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Two-dimensional transport model for variably saturated
porous media with major ion chemistry

Jitf Simunek! and Donald L. Suarez

U.S. Salinity Laboratory, Agricultural Research Service, U.S. Department
of Agriculture, Riverside, California

Abstract. We present the development and demonstrate the use of the two-
dimensional finite element code UNSATCHEM-2D for modeling major ion equilibrium
and kinetic nonequilibrium chemistry in variably saturated porous media. The model is
intended for prediction of major ion chemistry and water and solute fluxes for soils
under transient conditions. Since the solution chemistry in the unsaturated zone is
significantly influenced by variations in water content, temperature, and CO,
concentrations in the soil gas, all these variables are also calculated by the model. The
major variables of the chemical system are Ca, Mg, Na, K, SOy, CI, NO3, alkalinity,
and CO,. The model accounts for equilibrium chemical reactions between these
components such as complexation, cation exchange, and precipitation-dissolution. For
the precipitation-dissolution of calcite and dissolution of dolomite, either equilibrium or
multicomponent Kinetic expressions are used which include both forward and back
reactions. Other dissolution-precipitation reactions considered include gypsum,
hydromagnesite, and nesquehonite. Since the ionic strength of soil solutions can often
reach high values, both modified Debye-Hiickel and Pitzer expressions were
incorporated into the model to calculate single ion activities. The need for an iterative
coupling procedure between the solute transport and chemical modules is demonstrated

with an example which considers root water uptake and irrigation using moderately
saline water. The utility of the model is further illustrated with two-dimensional
simulations with surface and subsurface irrigation from a line source.

1. Introduction

Modeling the transport and chemical reactions of major
solute species in and below the root zone plays a critical role
for proper irrigation, fertilization, and surface and ground-
water management, Realistic modeling of the root zone
chemistry requires consideration of water flow and heat
transport, as well as prediction of the dynamic changes in
CO, concentration with time and space. It must also account
for solute movement and the chemical processes for the
solutes of interest. Soil temperature, which can change
annually from about —10° up to +50°C, significantly affects
the thermodynamic equilibrium constants and reaction rates
and therefore influences even the selection of the method for
prediction of soil solution chemistry from equilibrium mod-
els to models based on kinetic expressions. In addition, CO,
concentrations can change several orders of magnitude from
values which are at equilibrium with the CO, content in the
atmosphere (0.035%) up to extreme values of about 20%.
The solubility of many solid phases such as carbonates and
oxihydroxides significantly change within this range in CO,
primarily because changes in soil CO, produce changes in
soil pH for all but acid soils.

The processes of evaporation and plant transpiration also
exert a major influence on the solution composition and
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water and solute distribution in near surface environments.
These processes concentrate salts by decreasing the amount
of water in the soil and when combined with irrigation in arid
regions, saline conditions can result. Ion activities for such
chemical conditions should be calculated with expressions
suitable for use in brines rather than the standard formula-
tions for dilute solutions. The interaction of evapotranspira-
tion, changing soil gas composition, ion exchange, and soil
water reactions requires consideration of the possibility to
precipitate or dissolve various minerals. These major ions
(consisting mainly of Ca?*, Mg?", Na*, K*, C17, SO},
HCO;, CO3~, and NO3 ) may accumulate in certain parts
of the soil profile in such amounts that crop yield can be
seriously reduced. Therefore any model attempting to pre-
dict the solution chemistry of the major ions in the unsatur-
ated zone should address all these processes and variables.

The hydrological models for water flow and solute trans-
port and the chemical models considering solution chemistry
were developed separately. The solute transport models
mostly considered only one solute and simplified different
chemical processes. The complex processes of adsorption
and cation exchange were usually accounted for by linear
[Huyakorn et al., 1991] or nonlinear Freundlich isotherms
[Yeh and Huff, 1985; Simunek and van Genuchten, 1993],
where all reactions between solid and liquid phases were
lumped into the distribution coefficient K, [Liu and
Narasimhan, 1989a] and possibly into the nonlinear expo-
nent. Other processes such as precipitation, biodegradation,
volatilization, or radioactive decay were simulated by simple
developed which’ simulate several solutes involved in sé-
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quential first-order decay reactions [Gureghian, 1981; Wa-
genet and Hutson, 1987; Simunek and van Genuchten,
1993].

Only in the last decade has there been significant effort to
couple hydrological models for water flow and solute trans-
port with chemical equilibrium models. Recent reviews on
the development of the hydrogeochemical transport models
of reactive multichemical components were given by Abriola
[1987], Kirkner and Reeves [1988), Yeh and Tripathi [1989],
Rubin [1990], and Mangold and Tsang [1991]. Kirkner and
Reeves [1988] presented an analysis of several methods for
approximate solution of multicomponent transport with ho-
mogeneous and heterogeneous chemical reactions and dis-
cussed how the nature of the chemistry may affect the choice
of the numerical formulation and solution algorithm. Yeh
and Tripathi [1989] provided a critical review of many
computational methods that have been presented in the
hydrologic literature for solving multicomponent, equilibri-
um-controlled transport.

Most of the research has been, and still is, concentrated on
the saturated zone where changes in water velocity, temper-
ature, and pH are relatively gradual and thus are less
important than in the unsaturated zone. Therefore most of
the developed models were based on one-dimensional steady
state saturated water flow with fixed water velocity, temper-
ature, and pH [e.g., Valocchi et al., 1981; Jennings et al.,
1982; Walsh et al., 1984; Cederberg et al., 1985; Kirkner et
al., 1985; Forster, 1986; Bryant et al., 1986; Forster and
Gerke, 1989; Kirkner and Reeves, 1988]. Only recently
several models were published that can be applied to prob-
lems that include multicomponent solute transport and two-
dimensional variably saturated water flow [Liu and
Narasimhan, 1989a; Yeh and Tripathi, 1991]. For example,
Narasimhan et al. [1986] and Liu and Narasimhan [1989a}
developed the model DYNAMIX that was coupled with an
integral finite difference program for fluid flow in variably
saturated porous media. Yeh and Tripathi [1991] presented
the development and demonstration of a two-dimensional
finite element hydrogeochemical transport model, HYDRO-
GEOCHEM, for simulating transport of reactive multispe-
cies chemicals. The presented examples in all these reports
are only for steady state water movement.

Modeling of major ion chemistry in the soil profile, how-
ever, requires the coupling of a chemical model to a transient
variably saturated water flow model which allows the simu-
lation of such processes such as root water uptake. Robbins
et al. [1980a, b] developed chemical precipitation-dissolution
and cation exchange subroutines using equilibrium chemis-
try and coupled them with a one-dimensional water move-
ment-salt transport-plant growth model. They tested their
model by comparing its results with experimental data
obtained from a lysimeter study. Further evaluation of their
model was done by Dudley et al. [1981] for field conditions
under cropped and uncropped conditions. They reported
that the model gave adequate simulation of salinity but not
individual ion concentrations. Russo [1986] combined the
salinity model of Robbins et al. [1980a] with the transport
model of Bresler [1973] to theoretically investigate the leach-
ing of gypsiferous-sodic soil under different soil conditions
and water qualities. Robbins’ equilibrium chemistry model
was also the basis for the numerical code LEACHM of

18"that they call the equilibrium chemistry model only once at
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each time step without iterating between transport and
chemical modules. In many cases, as was shown by Yeh and
Tripathi [1991] and as we will demonstrate in our first
example, this simplification produces noticeable numerical
error. The second limitation is that these models consider
only equilibrium reactions, while published data in natural
systems have indicated that kinetic reactions often control
solution composition. For example, studies of major ion
compositions in and below the root zone of calcareous arid
zone soils have indicated that calcite equilibrium is not a
reasonable assumption for predicting water composition
[Suarez, 1977; Suarez and Rhoades, 1982] and that a kinetic
expression yields values closer to the field measurements
[Suarez, 1983]. Existing models also assume either a fixed
pH or a fixed CO,, which are questionable assumptions for
soils, which usually exhibit fluctuation of both of these
variables [Suarez and Simunek, 1993].

Modeling of CO, spatial distribution has been limited and
has been attempted mostly by statistical correlation with
specific parameters. The existing nonempirical models are
mostly based on the assumption that the principal transport
mechanism for CO, is molecular diffusion [varn Bavel, 1951;
de Jong and Schappert, 1972; Solomon and Cerling, 1987]
and do not consider other transport mechanisms nor the
influence of changes in water content and the dissolution of
CO, in the liquid phase. Only recently, § imunek and Suarez
[1993] developed a one-dimensional CO, transport model
which considers CO, transport in both liquid and gaseous
phases, as well as the biological production of CO,.

Our main objectives in this paper are to develop and
demonstrate a two-dimensional finite element model, UN-
SATCHEM-2D, for the modeling of major ion equilibrium
and kinetic nonequilibrium chemistry in variably saturated
porous media. Since, as mentioned above, the unsaturated
zone chemistry is significantly influenced by variations in
water content, temperature and CO, concentrations in the
soil gas, the modeling of all these variables is included into
UNSATCHEM-2D by coupling the two-dimensional version
of the unsaturated water flow and solute transport code
SWMS_2D of Simunek et al. [1992] with the CO,, heat, and
multicomponent solute transport. We do not give the details
for the heat transport part of the model in this paper;
however, it is available in the program documentation of
UNSATCHEM-2D [$imunek and Suarez, 1994]. In this
model we define Ca, Mg, Na, K, SO, Cl, NO5, alkalinity,
and CO, as major variables of the chemical system. The
model accounts for equilibrium chemical reactions between
these components such as complexation, cation exchange,
and precipitation-dissolution. Ion exchange and equilibrium
complexation are considered as instantaneous processes.
For the precipitation-dissolution of calcite and dissolution of
dolomite either equilibrium or multicomponent kinetic ex-
pressions can be used which include both forward and back
reactions. Other dissolution-precipitation reactions consid-
ered include minerals gypsum, hydromagnesite, and nesque-
honite. The ionic strength of soil solutions can vary consid-
erably with time and space and often reach high values; thus
both modified Debye-Hiickel and Pitzer equations are incor-
porated into the model to calculate individual ion activities.

The model development and description is divided into
sections. The modeél development is presented in the section
nent solute transport. The second section also contains the
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description of the chemical system together with the nonlin-
ear algebraic equations characterizing this system. Section 3
discusses the numerical solution of the partial differential
equations for water flow and solute transport, as well as the
solution of the set of nonlinear algebraic equations of the
chemical system. Coupling between solute transport and
chemical modules is discussed in that section as well. In the
fourth section we present two problems and the model
simulations. A one-dimensional irrigation problem is used to
illustrate the necessity to iterate between the chemical and
solute transport modules and to compare results for the
simulations with equilibrium and kinetic calcite precipita-
tion. The two-dimensional problem is used to demonstrate
the different water and solute profiles, including the chemical
precipitation patterns, for surface and subsurface line irriga-
tion.

2. Model Development

2.1. Variably Saturated Water Flow

2.1.1. Governing flow equation. Two-dimensional isother-
mal Darcian flow of water in a variably saturated rigid
porous medium can be described by a modified form of the
Richards equation under the assumptions that the air phase
plays a negligible role in the liquid flow process and that the
compressibility of both soil matrix and fluid can be ignored:

06 d A dh A

—=—|K|K} —+KL]|-S (1

at axi ax]-
where @ is the volumetric water content [L3L 3], 4 is the
pressure head [L], § is a sink term [r-1, x; (i=1,2)are
the spatial coordinates [L], ¢ is time [T], K ,-3‘ are compo-
nents of a dimensionless anisotropy tensor K#, and K is the

unsaturated hydraulic conductivity function [LT '] given
by

K(h, x, z) = K{(x, 2)K(h, x, 2) (2

where K, is the relative hydraulic conductivity [dimension-
less] and K ; is the saturated hydraulic conductivity (LT'.
The anisotropy tensor K ,-’} in (1) is used to account for an
anisotropic medium. The diagonal entries of X ,-‘} equal one
and the off-diagonal entries zero for an isotropic medium.
Einstein’s summation convention is used in (1) and through-
out this paper.

2.1.2. Root water uptake. The sink term § in (1) repre-
sents the volume of water removed per unit time from a unit
volume of soil due to plant water uptake. The expression
proposed by Feddes et al. [1978] and subsequently modified
to include the salinity stress [S‘imzznek and Suarez, 1993] is

where the water and salinity stress response functions a(/)
and a4(k,) are prescribed dimensionless functions of the
soil water pressure head 4 and osmotichead h 4 (0 =a = 1),
respectively, and §, is the potential water uptake rate [(r—1
which is equal to the water uptake rate during periods of no
water and salinity stress when a(h) = a,(hy) = 1. The
potential water uptake rate can be nonuniformly distributed
over a root zone Qg of arbitrary shape as described in Vogel
fi5m the osmotic coétiicient &% described by 1. L. 'Suarez
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and J. Simunek (Modeling major ion equilibrium and kinetic
chemistry coupled to unsaturated water flow and solute
transport, submitted to Soil Science Society of America
Journal, 1994; hereinafter SS (1994)).

2.1.3. Unsaturated soil hydraulic properties. The unsat-
urated soil hydraulic properties are described by a set of
closed-form equations of van Genuchten [1980], where the
soil water retention function is given by

Os_or

0(h)= 0,+—————(1 ek

4)
The hydraulic conductivity function is based on the capiliary
model of Mualem [1976]

K(h) = K,SY1 — (1 - sl/mym? 3)

where 6, and 6, denote residual and saturated moisture
content [L3L 73], respectively, S, is relative saturation
[dimensionless], and m [dimensionless], #n [dimensionless],
and « [L '] are the parameters of the hydraulic character-
istics.

2.1.4. Initial and boundary conditions. The solution of
(1) requires knowledge of the initial distribution of the
pressure head within the flow domain Q

h(x, z, 0) = hi(x, 2) (6)

where h; is a prescribed function of x and z.

Three types of conditions can be implemented to describe
system-independent interactions along the boundaries of the
flow region. These conditions are specified pressure head
(Dirichlet type) boundary conditions of the form

h(x’ Z, t) = hO(xs 2, t) (xa Z) € I—‘D (7)

specified flux boundary conditions given by

oh
—[K(K,‘-?—-i— Ké)}ni=q0(x, Z, 1) (x, z) €ETF

and specified gradient (Neumann type) boundary conditions

4 Ok A
K §+ Ki|ni=g0x, 2, 1) (x,22€Ty 9O
J

where I'p, I, and T indicate Dirichlet, flux, and Neumann
type boundary segments, respectively; kg, go, and gg are
prescribed functions of x, z, and ¢; and n; are the compo-
nents of the outward unit vector normal to the boundary I'r
or I'y.

In addition to the system-independent boundary condi-
tions given by (7), (8), and (9), two types of system-
dependent boundary conditions which depend on the pre-
vailing (transient) soil moisture conditions close to the
boundary can be specified. These include soil-air interfaces
which are exposed to atmospheric conditions and seepage
faces. For details on these boundary conditions see, for
example, Neuman et al. [1974] or Simunek et al. [1992].

2.2. Multicomponent Solute Transport

2.2.1. Governing solute transport equation. Rigorous
spediés reqlires severar refnententy té tick s mws: e
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diffusion rates are influenced by the effects of Coulomb
interactions which maintain electroneutrality and which lead
to a coupling between each solute flux and all concentration
gradients [Lasaga, 1979]. Ion pairing (see section 2.4) rep-
resents another coupling mechanism, since it couples the
fluxes of the particular ions in a special way, as is described
by Lasaga [1979]. Nevertheless, these refinements to Fick’s
laws go beyond the scope of this paper and will not be
considered here. This assumption is required only for cases
where diffusion is the dominant process for solute transport.

The partial differential equation governing two-dimen-
sional advective-dispersive chemical transport under tran-
sient water flow conditions in partially saturated porous
media is taken as

a(Ock) a(lk aCy d oD acy 10
ot P TP T am \ P ox; Tk (10
k=1,2,..., N,

where c, is the total dissolved concentration of the aqueous
component k [ML ™3], ¢, is the total sorbed concentration
of the aqueous component k [MM '], & « is the total
precipitated concentration of aqueous component k
[MM ™1, p is the bulk density of the medium [ML 3, Dy
is the “‘effective” dispersion coefficient tensor [L?7T !}, q,
is the volumetric flux [L7 '], and N, ¢ is the number of
aqueous components. Solute uptake by plant roots is not
considered in (10). The second and third terms on the left
side of (10) are zero for components that do not undergo ion
exchange or precipitation/dissolution.

Substituting the continuity equation which describes iso-
thermal Darcian flow of water in a variably saturated porous
medium

- 11
dat 8x,~ ( )

into the transport equation in a conservative form (10) we
obtain the advective form of the transport equation

ack 3Ck ack d 3Ck
0 —+p—+p—=—1|6D; —
at at ar  ax; 9x;
aCk
—q; —+ 8¢, k=1,2,--+, N, (12)
Bx,-

The advective form of the transport equation was suggested
to be more appropriaté than the conservative form when
using the finite element technique [Huyakorn et al., 1985)].
2.2.2. Dispersion coefficient. The components of the
dispersion tensor D i in (10) are given by [Bear, 1972]

qq;
) =+ 6D, 7,8

'l

where D, is the temperature dependent molecular diffusion
coefficient in free water [L2T 1], T,, 18 a tortuosity factor in
the dissolved phase [LL ~'1, |g| is the absolute value of the
Darcian fluid flux density [LT~ 1, d;; is the Kronecker delta
function (8; = 1 if i = j, and 8; = 0ifi+j), and Dy and
respectively. The tortuosity factor is evaluated as a function

9D = D4lq|8;+ (Df — (13)
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of the water content using the relationship of Millington and

Quirk [1961]:
077102 (14)

2.2.3. Initial and boundary conditions. The solution of
(12) requires knowledge of the initial concentration within
the flow region Q, i.e.,

c(x, z,0) =

Ty =

cfx, z) (15)

where ¢; is a prescribed function of x and z [ML ~3]. The
index k is dropped to simplify the notation.

Two types of boundary conditions (Dirichlet and Cauchy
type conditions) can be specified along the boundary of ().
The first-type (or Dirichlet type) boundary conditions pre-
scribe the concentration along a boundary segment I'p

c(x, z, ) =colx, z, 1) (x,z2)€Tp (16)

whereas third-type (Cauchy type) boundary conditions are
used to prescribe the concentration flux along a boundary
segment I'¢ as follows:

—6D;

I
y 9x;

— n;+ qnic = qnicg (x,2) €T (17)
in which g;n; represents the outward fluid flux [LT '], #; is
the outward unit normal vector [dimensionless], I'- indi-
cates Cauchy type boundary segments, and c; is the con-
centration of the incoming fluid [ML ~3]. In some cases, for
example when I'- is an impermeable boundary (g;n; = 0),
or when water flow is directed out of the region, (17) reduces
to a second-type (Neumann type) boundary condition of the
form

dac
2.3. Carbon Dioxide Transport
2.3.1. Governing CO, transport equation. A detailed

development of the one-dimensional carbon dioxide trans-
port model and justification of respective assumptions were
given by Simunek and Suarez [1993], and therefore we give
here only the major equations without discussing all the
details, such as the boundary conditions and all the specifics
of the CO, production submodel.

We assumed that the CO, transport in the unsaturated
zone occurs in both the liquid and gas phases. Furthermore,
we considered that the CO, concentration in the soil is
governed by two transport mechanisms [Patwardhan et al.,
1988], convective transport in the aqueous phase and diffu-
sive transport in both gas and aqueous phases, and by CO,
production and/or removal. Thus the two-dimensional CO,
transport is described by the following mass balance equa-

tion
c 0 dc
a ODZIV w
Bx,- ax

- Sc,+P

dc,0, + cwe) 3 0,05 2 9
at ax, 9x;

i 19
- g (qicw) ( )

i

the dissolved phase and gas phase [L3>L 731, respectively,
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Table 1. Species Considered in the Chemical Submodel
Group Species
1 Aqueous components Ca?t, Mg2+ Na*, K*, SO}, Cl7, NOy

CaCO3 s CaHCO3 . CaSO4, MgCO3 s MgHCO3

MgSO4 s NaCO3 NaHCO3 s NaSO4 5 KSO4

CaCO3, CaSO4

2H20 MgCO3 . 3H20

Mg;5(CO3)4(0H); - 4H,0, CaMg(CO3),

2 Complexed species
3 Precipitated species
4 Sorbed species

5 CO,-H,O0 species

Ca, Mg, Na, K
COyy), H,CO%, CO5 , HCO5 , H*, OH", H,0

Df is the effective soil matrlx diffusion coefficient tensor of
C02 in the gas phase [L2T7'1, Dy is the effective soil
matrix dispersion coefficient tensor of CO, in the dissolved
phase [L2T 71, q; is the soil water flux [LT ', 8, is the
volumetric air content [L3L 3], and P is the CO, produc-
tion rate [L3L73T~1]. The term Sc,, represents the dis-
solved CO, removed from the soil by root water uptake; i.e.,
when plants take up water the dissolved CO, is also removed
from the soil water system.

The volumetric concentrations of CO, in the dissolved and
gas phases are related by the following equation:

w = KcCqy 20)

where K, is the distribution constant which is strongly
dependent on temperature [dimensionless]. Simiinek and
Suarez [1993] defined the total aqueous phase CO,, ¢,,, as
the sum of CO,(aq) and H,COs;, and related it to the CO,
concentration in the gas phase with Henry’s law. However,
aqueous carbon exists also as HCOj, CO32“, and other
complexed species and these species should be included in
the definition of c,,. Determination of these species cannot
be made without use of a complete chemical speciation
program. This calculation is performed in section 2.4, and
the calculated ¢, is used in (19).

Substituting (20) and the continuity equation which de-
scribes isothermal Darcian flow of water in a variably
saturated porous medium (11) into the CO, transport equa-
tion in a conservative form (19) we obtained, again, the
advective form of the transport equation

PECANEE: , 9Kccq
aDU + — OWDU s
ax]' axi axj

(8, + 0K,) 0¢a _ 9 0
+ —=—
“ ot ax;

- q'K, —+Fc +P (21
xl
where
30 K. K, ”
at a1 ax, 22)

and which is further used for the numerical solution.

The effective dispersion coefficient in the liquid phase D}
is defined similarly as in (13) and the effective diffusion
coefficient in the gas phase D] is defined as

Oanj= 0,D,7,8; (23)

where D is the molecular diffusion coefficient of CO; in air

At PP
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with gas content. The temperature dependence of the mo-
lecular diffusion coefficients of CO, in air and water is taken
from Glinski and Stepniewski [1985].

2.3.2. Production of carbon dioxide. Since processes
other than biological ones are generally of relatively minor
importance for CO, production in the soil, we did not
include them into our model for CO, production. We classify
CO, production into two processes: production by soil
microbes and production by plant root respiration. We
assume that the individual biological CO, production pro-
cesses are additive and that it is possible to superpose
individual mechanisms which reduce production from the
optimal value [Simunek and Suarez, 1993]. The production
of CO, is then considered as the sum of the production rate
by the soil micoorganisms, yS[L L7371, and the produc-
tion rate by plant roots, yp[L L3T 1]

Y s0 Hfsi+ Y po pri
i i

P=y,+vy,= (24)

where the subscript s refers to soil microorganisms and the
subscript p refers to plant roots, II f; is the product of
reduction coefficients dependent on depth, temperature,
pressure head (the soil water content), CO, concentration,
osmotic head, and time. The parameters vy, and vy, repre-
sent the optimal CO, production by the soil microorganisms
or plant roots, respectively, for the whole soil profile at 20°C
under optimal water, solute, and CO, concentration condi-
tions [L3L *7~']. The individual reduction functions are
given by Simunek and Suarez [1993], and the discussion of
selection of the values for optimal production as well as
coefficients for respective reduction functions is given in the
work by Suarez and Simunek [1993].

2.4, Solution Chemistry

2.4.1. Elements of the chemical submodel. We assume
that the chemical system for predicting major ion solute
chemistry of the unsaturated zone includes 33 chemical
species which can be divided into five groups as listed in
Table 1. Seven chemical components (calcium, magnesium,
sodium, potassium, suifate, chloride, and nitrate), 10 com-
plex aqueous species, five possible solid species (calcite,
gypsum, nesquehonite, hydromagnesite, and dolomite), four
sorbed species, and seven species which form the CO,-H,0
system are considered. The species from the last group could
be generally included in other groups (i.e., CO3 and HY
could be included in the first group). Their con31derati0n as
a separate group is mainly due to their different treatment
during the numerical solution in comparison to that of the

afbvotsidétea B8 i Wik swepar wnen'wsmg this rrower
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equatlons to calculate activity coefficients, while except for
CaCO3 and MgCO3, the species of the second group are
omitted as discussed later. The definitions of the terms
component and species are those defined, for example, by
Westall et al. [1976] and Yeh and Tripathi [1989]. Since, as is
also discussed later, one of the solid phases (dolomite) is not
included into the equilibrium system and its dissolution is
always treated kinetically and the exclusion of the second
solid phase (calcite) from the equilibrium system and its
kinetic treatment is optional, we need, respectively, either
32 or 31 independent equations to solve this system. The
phase rule is not violated, since only one magnesium solid
can be present in the solution and this solid is determined by
the model according to actual values of Prp,, (H,0) and
(H,Si0,). In the following sections we present these equa-
tions, and in section 3.2 we discuss the numerical solution
method.

2.4.2. Mass and charge balance equations. Seven mass
balance equations for the major constituents in the first
group of Table 1 are defined:

Cay = [Ca®*] + [CaSOJ] + [CaCOJ] + [CaHCO;]  (25a)

Mgz = [Mg?*] + [MgSO{¢] + [MgCOJ] + [MgHCO; ]
(25b)
Nay = [Na*]+ [NaSO;] + [NaCO;] + [NaHCOJ] (25¢)

Ky =[K*"]+[KSO,] (25d)

SO, = [SO; 7]+ [CaSOJ] + [MgSO{]
+[NaSO, ] + [KSO; ] (25¢)

Cly=[C17] (25¢)

NO;zy = [NO4] (25g)

where variables with subscript T represent the total analyt-
ical concentration in solution of that particular variable and
where brackets refer to molalities (moles per kilogram). Two
mass balance equations for the total analytical concentration
of carbonate and bicarbonate are defined:

COs7 = [CO37] + [CaCOI] + [MgCOJ] + [NaCO; ]
(26)
HCO;_ =[HCO, ]+ [CaHCO;] + [MgHCO;']

+ [NaHCOY]

which are used to calculate carbonate alkalinity (moles
charge per kilogram) as

Alk=2CO3;_ +HCO;_+[OH]-[H"] 27
Most chemical and multicomponent transport models use
the total inorganic carbon as a conservative property [e.g.,
Westal et al., 1986; Liu and Narasimhan, 1989b; Yeh and
Tripathi, 1991]. However, this approach can be used only for
closed systems. In a soil environment with fluctuating CO,
concentrations this approach is inappropriate, since changes
in CO, produce changes in dissolved inorganic carbon. Use
of alkalinity is therefore preferable, since alkalinity is con-
alkahnity nior otal imorganic ¢arbon are constant for systems
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where mineral precipitation or dissolution occurs. Total
dissolved inorganic carbon as a sum of CO;7, HCO,p,
CO,(aq), and H,CO; is calculated as well to obtain the
proper value of the distribution constant K, for the CO,
transport calculations (20).

In addition to the mass balance equations, the charge
balance equation for the solution is given as

2[Ca?*] + 2[Mg?*] + [Na™] + [K '] + [CaHCO;']
+ [MgHCO; ] + [H*] — 2[CO3"] — [HCO; ]
- 2[SO;7] - [C17] - [NO;] - [OH]

- [NaCO; ] - [NaSO; ] - [KSO; ] =0 (28)

2.4.3. CO,-H,0 system. The activities of the species
present in solution at equilibrium are related by the mass
action equilibrium equations. The dissociation of water is
written as follows:

(H")(OH")

=2H'"+ OH™
H,O0=2H (1,0)

K,= (29)

where K, is the dissociation constant for water [dimension-
less]. The parentheses denote ion activity, the calculation of
which is discussed later.

The solubility of CO,(g) in water is governed by Henry’s
law:

(H,CO%)

H,CO% =2 COy, + Hy0 —
T e T Pco,(H;0)

Kco,= (30)

where the activity of CO,,, is expressed in terms of the

partial pressure Pcq, (pascals), Kco, is Henry’s law con-

stant, and H,CO} represents both aqueous CO, and H,COj.
Protolysis reactions of dissolved CO, are written as

_ (H")(HCO;)

H,CO% =
e ' (H,CO%)

H* + HCO; K,
(31

(CO3T)(H™Y)
2 H' +C0F K, =——— (3)

HCO;
€05 (HCO;)

where K ;) and K, are the first and the second dissociation
constants of carbonic acid [dimensionless], respectively.

2.4.4. Complexation reactions. Each complexation re-
action for the species in the second group of Table 1 can be
represented by the law of mass action:

(Ca?")(S03) (Ca?h)(CO27)

= K, =
' (Cas0d) 2 (cacoY)

(Ca?")(HCO3)

(CaHCO;) 33)

3:
<. Mg)(C05T)
*T (MgCOY)

(Mg>*)(HC

\Mgnpu

(Mg?*)(S0}")
(MgSO0y)

4=

Oz)
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~(Na')(S0F) (Na*)(COi)

K7 = (NaSO;) (NaCO3)
_(Nah@mCoy)
® 7 (NaHCOY) 33

(K*(S0;7)
T R pp—— (36)

(KSO;)

where K; is the equilibrium constant of the ith complexed
species [dimensionless].

2.4.5. Cation exchange selectivity. Partition between
the solid exchange phase and the solution can be described
by the Gapon equation [White and Zelazny, 1986]

Ely+ (C Jx + ) 1/x
K= e em™ 7
where y and x are the valences of species i and j, respec-
tively, and K; is the Gapon selectivity coefficient [dimen-
sionless]. The absorption concentration is expressed in
moles charge per kilogram of soil. It is assumed that the
cation exchange capacity ¢ (moles charge per kilogram of
soi) is constant and independent of pH:

Rl

=3¢ (38)

_ In the case of exchange of four cations (Ca, Mg, Na, and
K) we obtain the following system of equations:

ép=Ca*™+Mg?* + Na®t + K* (39)
Mg2* (CaZt) 1?2
K= é_a_Z: (Nz—a:)m (40)
Na™ (Ca“")
a2+ +
Ky = Ca (K™

K+ (Ca2+) 12

2.4.6. . Precipitation-dissolution reactions. We consider
three solid phases in our model which if specified or ap-
proached from oversaturation must be in equilibrium with
the solution: gypsiim, nesquehonite, and hydromagnesite.
Precipitation-dissolution of calcite can be optionally treated
with either equilibrium or kinetic expressions. In the latter
case the equation corresponding to calcite equilibrium pre-
sented in this section is disregarded from the equilibrium
system, and the rate of calcite precipitation-dissolution is
calculated from the rate equation as described later. Disso-
lution of dolomite; which is also discussed later, is always
considered as a kinetic process and never included into the
equilibrium system, since true ordered dolomite does not
precipitate under Earth surface conditions. Discussion on
the selection and consideration of these solids is given in the
work by SS (1994). The precipitation or dissolution of
gypsum, calcite (if considered in equilibrium system),
nesquehonite and hydromagnesite in the presence of CO,
can be described by

Cadu, - ZHU 2 La™

+dU; + ZHU 41)
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CaCOs; + COy(g) + HyO = Ca’" + 2HCO;  (42)
MgCOs - 3H,0 + CO,(g) = Mg** + 2HCO; + 2H,0
(43)
Mgs(CO;)4(OH), - 4H,0 + 6CO,(g) = SMg**
+ 10HCO; 4y

with the corresponding solubility products K ¢p [dimension-
less]

K& = (Ca?")(S07)(H,0)? (45)

K§p = (Ca?")(CO3") (46)

K5 = (Mg?")(COF ) (H,0)° 7
K, = (Mg?")*(CO37)%OH )*(H,0)* (48)

where indexes G, C, N, and H refer to gypsum, calcite,
nesquehonite, and hydromagnesite, respectively.

Substituting of (29) through (32) into (46) through (48) we
get the solubility products for the carbonate solids expressed
in terms of bicarbonate, which is the major carbonate ion
under most natural conditions (6.35 < pH < ~9.5).

Kco,KaPco,(H0)

(Ca**}HCO0;)? = K&, = (49)
a,
Kco Ki:, Pco
Mg?")HCO)? = KN, — 1% 50
(Mg“"X( 3) sP K., (H,0)? (50)
K& K§ PEo
(Mg?")’HCON " = Kfh —5—— (D

K K},

Expressing the solubility products in this way decreases
significantly the number of iterations necessary to numeri-
cally reach equilibrium conditions, in comparison with using
(46) through (48). The equilibrium concentrations of Ca?t
and SO;~ with gypsum can be obtained by solving the
quadratic algebraic equation corresponding to (45). The
equilibrium concentrations of Ca®", Mg?*, and HCO;™ with
the carbonate solids is reached by solving the cubic algebraic
equations corresponding to (49) through (51), as is described
by SS (1994). ,

2.4.7. Kinetic model of calcite precipitation-dissolu-
tion. The reaction rates of calcite precipitation-dissolution
in the absence of inhibitors such as ‘‘foreign ions’ and
dissolved organic matter (millimoles per square centimetet
per second) can be calculated with the rate equation of
Plummer et al. [1978]:

R = ky(H") + ky(H,CO%) + k3(H,0)

K,,
- k4 — (Ca*")(HCO3)
Ksp

(52)
where

1
(Hy)
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and where k&, k,, and k3 are temperature-dependent first-
order rate constants representing the forward reactions
(millimoles per square centimeter per second), and &, is a
function dependent on both temperature and CO, concen-
tration representing the back reactions (millimoles per
square centimeter per second). The dissolution/precipitation
rate R¢ is expressed in mmol of calcite per square centimeter
of surface area per second. The term (H;L) is the H* activity
at the calcite surface; it is assumed to be (H') at calcite
saturation where activities of H,CO% and H,O at the calcite
surface are equal to their bulk fluid values [Plummer et al.,
1978]. The temperature dependence of the constants k, k,,
and k4 is given by Plummer et al. [1978].

For the condition where pH > 8 and P¢q, < 1000 Pa, the
following expression for the precipitation rate, which is
considered more accurate for those conditions [Inskeep and
Bloom, 1985], is used:

R¢ = —11.82[(Ca*)(CO%") — K§p] (54)
with an apparent Arrhenius activation energy of 48.1 kJ
mol ~! for the precipitation rate constant [Inskeep and
Bloom, 1985].

The precipitation or dissolution rate of calcite is inhibited
by the presence of different inhibitors. SS (1994) developed
the following function for the reduction of the precipitation-
dissolution rates due to surface poisoning by dissolved
organic carbon, based on the experimental data of Inskeep
and Bloom [1986]:

r=exp (—bx — byx? — byx"5) (55)
where r is the reduction constant [dimensionless], x is the
dissolved organic carbon (micromoles per liter), and b, b,,
and b; are regression coefficients (0.005104, 0.000426,
0.069111, respectively, with a r? value of 0.997).

2.4.8. Kinetic model of dolomite dissolution. The reac-
tion rates of dolomite dissolution R? (millimoles per square
centimeter per second) are calculated with the rate equation
of Busenberg and Plummer [1982]:

RP = ky(H™) % + ky(H,COH S +k5(H,0)%° ~ ky(HCO;)
(56)

where the temperature dependent first-order rate constants
ky, ky, and ky (millimoles per square centimeter per sec-
ond), representing the forward reactions, and k, (millimoles
per square centimeter per second), representing the back
reaction, are given by Busenberg and Plummer [1982]. The
dissolution rate R? is again expressed in millimoles of
dolomite per square centimeter of surface area per second.

2.4.9. Activity coefficients: The solute activity coeffi-
cients are formally defined as [Stokes, 1979]

a; = ym/m® (57)
where a; is the activity [dimensionless], m; is the molality
(moles per kilogram), m° is the standard state unit molality
(i.e., 1 mol kg”l), and v; is the activity coefficient of the ith
ion [dimensionless]. Calculation of the single ion activity
coefficient can be specified either using an extended version
of the Debye-Hiickel equation [Truesdell and Jones, 1974] or
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1974], which can be used in the dilute to moderately saline
solution range, is given by
Az f

I
Iny=———"—F=+bl (58)
Y Ba\/;

1+

where A (kg% mol™®%) and B (kg®® em™! mol™®%) are
constants depending only on the dielectric constant, density,
and temperature, z is the ionic charge, a (centimeters) and b
(kilogram per mole) are two adjustable parameters, and I is
the ionic strength (moles per kilogram):

M
1=0.5 > zim,

i=1

(59)

where M is the number of species in the solution mixture.
The adjustable parameters a and b for individual species are
given by Truesdell and Jones [1974]. The activities of neutral
species are calculated as

Iny=a'l (60)
where a' is an empirical parameter (kilograms per mole).
The values of this parameter for neutral species are listed in
Table 2 in the work by SS (1994).

At high ionic strength, activity coefficients are no longer
universal functions of ionic strength, but are dependent on
the relative concentration of the various ions present in
solution [Felmy and Weare, 1986]. The activity coefficients
can then be expressed in a virial type expansion of the form
[Pitzer, 1979]

In Yi— In ’yiDH + E B,J(I)mj + E E C,-jkmjmk + ..
J Jj ok
(61

where yPH is a modified Debye-Hiickel activity coefficient
which is a universal function of ionic strength [dimension-
less], and Bj; and C; are specific coefficients for each ion
interaction. The specific forms of this equation for cations,
anions, and neutral species are given in the appendix.

This model is considered accurate even for solutions with
very high ionic strength (up to 20 m) and can be used down
to infinite dilution. Explicit definition of most complex
species (e.g., NaSO,, NaHCO?) for this type of model is
generally not required [Harvie et al., 1984]. However, ion
complex species which exhibit strong attractive interactions
(e.g., HCOj3 ), as well as CaCOé) and MgCO?, must still be
taken into account. Therefore when the virial-type model is
used to calculate ion activities, the complex species from the
second group of Table 1 (except for CaCOé’ and MgCO?) are
not included into the equilibrium chemical system and the
corresponding equations (33) through (36) are not used
(again except for K3 and K5). The species in group five are
considered even when the Pitzer expressions are utilized for
activity coefficient calculations. Note that when the ion
complex species from the second group in Table 1 are not
considered, then the apparent ionic strength I increases
significantly, since the complexes have lower charge than
the original components.

The activity of water is calculated in accordance with the

Hiickel theory is used then the activity of water is calculated
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as described by Truesdell and Jones [1974] by the approxi-
mate relation

M
(H,0)=1-0.017 >, m;

i=1

(62)

If the Pitzer theory is used then the activity of water is
obtained from the expression [Felmy and Weare, 1986]

W M
1n(H2O)=—m > milé

i=1

(63)

where W is the molecular weight of water and ¢ is the
osmotic coefficient (see Felmy and Weare [1986] for defini-
tion and method of calculation).

2.4.10. Temperature dependence. Most of the thermo-
dynamic equilibrium constants are dependent on the temper-
ature and pressure of the system. The temperature depen-
dence of the thermodynamic equilibrium constants is often
expressed as a power function of the absolute temperature

log K =ay +ayT+ ayT+aylog T+ asT>  (64)

where T is the absolute temperature [K], and @ through a5
are empirical constants. The pressure dependence is usually
neglected under near Earth surface conditions. The empiri-
cal constants for the temperature dependent thermodynamic
constants used in the calculations are listed in Table 3 of SS
(1994). Temperature dependence of the equilibrium con-
stants for which the constants of (64) do not exist is
expressed with the enthalpy of reaction and the Van’t Hoff
expression {Truesdell and Jones, 1974].

2.4.11. System summary. As is discussed above, we
need either 32 or 31 independent equations to solve the
equilibrium system depending on whether calcite precipita-
tion-dissolution is considered as a fast (instantaneous equi-
librium) or slow (kinetic) process. Seven aqueous compo-
nents of the first group in Table 1 are replaced by the mass
balance equations (25). The analytical concentrations of the
first six components are obtained from the solution of the
solute transport equation (12), and the analytical concentra-
tion of the last component is obtained from the charge
balance equation (28). Ten complexed species of the second
group are replaced by (33) through (36). As is discussed
above, this group is not completely considered when Pitzer
virial-type expressions are used to calculate the ion activi-
ties. Precipitated species from the third group are replaced
by (45) and (49) through (51), and sorbed species from the
fourth group by (39) and (40). The CO, partial pressure is
obtained from the carbon dioxide transport submodel and
the activity of water is calculated by (62) or (63), depending
on the method used to calculate activity coefficients. The last
five species from the sixth group are replaced by (29) through
(32) and the defining equation for alkalinity (27), which is
also obtained from the solution of the transport equation.
The whole system of equations is now mathematically
closed.

3. Solution Strategy
3.1. Numerical Solution of Governing
Transport Equations

uddttods s U8ea 1o sl sbunesh -t e wdirr oW (19
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and solute (12) and CO, (21) transport equations subject to
the imposed initial and boundary conditions. Since the
Galerkin method is relatively standard and has been covered
in detail elsewhere [e.g., Neuman, 1975; Pinder and Gray,
1977; Huyakorn and Pinder, 1983] and since detailed de-
scription of the solution of Richards’ equation (1) was given
by Simnek et al. [1992], only the most pertinent steps in the
solution of the solute transport equation (12) will be given
here. The ‘‘mass conservative’’ iterative method proposed
by Celia et al. [1990] is used for evaluating the water content
term in equation (1). Their method has been shown to
provide excellent results in terms of minimizing the mass
balance error. We do not discuss the numerical solution of
the CO, transport equation (21), since it has a form similar to
the solute transport equation.

Application of the standard Galerkin method to (12) leads
to the following set of N equations:

0 dc dc d oD dc
-— —— g, — + — o —
fﬂ at ai axi E)x,- Y ij

+Sc+Glp,ddr=0 ne(l, N) (65
where
G ac a¢ 66)
TP P

Subscript k in the transport equation was omitted for sim-
plicity. Application of Green’s theorem to the second deriv-
atives in (65) and subsequent substitution of a finite element
approximation of ¢ result in the system of time-dependent
differential equations expressed in a matrix form as

[Q] d{c}/dt +[SKc} +{f}=0 (67)

Integration of (67) in time is achieved by discretizing the
time domain into a sequence of finite intervals and replacing
the time derivatives by finite differences. The Crank-
Nicholson finite difference scheme (¢ = 0.5) is used for the
transport equation

{C}j+1 - {C}j
At;

J

[Q)j+e + e[ STerlelier + (1 — 2)IS]del

+e{flimtA—e)ff;=0

where j + 1 denotes the current time level at which the
solution is being considered, j refers to the previous time
level, ¢ is a time weighing factor, and A¢; = ¢;,; — ¢;. Since
the coefficient vector f which contains the variable G (see
(66)) is a function of the dependent variable c, the equations
for solute transport are highly nonlinear. Evaluation of the
term G in the solute transport equation is discussed in
section 3.3. A more detailed description of the numerical
solution of the solute transport equation is given by Simunek
and Suarez [1994].

(68)

3.2. Solution of Chemical System

Computation of the solution species composition is ac-
complished in a fairly similar way as in the chemical model

WA TROGTeaisialls sodia’ana saul@Idtupsnseiztiar mpdel
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into the chemical submodel of UNSATCHEM-2D are the
analytical concentrations of the major ions, alkalinity, ad-
sorbed and solid phase concentrations, water content, tem-
perature, bulk density of the soil, and CO, partial pressure.
The submodel is divided into three major sections which
have their own internal iteration criteria and which are
coupled together by two additional global criteria. The global
criteria are the test on electrical neutrality and on the ionic
strength. All iteration criteria have a precision level of 0.1%.

The ionic strength, activity coefficients, and the tempera-
ture-dependent equilibrium constants are calculated initially
using the specified model for the activity coefficients. Next,
anionic weak acid species, carbonate-bicarbonate distribu-
tion, and pH are calculated and all solid phases considered in
the equilibrium system are checked for their saturation index
values and precipitated or dissolved (if present) accordingly.
The iteration criterion in this section is the second dissoci-
ation constant of carbonic acid (see (32)).

The second section solves for ion pairs and complexes and
consists of six subsections for calcium, magnesium, sodium,
potassium, sulfate, and alkalinity. The iteration criterion
inside of each subsection is the total analytical concentration
of the respective variable. The main criterion for the whole
section is again the second dissociation constant of carbonic
acid.

The last section calculates the equilibrium between the
soil solution and the adsorbed species. The iteration crite-
rion in this section is the charge balance of free metal
cations. After completion of the exchange calculations the
global criteria are checked, and if not fulfilled, a new
iteration is begun.

This whole process is accomplished for each node, at each
time level, and each iteration between the solute transport
part and equilibrium part of the model. When the Plummer et
al. [1978] kinetic expressions for calcite are used the whole
process is completed twice to obtain variables for the rate
equation (52). First, we calculate the HT activity at the
calcite surface with the assumption that activities of H,CO%
and H,O at the calcite surface are equal to their bulk fluid
values. This is accomplished by including calcite into the
equilibrium system and excluding all other minerals and
adsorbed species. During the second calculation, calcite is
not considered as part of the equilibrium system and the
calculated activities are used for calculation of the reaction
rate.

3.3. Coupling Transport and Chemical Modules

The governing solute transport equation (12) contains
three time derivative terms. The first is the time derivative of
the total dissolved concentration of the aqueous component,
and the second and the third are time derivatives of the
sorbed and solid phase concentrations, respectively. For the
numerical solution, the second and third terms are lumped
together into the term G (see (66)). Because of this term, the
solute transport equation (12) is highly nonlinear, and an
iterative process must be applied to obtain its solution. Time
changes of both the adsorbed and solid phase concentrations
can be obtained directly from the chemical equilibrium
submodel when all the reactions are considered as reaching
equilibrium. When the kinetic expressions for the precipita-
tion-dissolution of calcite and dolomite are used, the chem-

reactions. "1'hé' contribiition from the ‘précipitation-
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dissolution reaction of calcite and dolomite to the time
derivative of the solid phase concentration of a particular
component can then be calculated as follows:

p 9¢/3t = —RCAC — RPAP (69)

where A and AP are the surface areas of the calcite and
dolomite per volume of soil [L2L ], respectively.

Coupling between the transport and chemical submodules,
which was described by Walsh et al. [1984], Cederberg et al.
[1985], and Bryant et al. [1986], and was also used by Yeh
and Tripathi [1990], is as follows. First, the discretized
solute transport equation (68) is solved by setting the G term
equal to zero for the equilibrium case or using (69) for the
kinetic case. Then the new dissolved concentrations are
compared with the initial concentrations for this iteration
and the chemical module is called for those nodes where
changes in concentrations were higher than some prescribed
concentration tolerance. When the kinetic reactions for
calcite or dolomite are used, then the chemical module is
called for all nodes at the first iteration. The chemical
module provides us with the updated values of aqueous,
solid phase, and adsorbed concentrations and new values of
the term G. The new aqueous concentrations are checked
against those calculated before the chemical module was
called and if different, a new iteration is started. This
iteration process continues until the new and the old con-
centrations in all nodes differ less than some prescribed
concentration tolerance.

4. Example Problems

The first of two examples considers one-dimensional ver-
tical water flow and solute transport with steady boundary
conditions. This example shows the prediction differences
between the equilibrium and kinetic precipitation-dissolution
model, as well as the importance of the iteration process
between the solute transport and chemical modules. The
second example demonstrates the use of UNSATCHEM-2D
for a practical problem considering irrigation by surface and
subsurface line irrigation. As demonstrated, these irrigation
systems can cause development of saline zones which could
subsequently cause unsuitable conditions for future seed
germination and crop growth.

4.1.

Since our goal is not only to show the differences between
the equilibrium and Kinetic carbonate models but also to
demonstrate the necessity to iterate between the solute
transport and chemical modules, we assume in this simula-
tion that there is initially no calcite present in the soil profile.

We assume a 100-cm-deep soil profile with an initial
pressure head of —500 cm. The hydraulic parameters of a
hypothetical loam soil were derived from the retention curve
given by Hillel and van Bavel [1976] (6, = 0.000, 6, =
0.480, n = 1.592, & = 0.015022 cm ™!, and K, = 60.48 cm
d~1). The upper boundary condition was an irrigation inten-
sity of 1 cm d ™!, whereas the unit vertical hydraulic gradient
[McCord, 1991] was utilized as the lower boundary condi-
tion. The potential root water uptake was distributed linearly
throughout the whole soil profile with a maximum at the soil
surface and zero uptake at the bottom of the root zone. The
together with the irrigation intensity of 1T d ~* Tesults'in &

One-Dimensional Irrigation Problem
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leaching fraction of 0.1. The water stress response function
a(h) was assumed to be equal to 1 for all pressure heads;
i.e., there was no reduction of the potential root water
uptake. Cauchy and Neumann boundary conditions were
assumed at the surface and at the bottom of the soil profile,
respectively. The bulk density of the soil was taken as 1.3 g
cm 3 and molecular diffusion as 30 cm? d ~!. Both longitu-
dinal and transverse dispersivities were equal to zero.

The solution composition of the irrigation water, as well as
of the water initially present in the soil profile, is that of a
calcite supersaturated well water from the Wellton-Mohawk
Irrigation District (well 15: Cat = 12.2, Mg = 9.66, Nat =
37.5, Ky = 0.27, Cly = 31.1, SOy = 19.5, and Alk = 6.5,
all concentrations in millimoles charge per liter [Suarez,
1977]). The simulation was run at a temperature of 25°C. The
soil CO, partial pressure was assumed to be equal to the
atmospheric value at the soil surface (35 Pa) and to increase
linearly with depth up to 2 kPa at the bottom of the soil
profile. Cation exchange was not considered.

Figure 1 shows the water content profile at various times
during the simulation. Due to the lower boundary condition
(free drainage), the lower part of the soil profile is initially
drained before the moisture front reaches these depths. A
steady state profile is reached after approximately 150 days.
The concentration profiles for the tracer, shown in Figure 2,
indicate that the soil profile was initially free of tracer. The
irrigation water had a tracer concentration of unity. The
tracer becomes gradually more concentrated as it moves
through the root zone due to evapotranspiration, reaching
the steady state concentration of 10 at the bottom of the root
zone, as expected for a leaching fraction of 0.1.

Figure 3 shows the Ca concentrations for the two different
methods of coupling the solute transport part of the model
with the chemical submodel, both assuming calcite equilib-
rium. In the first case there was no iteration process between
the two modules and the chemical module was called after
the solute transport module just to bring the solution to
chemical equilibrium. A similar approach has been used in
earlier models such as LEACHM [Wagenet and Hutson,
1987] and DYNAMIX [Liu and Narasimhan, 1989a, b]. In
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Figure 2. Tracer concentration profiles at various times
after application with the irrigation water.

the second simulation we iterated between the chemistry and
solute transport modules at each time step. The initial Ca
concentration profile gradually increases from the surface to
the bottom of the soil profile, as a result of the increase in
CO, concentration with depth and corresponding increase in
calcite solubility. The Ca concentrations increase with time
due to two factors, enhanced solubility with increasing ionic
strength and increasing Ca/alkalinity ratio as precipitation
proceeds. Due to precipitation Ca increases only by a factor
of three in contrast to the tenfold increase in the tracer
concentration. Below the depth of 60 cm, the Ca concentra-
tions are almost constant with depth due to precipitation of
gypsum. Comparison of the simulations with and without
iteration between modules shows that there are differences
of about 1 mmol, L™! Ca in the upper 50 cm of the soil
profile. From Figure 3 it appears that the iteration process is
not necessary, since the differences in Ca concentrations are
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Figure 3. Calcium concentration profiles at various times

considering instantaneous calcite precipitation/dissolution.
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Figure 4. Calcite profiles at various times considering instantaneous precipitation/dissolution of calcite
for the case (left) with and (right) without an iterative process between the solute transport and chemical

modules.

almost negligible. However, even such small differences can
have a large impact on precipitation of the solid phases, and
especially on the position of their deposition. This is partic-
ularly important in paleoclimatic reconstructions which are
based on depth to a caliche layer.

Figure 4 shows the distribution of calcite precipitation in
the soil profile at different times, both with and without
iterations between the modules. While in both cases there is
a comparable amount of precipitated calcite in the whole soil
profile throughout the simulation time (difference is less than
5%), there is a difference in the positions of the calcite
precipitation zones. For the case without iteration a precip-
itation zone is simulated in the first four elements while for
the case with iteration it is only within the first element. With
iteration there is much more calcite precipitation at the soil
surface and less within the soil profile than without iteration.
Also, without iteration, the other main precipitation zone is
between 35 and 65 cm, while with iteration this zone is much
thinner and is located between about 55 and 65 cm. When
calcite oversaturated irrigation water enters the soil profile
the solution is immediately brought to equilibrium and while
it moves to lower depths there are two opposing factors with
respect to calcite saturation. Root water uptake concentrates
the salts, thus increasing the tendency toward precipitation
while increasing CO, with depth decreases this tendency.
Figure 4 shows for both cases that immediately below the
surface layer there is a zone of calcite dissolution followed
by the zone of calcite precipitation. The position separating
these two zones is moving downward with time and for the
case without iterations lags significantly behind the front for
the case with iterations. Below the 65-cm depth there is a
significant decrease in calcite precipitation due to the com-
peting effect of gypsum precipitation. The precise prediction
of the position of precipitation zones is important, since it
can have a significant effect on plant growth and formation of
indurated layers.

The comparison of the gypsum precipitation with depth
and time (not shown) indicated relatively small differences
with and without iteration. The simulation with iteration has
a better defined maxima in the precipitation front.

prokss uraAlitfeneaspiRpITaisu eirsigatd e wndie st

profile (Figure 5), which is more realistic than the results
shown on Figure 4. The calcite surface area was taken as
0.0005 m?/dm? of soil. Again, as in Figure 4, there is a
significant decrease in calcite precipitation below the 60 cm
depth due to the concurrent precipitation of gypsum. Most of
the calcite is precipitated close to the soil surface, but in a
broader band when the kinetic model is used. There is also
no area with calcite undersaturation in the soil profile. The
pIAP values (pIAP is defined as the negative logarithm of
the ion activity product, —log [(Ca2+)(CO32_)]) simulated are
in the range of 8.25-8.45 below the 25-cm depth, which is
more than values typically found in arid zone soils {Suarez,
1985]. For purposes of demonstrating various aspects of the
model, we considered simulations with steady boundary
conditions which resulted in relatively gradual change in the
values of particular variables. For transient boundary con-
ditions with faster changes in, for example, water content
and CO, concentration (which was not considered here), the
range of pIAP values can be much higher (SS, 1994).
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Figure 6. Schematic representation of the flow domain for the surface and subsurface line source

irrigation systems.

4.2. Two-Dimensional Irrigation Problem

In this example we consider two different irrigation
schemes (A and B). For the first irrigation scheme (scheme
A) water is delivered into the soil profile by means of
subsurface irrigation, for the second scheme (scheme B)
surface drip irrigation is considered. The irrigation devices
are assumed to be located 1 m apart and either 30 cm below
the soil surface (A), or at the soil surface (B) (Figure 6).
Because of the symmetry of the flow and transport fields, it
is necessary to perform calculations only for the part of the
profile between an irrigation device and the midpoint dis-
tance to the next device (lined area in Figure 6). The soil
properties are the same as in the first example.

Potential root water uptake was distributed linearly
throughout the soil profile with a maximum at the soil
surface and zero uptake at and below the 50-cm depth. The
total water uptake was taken as 0.4 cm d ~!. The water stress
response function a(h) used was that proposed by Feddes et
al. [1978]. Water uptake is assumed to be zero close to
saturation (i.e., wetter than some arbitrary ‘‘anaerobiosis
point”’ k) and for h < hy (the wilting point pressure head).
Water uptake is considered optimal between pressure heads
hy and hj, whereas for pressure heads between 45 and h,
(or hy and h,), water uptake decreases (or increases)
linearly with h. The following pressure head values were
used to define the water stress response function a(h): hy =

—25cm, hy =
cm.

The initial pressure head condition for both schemes was
—200 cm. The unit vertical hydraulic gradient (free drainage)
was used as the lower boundary condition and the rest of the
boundary was assumed impermeable. The irrigation water
was applied at the rate of 20 cm? d ™!, either 30 cm below the
soil surface, through the node with the flux boundary con-
dition (scheme A) or at the soil surface (scheme B), at the left
side of the profile. In this example the applied irrigation is
equal to the potential transpiration of the plant roots. Be-
cause of the reduction of the potential transpiration, a
minimal amount of leaching did occur.

Figures 7 and 8 show the pressure head profiles for
schemes A and B, respectively, at four different times. For
scheme A there is a very dry region at and near the soil
surface farthest away from the line source, where the
pressure heads at the end of the simulation time are lower
than —50 m. As a consequence of these pressure heads, root
water uptake is significantly reduced and much less water
flows into this region. A similar region also develops with
surface irrigation, but the pressure heads do not reach such
low values. Under surface irrigation the whole root zone is
within the optimal range of pressure heads for plants for the
entire simulation. For both schemes the bottom of the flow
region becomes drier during the simulation due to the free

—100 ¢cm, A3 = —275 cm, and A, = —8000

Pressure Head [m]

Figure 7. Pressure head profiles with subsurface irrigation
(scheme A) at times (a) 10, (b) 25, (c) 50, and (d) 100 days.

Pressure Head [m]

Figure 8. Pressure head profiles with surface irrigation
(scheme B) at times (a) 10, (b) 25, (¢) 50, and (d) 100 days.
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Figure 9. CO, profiles for scheme A at times (a) 10, (b) 25,
(c) 50, and (d) 100 days.

drainage boundary conditions. At the end of the simulation
the surface layer for scheme A is much drier than for scheme
B, and that has significant consequences for both the CO,
concentrations throughout the soil profile and the corre-
sponding soil chemical reactions, such as calcite precipita-
tion-dissolution.

For both schemes we simulated the CO, concentrations in
the soil profile. We assumed that the optimal total CO,
production rate (y, = 0.007 m® m~? d~! [Suarez and
S‘imfmek, 1993]) is equal to the sum of the CO, production
rate by plant roots and soil microorganisms and that plant
roots account for 40% of the total CO, production. Further,
we assumed that the spatial distribution of CO, root produc-
tion corresponds to the spatial distribution of root water
uptake and that CO, soil production is distributed exponen-
tially within the soil profile [Simunek and Suarez, 1993]

f(2) = ae~ =072

where a is an empirical constant [L 7' (=0.105 m ™! [Suarez
and Simunek, 1993]), z, is the vertical coordinate of the soil
surface [L] and f(z) is the CO, production distribution
coefficient. We considered that the optimal CO, production
is reduced only due to the effect of the pressure head. We
used the same reduction function for the CO; root produc-
tion and root water uptake: Production of CO, in the profile
is assumed to be zero at saturation; then it linearly increases
until it reaches an optimal value at the pressure head #; (1 m)
and further linearly decreases to zero at the pressure head h,
(10 m). The scale for the pressure head-CO, production
relationship is logarithmic [Simunek and Suarez, 1993]. The
diffusion constants, and Henry’s law constant were those
used by Suarez and Simunek [1993]. We prescribed Neu-
mann boundary conditions on all boundaries with the excep-
tion of the soil surface where CO, partial pressure was
considered to be in equilibrium with the atmosphere (35 Pa).
The initial CO, concentration condition for both schemes
was 0.01 cm?® cm 3. »
Figures 9 and 10 show CO, profiles for both schemes at
four different times. For both schemes the CO, concentra-
tion increases at the beginning of the simulation when the
moisture is uniformly distributed and then gradually de-
creases throughout the soil profile as the moisture is distrib-

U5 X1 theatitosphieré at The upper Fight cOFfer o the

CO; Concentration [%)]

Figure 10. CO, profiles for scheme B at times (a) 10, (b)
25, (¢) 50, and (d) 100 days.

flow domain with lower water content. The decrease in CO,
concentration is much faster with scheme A because the soil
surface becomes much drier than for scheme B and thus
causes faster CO, flux into the atmosphere. The amount of
CQ0, in the soil profile at the €nd of the simulation for scheme
B is almost the same as at the beginining, while for scheme A
it is only about 60% of the initial value. Since the soil surface
is relatively wetter with scheme B compared with scheme A,
there are larger CO, gradients with scheme B near the soil

- surface.

The solution composition of the irrigation water, as well as
of the water initially present in the soil profile is that of a
calcite undersaturated Colorado river water from the Grand
Valley (Cay = 2.63, Mgy = 1.05, Nay = 2.55, K7 = 0.06,
Cly = 1.94, SO,7 = 2.03, and Alk = 2.33 mmol, L™!
[Rhoades and Suarez, 1977]). Cauchy and Neumann bound-
ary conditions were assumed at the irrigation source and at
the rest of the boundary, respectively. The same transport
coefficients were used as in the first example. Cation ex-
change was not considered for these examples. The precip-
itation-dissolution of calcite was considered as a Kinetic
process with a calcite surface area of 0.0005 m?/dm? of soil.

Figures 11 and 12 present the distribution of the hypothet-
ical tracer for subsurface and surface irrigation schemes,
respectively. The tracer is applied at unit concentration with
the irrigation water into an initially tracer-free soil profile.

Tracer Concentration

{B) 25, ©) SUTand (d) 100 ddys. "
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a) b} c) d)

Tracer Concentration

Figure 12. Tracer distribution for scheme B at times (a) 10,
(b) 25, (c) 50, and (d) 100 days.

The infiltrating water immediately becomes more saline due
to root water uptake. The tracer profiles are significantly
different for schemes A and B. For scheme A the highest
tracer concentrations are reached at the soil surface with
extremes (values higher than 100) forming a band at the
surface around the axis between the irrigation lines (top right
corner of Figure 11). The maximum is not exactly at the
surface because at the end of the simulation the pressure
heads at that point reached such high values that root water
uptake was completely suppressed, and the low hydraulic
conductivity and high tortuosity factor essentially prevented
further water or solute transport to this point. For scheme B
the high tracer concentrations form a band which begins at
the surface between the irrigation lines and ends at the
bottom of the root zone below the irrigation source. The
extremes in this case are located in the region between the
irrigation sources and propagate slowly from the surface into
deeper depths.

The Ca distribution for subsurface and surface irrigation
schemes is presented in Figures 13 and 14, respectively, for
four different times. At the end of the simulation the Ca
profiles closely resemble those of the tracer, only the ratio
between the Ca concentrations at the end to those at the
beginning of the simulation are not as large because of calcite
precipitation. Close to the surface between the irrigation
lines (upper right corner) of scheme A, the extremes in tracer

Ca Concentration, [mmol ;L]

@) 10, (B) 2577(¢) DU, and (d) 100 days.

Ca Concentration [mmol , L]

Figure 14. Calcium concentration for scheme B at times
(a) 10, (b) 25, (c) 50, and (d) 100 days.

concentrations are not matched by maximums in Ca concen-
trations. This outcome is the result of decreasing calcite
solubility once a critical ionic strength is reached when
activity coefficients start to increase with increasing ionic
strength. Therefore the Ca concentrations in equilibrium
with calcite are lower here than in surrounding regions.

The distribution of precipitated calcite for both schemes is
shown in Figures 15 and 16. For both schemes there is
significant calcite precipitation directly at the soil surface
due to the low CO, concentration in this region. For the first
scheme the region of major calcite precipitation is concen-
trated in a band which extends from the soil surface to the
depth which increases with the horizontal distance from the
irrigation source. At the end of the simulation this band
submerges in the middle between the irrigation sources. The
reason for this is, as is discussed above for the tracer, the
relative nonaccessibility of this surface layer for water and
dissolved ions, due to the very low pressure heads and
corresponding hydraulic conductivities. For surface irriga-
tion, calcite precipitation begins similarly at the soil surface,
but with time it is concentrated more in the middle between
the irrigation sources. This precipitation region extends into
intermediate depths below the irrigation source.

The profiles of pIAP for subsurface and surface irrigation
schemes are presented in Figures 17 and 18, respectively.
Initially both profiles are calcite undersaturated (pIAP >

Calcite [mmol kg -1 soil]
T0 (b) 25; (¢)d0, and {d) 100 days. "
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Figure 16. Distribution of calcite for scheme B at times (a)
10, (b) 25, (c) 50, and (d) 100 days.

8.48). With time, as CO, concentrations in the upper layers
decrease and the soil solution becomes more concentrated
due to root water uptake, the soil solution becomes super-
saturated and calcite is precipitated. At the end of the
simulation most of the root zone is supersaturated with
calcite. Although detailed field information on a two-
dimensional problem such as this is not available, limited
data [Suarez, 1983; D. L. Suarez, unpublished data, 1993},
indicate that these simulations provide more realistic results
than equilibrium simulations.

5. Discussion and Summary

The developed two-dimensional finite element model UN-
SATCHEM-2D is intended for modeling the major ion
equilibrium and Kinetic nonequilibrium chemistry in variably
saturated porous media and is particularly useful for near
Earth surface conditions where plant water uptake and CO,
fluctuations must be considered. The model includes tran-
sient water movement in saturated-unsaturated porous me-
dia, multicomponent solute transport, heat transport, and
carbon dioxide production and transport, as well as a chem-
ical model that considers complexation reactions, cation
exchange, and precipitation-dissolution reactions. All reac-
tions apart from the precipitation-dissolution of calcite and
dissolution of dolomite were considered as instantaneous.

pIAP, (Ca?) (COF)
10, (b) 25, (¢) 50, and (4) 100 days.
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Figure 18. Calcite pIAP values for scheme B at times (a)
10, (b) 25, (¢) 50, and (d) 100 days.

Precipitation-dissolution of calcite and dissolution of dolo-
mite was modeled as either an equilibrium or multicompo-
nent kinetic processes which includes both forward and back
reactions. Both modified Debye-Hiickel and Pitzer equations
were incorporated into the model to calculate ion activities.
By combining all these processes into a two dimensional
model, UNSATCHEM-2D offers the possibility to more
realistically simulate the complex chemical changes under
field conditions both spatially and with time.

We demonstrated the model using two examples consid-
ering unsaturated transient water movement. The need for
an iterative coupling procedure between the solute transport
and chemical modules was demonstrated with a one-
dimensional example with root water uptake and irrigation
using moderately saline water. While the iteration process
was necessary to predict correctly the precipitation zones
and the total precipitated amount (see also Yeh and
Tripathi [1991]), it seems that this time-consuming iteration
process can be avoided if there is interest only in the
aqueous concentrations. In the same example we
also showed simulations with both equilibrium and kinetic
controls on calcite precipitation. The utility of the
model was further illustrated in two-dimensional simulations
with surface and subsurface line irrigations. The results
demonstrated the ability to simulate development of differ-
ent solute concentration patterns and different spatial distri-
bution of calcite precipitation with highly concentrated soil
solution.

Appendix

The coefficients in (61) have the following form for cat-
ions, anions, and neutral species [Felmy and Weare, 1986]

In YM~™ Z§4F+ 2 ma(ZBMa +ZCMa)

a

+ z mc(quMc + 2 ma‘!/Mca)
c : a

+ 2 2 mama’d’aa'M-i_ |ZM| 2 E mcmacca
¢ a

a <a'
1 : P S Y N ( ( AAAAAA > A 1N
n n a
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In Yx = Zi’F + 2
¢
+ 2 ma(chXa + 2 mc‘/lXca)
a ¢
+ 2 2 Mmooy + lzx| 2 2 mm,Ce,
c <c' c a
+ 2 mn(ZAnX) + 2 2 mnmcgncX
n n c

In YNZZ
c

mc(ZBXc + ZCXc)

(Alb)

m(2A o) + 2 ma(2A ng)

+ E 2 mcmacha
c a

(Alc)

where z is the charge [dimensionless], m is the molality
(moles per kilogram), subscripts M, X, N, and ¢, a, n refer
to cations, anions, and neutrals, respectively, and where

1/2
F= ‘“(W+

+ z 2 memBe, + 2 E mem P,
c a c <c’

In (1+ bI”z))

+ 2 E M, Dy (A2a)
a <a'
Clix
Cux=—5 (A2b)
20ZyZy| "
(A2¢)

Z= Z [zilm;
;

and where A? is one third of the Debye-Hiickel limiting
slope and equal to 0.39 at 25°C.

The second virial coefficients B are given by the following
ionic strength dependence [Pitzer, 1973]:

Biix = Bik + Bifx exp (—011\/;) + Birk exp (—az\/;)

(A3a)
Byx = Bitk + (l)g(al\[) + B‘z};g(azf)
3b)
g'(a D) g'(ax\I)
Buyux=Piux— —*Bik— — (A3
The functions g and g’ are defined by
1—-({1+x)e™
glx)y=2 — (Ada)
X2
(1 - (1 +x+ 7>e_x)

g'(x) = -2 2 (A4b)
with x = oI %> or = a; I°°. When either cation M or anion

X is univalent a; = 2. For 2-2 or higher valence pairs, a; =
UK uF&ﬁ&‘h“"’ é“ﬂé‘”"ﬁxdr = 1?2 and ol vilha direariians
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@, which depend upon ionic strength, are in the form [Pitzer,
1973]

O =0,+ 0L + 107 () (ASa)
D= 0,+ 051 (ASb)
@y =051 (ASc)

The functions BE (I) and 0 "(I) are a function only of ionic
strength and the electrolyte palr type.

The second and third virial coefficients A,; and &,;,
representing the interactions between ions and neutral spe-
cies, are assumed constant. The third virial coefficients C gy
and i are also assumed to be independent of ionic
strength.
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