Compared
with the Uniform Flow Model, the One Kinetic Site Model

1
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FiG. 7. Breakthrough curves calculated using the Dual-Permeability
Model with MIM for a 10-cm-long soil column and the following
parameters: g,, =3 cmd” 1,qf-30cmd Lo =0, -9 0.5, w=0.1,
X\ —>\f—1ch =Ky=1cm3g p—ngcm ,wd =0.1d™ 1
Wypm =0.1d7 1,e,mm(th|m) 0.,0.1,0.3, and 0.4, and =108,
éf and 0.2, respectively. Matrix, fracture, and total breakthrough
curves are represented by thin, medium, and thick lines, respectively.

requires only one additional parameter: the mass transfer coeffi-
cient oy characterizing the sorption process. Three different values
for oy of 0.1, 0.5, and 10 d~! were considered. The larger value
of the mass transfer coefficient (o = 10 d™1) leads to relatively
fast equilibration between the liquid- and solid-phase concentra-
tions, and therefore to a relatively sigmoidal breakthrough curve
(blue line in Fig. 8) resembling uniform transport (red line in
Fig. 4). Lower values of the mass transfer coeflicient lead to less
sorption because of slower equilibration between the liquid and
solid phases, and consequently to earlier solute arrival and more
pronounced tailing (black line in Fig. 8).

Two-Site Model

The same simulations as for the One Kinetic Site Model were
repeated with the Two-Site Model, assuming that 40% of the sorp-
tion sites were in equilibrium with the liquid-phase concentrations
(Fig. 9, left). This model, compared with the One Kinetic Site
Model, requires only one additional parameter: the fraction of sorp-
tion sites (f) in equilibrium with the liquid-phase concentration.
The effect on the breakthrough curve obtained with a mass transfer
coefficient, oy, of 10 d~! was relatively small since this value by
itself represents rapid sorption. Other breakthrough curves devi-
ated less from this simulation than for the One Kinetic Site Model
because of the relatively high fraction of sorption sites that were at
equilibrium with the liquid phase. Similarly to the One Kinetic Site
Model, smaller values of the mass transfer coefficient caused earlier
solute arrival and more prolonged tailing, but to a lesser extent.
Figure 9 (right) demonstrates the effect of the fraction of sorp-
tion sites in equilibrium with the liquid phase on the computed
breakthrough curves. The red lines in Fig. 9 (left and right) again
represent the same simulation. A smaller fraction of sorption sites
in equilibrium with the liquid phase leads to less instantaneous
sorption, more kinetic sorption, and more pronounced tailing, and
thus correspondingly to earlier solute arrival than when a larger
fraction of instantaneous sites is considered.
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FiG. 8. Breakthrough curves calculated using the One Kinetic Site
Model for a 10-cm-long soil column and the foIIowing parameters
g=5cmd™,6=05X=1cm, K;=1cm3g,p, =1.5gcm™3, and
o, =0.1, 0.5,and 10d ™.
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Fig. 9. Breakthrough curves calculated using the Two-Site Kinetic Model for a 10-cm-long soil column and the following parameters: g =5 cm
d1,6 =05X =1cm, K;=1cm3g™}, and p, = 1.5 g cm™3; on the left, f, = 0.4 and oy, = 0.1, 0.5, and 10 d~%; and on the right, oy =0.5d 1

andfe =0.1,0.4,and 0.8.

Two Kinetic Sites Model

The colloid attachment—detachment model has the same
number of parameters as the One Kinetic Site Model, except that
the parameters K and oy are replaced with attachment (#,) and
detachment (k) coefficients. Since we considered two different
sorption sites, we have two pairs of attachment and detachment
coefficients (k,}, by, #,,, k4,). Here we used Eq. [19] to convert
the One-Site Kinetic Model parameters (K; = 1 cm? g~ 1, oy =
0.5 d=1; red line in Fig. 8) into attachment—detachment coef-
ficients (k,; = 1.5 d-1 kgy = 0.5 d—1) for the first fraction of
sorption sites. Additionally, a finite (10-d) duration of the solute
pulse was considered, while varying the attachment—detachment
coefficients (k,, and kg, respectively) for the second fraction of
sorption sites. In the remaining examples, a finite solute pulse is
used so that both increasing and decreasing limbs of the break-
through curves can be displayed. Increased attachment to and
detachment from the second fraction of sorption sites reduced the
outflow concentrations during the first part of the breakthrough
curves, but increased them during the second part (Fig. 10).

Physical and Chemical Nonequilibrium Flow and Transport Models
Dual-Porosity Model with One Kinetic Site

Compared with the Dual-Porosity Model, this model has
two additional parameters characterizing kinetic sorption in the
mobile zone, i.e., the fraction of sorption sites (f, ) in equilib-
rium with the liquid-phase concentration of the mobile zone,
and the mass transfer coefhicient (o). The simulations in Fig. 5
obtained with the Dual-Porosity Model were modified by assum-
ing the presence of kinetic sorption sites in the mobile zone. We
first assumed that 40% of the sorption sites in the mobile phase
(f.., = 0.4) was at equilibrium with the mobile liquid phase and
that the remaining sites were kinetic, using mass transfer coef-
ficients, oy, of 0.1, 0.5, and 10 d-1 (Fig. 11, left). We next
assumed that o, was constant and equal to 0.1 d~1 while the
fraction of sorption sites in the mobile phase at equilibrium with
the liquid concentration of the mobile water varied (£, = 0.1, 0.4,
0.7, and 1) (Fig. 11, right). We further assumed in both sets of
simulations that the duration of the solute pulse was 10 d. Notice

that the red lines in Fig. 11 (left and right) again represent the
same simulation. Results presented in Fig. 11 (left) display the
same characteristics as results shown in Fig. 9 for the Two Site
Kinetic Model. Lower values of the mass transfer coefficient lead
to less sorption because of slower equilibration between the liquid
and solid phases, and hence to earlier solute arrival and more
pronounced tailing (black line in Fig. 11, left). A smaller fraction
of sorption sites in equilibrium with the liquid phase leads to less
instantaneous sorption and more kinetic sorption, and hence to
earlier solute arrival than when a larger fraction of instantaneous
sites is considered (Fig. 11, right).

Dual-Permeability Model with Two-Site Sorption

This model, compared with the Dual-Permeability Model,
has four additional parameters characterizing kinetic sorption in
both regions, i.e., the fractions of sorption sites in equilibrium
with the liquid-phase concentrations of both regions (f, and f;)
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FiG. 10. Breakthrough curves calculated using the Two Kinetic Sites
Model for a 10-cm-long soil column and the following parameters:
solute pulse duration=10d, g=5cmd™1,0 =0.5, X =1cm, Ky=1
em3glp =1.5gem™3,k,; =1.5d 1 ky; =0.5d 7%, and k,, = 0.0,
0.3, and 3.0 d~ 1 with k, = 0.0, 0.1, and 1.0 d 1, respectively.
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Fig. 11. Breakthrough curves calculated using the Dual-Porosity Model with One Kinetic Site for a 10-cm- Iong soil column and the following

parameters: solute pulse duration=10d,g=3cmd™1, 0 =0.5, 9o
0.1d" % onthe left, f, .

and the mass transfer coeflicients for both regions (o chum and

Q) The simulation in Fig. 6 (red line) with a mass transfer
coefficient, w g 0f0.1.d7 I was recalculated assuming the pres-
ence of kinetic and equilibrium sorption sites in both the matrix
and fracture domains, and using a finite duration (10 d) of the
applied solute pulse (Fig. 12). Outflow concentrations from the
matrix (thin line), the fracture domain (intermediate line), and
the entire soil (thick line) are shown in Fig. 12. As before for the
One- and Two-Site models, kinetic sorption leads to slower sorp-
tion and thus to higher concentrations and earlier solute arrival
in the effluent from both regions.

Discussion
Example calculations for the different types of nonequi-
librium were presented. While HYDRUS-1D provides much

1

= o
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o
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Time [d]

Fig. 12. Breakthrough curves calculated using the Dual-Permeability
Model with Two-Site Sorption for a 10-cm-long soil column and the
following parameters solute pulse duration=10d, g,, =3 cmd” 1 as
—30cmd ,0=0,=0,=05w=0.1, >\ m=X=1cm, Kdm—de—l
cm3g” ,pb—15gcm ) Wap =0.1d™ Qch m = Oeh f =0.1d™ andff

=f,=1,0.7,and 0.4. Matrlx fracture, and total breakthrough curves
are represented by thin, medium, and thick lines, respectively.

=0.3,0,,=0.2, X,

7 Yim

=0.4and o, =0.1,0.5, anled 1 andontherlghtuh-01d andf

—1cm Kd-lcm g ,pb-15gcm ,f =0.6,a =

=1.0,0.7,0.4,and 0.1.

information also about the water content and concentration
distributions in the soil profile and between different phases
(e.g., liquid and solid) and regions (e.g., mobile and immobile,
matrix and fracture), here we limited the examples to only cal-
culated breakthrough curves. The calculations, among other
things, show that a single breakthrough curve will probably not
provide enough information to parameterize models involving
both physical and chemical nonequilibrium. Nkedi-Kizza et al.
(1984) previously showed that the traditionally used physical
and chemical nonequilibrium transport models (i.e., the dual-
porosity model with mobile and immobile flow regions and the
two-site sorption model, respectively), are mathematically identi-
cal when applied to solute breakthrough curves. By analyzing one
breakthrough curve, it is hence often not possible to discrimi-
nate which process (physical or chemical) is responsible for the
observed nonequilibrium process since both types of nonequi-
librium can produce the same or very similar results. In that case,
one needs additional information, such as breakthrough curves
measured simultaneously for a tracer and a reactive chemical, to
better analyze the underlying transport processes. Interesting
applications of some of these models were presented earlier by
Pot et al. (2005) for steady-state water flow conditions and by
Kéhne et al. (2006) for transient-flow conditions. Both studies
were performed on undisturbed soil columns and involved the
transport of a nonreactive tracer as well as a reactive pesticide
[isoproturon (/V,N-dimethyl-/V'[4-(1-methylethyl) phenyl]urea)].
While the tracer breakthrough curves were first used in both stud-
ies to characterize the physical conditions of flow process, the
pesticide breakthrough curves subsequently provided required
information for characterizing the chemical conditions.
Similarly, Bradford et al. (2004) showed that experimental
breakthrough curves of colloids or pathogenic microorganisms
can be fitted equally well using different models with different
assumptions (e.g., attachment vs. straining), and that additional
information (in their case, the spatial distribution of colloids) is
needed to fully discriminate between the different processes or
models. Thorough studies are still needed to evaluate how much
and what type of information is required to fully parameterize
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selected models. To facilitate such studies, the objective function
for the inverse problem in HYDRUS-1D can be formulated in
terms of a large number of variables involving not only bound-
ary concentration fluxes, but also water and solute distributions
within the soil profile and in different phases (Table 2). For these
reasons we believe that HYDRUS-1D is a very attractive tool for
analyzing both forward and inverse flow and transport problems.

Conclusions

We summarized a wide range of nonequilibrium water flow
and solute transport models that are available in the latest version
of the HYDRUS-1D software package. The models range from
classical models simulating uniform water flow and solute trans-
port, to traditional mobile-immobile water physical and two-site
chemical nonequilibrium models, to more complex dual-perme-
ability models that consider both physical and chemical causes of
nonequilibrium. The presented models form a hierarchical system
from which different formulations can be selected for different
applications, depending on available information and data.

‘The various models were divided into three groups: (i) physical
nonequilibrium transport models, (ii) chemical nonequilibrium
transport models, and (iii) physical and chemical nonequilib-
rium transport models. Physical nonequilibrium models include
the Mobile-Immobile Water Model, Dual-Porosity Model,
Dual-Permeability Model, and a Dual-Permeability Model with
Immobile Water. Chemical nonequilibrium models include the
One Kinetic Site Model, a Two-Site Model, and a Two-Kinetic
Sites Model. Finally, physical and chemical nonequilibrium trans-
port models include a Dual-Porosity Model with One Kinetic
Site and a Dual-Permeability Model with Two-Site Sorption. The
fact that a large number of models has been developed over the
years is in many ways reflective of the extremely complicated
nature of field-scale processes in which many different physical
and chemical processes may combine to lead to nonequilibrium
flow and transport.

Appendix
Variables for Water Contents and Concentrations
0 water content [L3 L 73]
0 water content in the macropore (fracture) region of the dual-

permeability model (local pore region scale) [L3 .73

Op  water content in the macropore (fracture) region of the
dual-permeability model (global scale) [L? L]

0.,  water content in the immobile region of the dual-porosity
and mobile—immobile models [L3 L=3]

0.,  water content in the matrix region of the dual-permeability
model (local pore region scale) [L3 L=3]

Oy  water content in the matrix region of the dual-permeability
model (global scale) [L3 L=3]

0,im Water content in the immobile part of the matrix region
of the dual-permeability model [L3 L=3]

0,1, mo Water content in the mobile part of the matrix region of
the dual-permeability model [L? L]

0., water content in the mobile region of the dual-porosity
and mobile—immobile models [L3 L=3]

c liquid-phase concentration [M L~3]

¢t liquid-phase concentration in the macropore (fracture)

region of the dual-permeability model [M L=

¢, liquid-phase concentration in the immobile region of the
dual-porosity model and of the mobile—~immobile model
ML~

¢,  liquid-phase concentration in the matrix region of the dual-
permeability model [M L3

Cmim liquid-phase concentration in the immobile part of the
matrix region of the dual-permeability model [M L3

Cm.mo liquid-phase concentration in the mobile part of the matrix
region of the dual-permeability model [M L =]

o liquid-phase concentration in the mobile region of the

dual-porosity and mobile—immobile models [M L=3]
S solute content in the liquid phase [M L™3]
sorbed concentration in equilibrium with the liquid-phase
concentration [M M~1]
sorbed concentration at kinetic sorption sites [M M~!]
s;  sorbed concentration at the first fraction of kinetic sorp-
tion sites [M M~1]

s¥  sorbed concentration at the second fraction of kinetic sorp-
tion sites [M M~1]

st sorbed concentration in equilibrium with the liquid-phase
concentration in the immobile region of the dual-porosity
model [M M 1]

seo  sorbed concentration in equilibrium with the liquid-phase
concentration in the mobile region of the dual-porosity
model [M M 1]

5K sorbed concentration at kinetic sorption sites in contact with
the mobile region of the dual-porosity model [M M~1]

sy, sorbed concentration in equilibrium with the liquid-phase
concentration in the matrix region of the dual-permeabil-
ity model [M M-

sX sorbed concentration at kinetic sorption sites in contact
with the liquid-phase concentration in the matrix region
of the dual-permeability model [M M1

s sorbed concentration in equilibrium with the liquid-phase
concentration in the macropore (fracture) region of the
dual-permeability model [M M~1]

s¢ sorbed concentration at kinetic sorption sites in contact

with the liquid-phase concentration in the macropore (frac-
ture) region of the dual-permeability model [M M~1]
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