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Resumen

La evaluación de futuros repositorios de residuos
radioactivos, urbanos e industriales, el estudio de la
contaminación de las aguas subterráneas debida a
actividades agrícolas e industriales, así como el co-
nocimiento de los patrones de calidad natural de
las aguas subterráneas, requiere el uso de herra-
mientas de modelización. Estas deben permitir con-
siderar conjuntamente el transporte de calor y de
especies disueltas, ¡unto con sus complejas interac-
ciones con los sólidos (barreras de ingeniería y for-
maciones geológicas) u otras fases.

En este informe se presenta el Manual del Usuario
del código CORE20 V2.0, un CÓdigo para la si-
mulación numérica de procesos de flujo de agua,
transferencia de calor y transporte de solutos REac-
tivos bajo condiciones de equilibrio químico y ciné-
tica. Este código es una versión actualizada y mejo-
rada de CORE-LE-2D VO. (Samper et al., 1998), el
cual a su vez representaba una versión ampliada de
un código anterior, TRANQUI (ENRESA, 1 995). To-
dos estos códigos se han desarrollado en el marco
de proyectos de I + D financiados por ENRESA y la
Unión Europea.

Puesto que el código CORE20 V2 no está restringi-
do a problemas con reacciones en equilibrio quími-
co, se ha suprimido el sufijo LE de CORE-LE-2D VO.
Además de incorporar la cinética de los procesos
de disolución-precipitación, CORE20 V2 incorpora
toda una serie de mejoras y una extensa y detallada
verificación de todas los aspectos térmicos de las
subrutinas geoquímicas. Esta verificación se ha cen-
trado especialmente en los procesos redox y los de
disolución de gases.

CORE20 es un código en elementos finitos que per-
mite resolver las ecuaciones de flujo, transferencia
calor y transporte de solutos en medios con contor-
nos irregulares y propiedades físicas y geoquímicas
no uniformes. El código contempla medios anisó-
tropos en planos bidimensionales y regiones tridi-
mensionales con simetría axial. Posibilita el trata-
miento del flujo en acuíferos tanto confinados como
libres, así como en medios porosos parcialmente
saturados. El flujo en acuíferos confinados se re-
suelve con un algoritmo directo mientras que para
acuíferos libres se utiliza un algoritmo iterativo del
tipo "predictor-corrector". El flujo altamente no li-

neal en medios parcialmente saturados se resuelve
por el método iterativo de Newton-Raphson. El có-
digo considera condiciones de contorno generales:
nivel fijo, flujo de agua impuesto y condición de
tipo mixto. Además tiene en cuenta los siguientes
procesos de transporte: advección, difusión molecu-
lar y dispersión hidrodinámica. Las condiciones de
contorno del transporte de solutos pueden ser de:

1) flujo de solutos impuesto,

2) concentración fija, y

3) fuentes de soluto asociadas a las entradas de
fluido.

El código considera los siguientes tipos de reaccio-
nes bajo la hipótesis de equilibrio local: áci-
do-base, complejación acuosa, redox, precipitación
y disolución de minerales, disolución y exolución
gaseosa, intercambio iónico (mediante el modelo
de carga constante), y complejación en superficie
(basada en el modelo de capa difusa). A diferencia
de CORE-LE-2D VO., CORE20 contempla la posibi-
lidad de considerar simultáneamente reacciones de
disolución-precipitación en equilibrio y con cinética.
También incluye la posibilidad de considerar cade-
nas radiactivas y procesos de exclusión aniónica y
utilizar constantes de selectividad variables con la
composición del complejo de cambio. CORE20 per-
mite considerar cualquier número de especies quí-
micas acuosas, precipitadas, gaseosas, intercam-
biadas o adsorbidas. La solución de la ecuación del
transporte de calor se utiliza para actualizar las
constantes de equilibrio, dependientes de la tempe-
ratura, y las constantes para el cálculo de los coefi-
cientes de actividad. Además del flujo térmico debi-
do a las entradas de agua se consideran otros
términos fuente/sumidero de calor.

CORE20 ha sido ampliamente verificado con solu-
ciones analíticas de flujo, calor y transporte de solu-
tos conservativos. Dado que no hay soluciones ana-
líticas disponibles para el transporte reactivo, la
verificación de las reacciones químicas tales como
disolución/precipitación, intercambio iónico, com-
plejación en superficie y procesos redox, se ha rea-
lizado mediante la comparación con los resultados
obtenidos con otros códigos de dominio público.
El código se ha aplicado con éxito a la modeliza-
ción de casos reales.
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Abstract

Understanding natural groundwater quality patterns,
quantifying groundwater pollution and assessing the
effects of waste disposal, require modeling tools ac-
counting for water flow, and transport of heat and
dissolved species as well as their complex interac-
tions with solid and gasses phases. This report con-
tains the users manual of CORE2D Version V.2.0, a
COde for modeling water flow (saturated and un-
saturated), heat transport and multicomponent
REactive solute transport under both local chemical
equilibrium and kinetic conditions. It is an updated
and improved version of CORE-LE-2D VO (Samper
et al., 1 988) which in turn is an extended version of
TRANQUI, a previous reactive transport code
(ENRESA, 1995). All these codes were developed
within the context of Research Projects funded by
ENRESA and the European Commission.

CORE20 V2.0 considers chemical kinetics for disso-
lution-precipitation processes and therefore the
suffix LE has been dropped from CORE-LE-2D VO.
In addition, CORE20 V2.0 has undergone a de-
tailed verification of nonisothermal reactive trans-
port routines.

CORE2DV2 is a finite element code which solves for
groundwater flow, heat transport and multi-compo-
nent reactive solute transport under the following
conditions:

1) 2-D confined or unconfined, saturated or un-
saturated, steady or transient groundwater flow
with general boundary conditions (Dirichlet,
Neuman, and Cauchy)

2) chemical equilibrium reactions taking place in
the aqueous phase which include:

(a) Acid-base,

(b) Redox and

(c) Aqueous complexation

3) chemical reactions involving other solid and
gaseous phases such as:

(a) Surface adsorption,

(b) Ion exchange,

(c) Mineral dissolution-precipitation,

(d) Coprecipitation, and

(e) Gas dissolution-exsolution.

Mineral dissolution-precipitation reactions can
be considered either at local equilibrium or
kinetically controlled.

4) radioactive and biodegradation decay chains.

5) transient heat transport considering conduction,
convection and heat dispersion processes.

CORE20 is based on the Sequential Iteration
Approach (SIA) to solve the coupled hydrological
transport processes and hydrogeochemical reac-
tions. In this approach the transport and chemical
equilibrium equations are considered as two differ-
ent subsystems. These subsystems are solved sepa-
rately in a sequential manner following an iterative
procedure. At any given iteration, the chemical
sink/source term is assumed known (or taken equal
to the value at the previous iteration) for the pur-
pose of solving the transport equations. This renders
the differential equations linear which allows the use
of fast numerical methods for solving the linear sys-
tem of equations. After solving the transport equa-
tions, the set of chemical equations is solved on a
node-basis. Solution of these non linear equations is
carried out using Newton-Raphson iterative proce-
dures. After convergence, the chemical source term
is updated. The whole iterative process (trans-
port+chemistry) is repeated until overall conver-
gence is attained. The finite element method is used
for spatial discretization, while implicit, explicit and
general finite difference schemes are used for time
discretization. CORE20 can cope with heterogeneous
systems having irregular internal and external
boundaries. The code can handle heterogeneous
and anisotropic media in:

1) two-dimensional horizontal planes for con-
fined or unconfined flow,

2) two-dimensional vertical planes and

3) three-dimensional problems having axial sym-
metry for confined aquifers and variably satu-
rated porous media.

Both steady-state and transient flow regimes can be
simulated. Prescribed head and water flux as well as
mixed boundary conditions are included. Both point
and areal fluid sources can be specified. In addi-
tion, free drainage boundary condition (unit gradi-
ent type) is allowed for variably saturated flow. Sol-
ute transport processes included in the code are:
advection, molecular diffusion and mechanical dis-
persion. Solute transport boundary conditions in-
clude:

1) specified solute mass fluxes,

2) specified solute concentrations and

3) solute sources associated to fluid sources.

The code can handle the following types of reac-
tions under the local equilibrium assumption: acid-
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base, aqueous complexation, redox, mineral dissolu-
tion/precipitation, gas dissolution/exsolution, ion ex-
change (based on the constant charge model) and
sorption via surface complexation (using the diffuse
double layer model). Contrary to CORE-LE-2D VO,
CORE2D V2.0 can handle kinetically-controlled dis-
solution-precipitation processes and incorporates
the possibility of concentration-dependent selectivity
coefficients for cation exchange. CORE20 can take
into account any number of aqueous, exchanged
and sorbed species, minerals and gases. Heat
transport is solved at each time step. Computed
temperatures are used for updating equilibrium
constants and the constants for calculating activity
coefficients.

The input of aqueous species, minerals, gases, ad-
sorbed species only requires specifying their names.
Thermodynamic data and stoichiometric coefficients
of the reactions are read directly from a database,
using a modification of a subroutine of Steefel
(1993). The code has undergone a major verifica-
tion process especially for non-isothermal reactive
transport.

This report covers the theoretical and numerical as-
pects of the code as well a description of its structu-
re, main features and capabilities. A detailed expla-
nation of input data files is provided. Several verifi-
cation examples are included which illustrate the
capabilities of the code.
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/. Introduction

1.1 Motivation
The assessment of the performance of radioactive
waste disposal facilities requires a quantitative anal-
ysis of the migration of radionuclides away from the
repository. This in turn requires the use of modelling
tools which are able to consider both the transport
of dissolved species as well as their complex interac-
tions with the solid phases of the engineering and
geological barriers. Significant efforts and attempts
have been made during recent years towards the
development of such tools. Most attempts, however,
have addressed the problem by coupling simple
transport codes with chemical equilibrium codes.
The use of more sophisticated codes under realistic
conditions is limited by their enormous computing
requirements. There is a clear need for the develop-
ment of general purpose and numerically efficient
codes that can handle all relevant hydrodynamic,
thermal and hydrochemical processes which are ex-
pected to take place near a nuclear repository.

This report contains the users manual of CORE20

Version V.2.0, a COde for modeling water flow
(saturated and unsaturated), heat transport and
multicomponent REactive solute transport under
both local chemical equilibrium and kinetic condi-
tions. It is an updated and improved version of
CORE-LE-2D VO (Samper et al., 1988) which in
turn is an extended version of TRANQUI, a previous
reactive transport code (ENRESA, 1995). All these
codes were developed within the context of Re-
search Projects funded by ENRESA and the Euro-
pean Commission. TRANQUI was developed within
the context of a Research Project funded by ENRESA
and was carried out jointly by the Department of
Earth Engineering of the Polytechnical University of
Catalonia (UPC) and the Institute of Earth Sciences,
CSIC, Barcelona. The UPC team took the lead on
thermal and hydrodynamic modeling while the CSIC
group took care of the hydrochemical aspects. After
the appointment of Dr. Javier Samper at the
University of La Corufia (ULC) in March of 1993, the
UPC contribution was carried out at the ULC Civil
Engineering School. Some parts of the project were
performed in the context of a CEC Research Contract
of the RADWAS Program (Project FI2W-CT91 -0102).
A Users Manual for TRANQUI was issued in 1 995
(ENRESA, 1995). From then on, the ULC team kept
improving, verifying and extending the capabilities
of the TRANQUI code also within the context of sev-
eral Research Projects funded by ENRESA. The
number and importance of such changes justify giv-
ing a new name to our current code, which is

named CORE-LE. Some of the major changes intro-
duced into CORE-LE VO. (samper et al., 1988)
which are not shared by TRANQUI are:

1) Unsaturated water flow

2) Time varying areal recharge and boundary
parameters for both water flow and solute
transport

3) A thorough verification of nonisothermal reac-
tive transport

4) Anion exclusion for both saturated and unsat-
urated water flow

5) Retardation by means of the Kd concept

6) Radioactive decay chains

7) Gas dissolution and ex-solution

8) Upwinding numerical algorithm for the solution
of advective-dominated transport problems

9) Implementation of several Sequential Iterative
Approaches (SIA) for solving the coupled
transport+chemistry equations.

Samper et al. (1995) present a state-of-the-art on
hydrogeochemical, water flow and reactive solute
transport models and provide the details of the the-
oretical, mathematical and numerical aspects of
this code.

1.2 Program capabilities
CORE2D V2.0 considers chemical kinetics for disso-
lution-precipitation processes and therefore the
suffix LE has been dropped from CORE-LE-2D VO.
In addition, CORE20 V2.0 has undergone a de-
tailed verification of nonisorhermal reactive trans-
port routines.

CORE20V2 is a finite element code which solves for
groundwater flow, heat transport and multi-compo-
nent reactive solute transport under the following
conditions:

1) 2-D confined or unconfined, saturated or un-
saturated, steady or transient groundwater flow
with general boundary conditions (Dirichlet,
Neuman, and Cauchy)

2) chemical equilibrium reactions taking place in
the aqueous phase which include:

(a) Acid-base,

(b) Redox and

(c) Aqueous complexation
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(3) chemical reactions involving other solid and

gaseous phases such as:

(a) Surface adsorption,

(b) Ion exchange,

(c) Mineral dissolution-precipitation,

(d) Coprecipitation, and

(e) Gas dissolution-exsolution.

Mineral dissolution-precipitation reactions can

be considered either at local equilibrium or

kinetically controlled.

(4) radioactive and biodegradation decay chains.

(5) transient heat transport considering conduction,

convection and heat dispersion processes.

CORE2D is based on the Sequential Iteration Ap-

proach (SIA) to solve the coupled hydrological

transport processes and hydrogeochemical reac-

tions. In this approach the transport and chemical

equilibrium equations are considered as two differ-

ent subsystems. These subsystems are solved sepa-

rately in a sequential manner following an iterative

procedure. At any given iteration, the chemical

sink/source term is assumed known (or taken equal

to the value at the previous iteration) for the pur-

pose of solving the transport equations. This renders

the differential equations linear which allows the use

of fast numerical methods for solving the linear sys-

tem of equations. After solving the transport equa-

tions, the set of chemical equations is solved on a

node-basis. Solution of these non linear equations is

carried out using Newton-Raphson iterative proce-

dures. After convergence, the chemical source term

is updated. The whole iterative process (trans-

port+chemistry) is repeated until overall conver-

gence is attained.

The finite element method is used for spatial

discretization, while implicit, explicit and general fi-

nite difference schemes are used for time discre-

tization. CORE20 can cope with heterogenous sys-

tems having irregular internal and external bound-

aries.

The code can handle heterogeneous and aniso-

tropic media in:

1) two-dimensional horizontal planes for con-

fined or unconfined flow,

2) two-dimensional vertical planes and

3) three-dimensional problems having axial sym-

metry for confined aquifers and variably satu-

rated porous media.

Both steady-state and transient flow regimes can be

simulated. Prescribed head and water flux as well as

mixed boundary conditions are included. Both point

and areal fluid sources can be specified. In addi-

tion, free drainage boundary condition (unit gradi-

ent type) is allowed for variably saturated flow.

Solute transport processes included in the code

are: advection, molecular diffusion and mechani-

cal dispersion. Solute transport boundary condi-

tions include:

1) specified solute mass fluxes,

2) specified solute concentrations and

3) solute sources associated to fluid sources.

The code can handle the following types of reac-

tions under the local equilibrium assumption:

acid-base, aqueous complexation, redox, mineral

dissolution/precipitation, gas dissolution/exsolution,

ion exchange (based on the constant charge model)

and sorption via surface complexation (using the

diffuse double layer model). CORE20 V2.0 considers

chemical kinetics for dissolution-precipitation pro-

cesses. In addition, it accounts for radiactive decay

chains. The code is not restricted to specific chemi-

cal species, and therefore can consider any number

of aqueous, exchanged and sorbed species, miner-

als and gases.

Heat transport is solved at each time step. Com-

puted temperatures are used for updating equilib-

rium constants and the constants for calculating ac-

tivity coefficients.

The input of aqueous species, minerals, gases, ad-

sorbed species only requires specifying their names.

Thermodynamic data and stoichiometric coefficients

of the chemical equilibrium reactions are read di-

rectly from a database, using a modification of a

subroutine of Steefel (1993). The database is built

from the EQ3NR database. The data for surface ad-

sorption reactions are implemented in the database.

Kinetic data are read from a kinetic database.

The subroutine for initial conditions is able to calcu-

late the concentration of the initial and boundary

solutions from several given constraints (such as: to-

tal concentrations, equilibrium with respect to min-

erals, specified partial pressure of a gas, electrical

neutrality, etc.). The resulting speciation model is

consistent with the thermodynamic model used in

the calculations. However, since this subroutine has

no pre-Newton-Raphson optimization routines, the

convergence of the iterative procedure is highly de-

pendent on initial guess values.

12
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1.3 Scope
Chapter 2 presents a description of the theoretical
and numerical aspects on which CORE20 is based
on. Its structure, main features and capabilities as
well as the methodology for its application are de-
scribed in Chapter 3. Chapter 4 describes the input
data required to run the program. Output results
are described in Chapter 5. Finally, Chapter 6 pres-

ents several verification examples which illustrate the
capabilities of the model. Preparation of input data
files for these examples is described in detail.

Appendix 1 contains a list of the main variables
used in CORE20 V2. Appendix 2 includes a set of
input and output files for some of the verification
examples. Appendix 3 contains a list of the subrouti-
nes of the code together with a short description of
their purpose.

13
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2. Theoretical, mathematical and numerical aspects of the code

2.1 Groundwater flow and heat
and solute transport

2.1.1 Groundwater flow

2.1.1.1 Aquifer flow
Water flow through porous media is governed by
Darcy's Law which relates water flux q to the gradi-
ent of water pressure p and elevation z through

- k

Here K and Ss represent vertically averaged values
of hydraulic conductivity and storativity, respectively.
The term r represents a fluid sink/source term per
unit surface area. In unconfined aquifers the upper
aquifer limit coincides with the water table. In these
aquifers, the transmissivity T is given by K(h— zb)
and depends on hydraulic head. In addition, the
storage coefficient S becomes.

S=Ss(h-zb) + Sy

(2.1.1) where the specific yield Sy is usually several orders of

where p is water density (mass per unit volume), fi is
dynamic viscosity, k is intrinsic permeability tensor
and g is gravity acceleration. When density changes
are negligible, Darcy's Law can be written in terms
of hydraulic head h as

(2.1.2), = -KVfi

vhere

and

pg

(2.1.3)

(2.1.4)

Here K is the hydraulic conductivity tensor. By com-
bining Darcy's Law and the mass balance equation
one has

V -(KVh)+w=Ss —\ i s df

where w represents fluid sink/sources per unit vol-
ume of medium and Ss is storativity (or specific stor-
age coefficient) defined as the volume of water de-
livered per unit time and unit volume of medium in
response to a unit change of hydraulic head.

When analyzing groundwater flow through aquifers,
it is usual to integrate the flow equation over the en-
tire aquifer thickness, b, defined as the difference
between the top and bottom elevations, z, and zb,
respectively. By so doing, the flow equation be-
comes

V-(7Vh)+r=S
dh

dt
(2.1.5)

where T is the transmissivity tensor, and S is the stor-
age coefficient, which are defined as

p y y y
magnitude greater than the elastic term Ss(h— b

The governing flow equation (2.1.5) must be com-
plemented with appropriate initial and boundary
conditions. Initial heads ho(x,y) are either known or
satisfy steady-state conditions. In the latter case, h0

satisfies the following equation

V-(TVho)+ro = (2.1.6)

where r0 represents the steady-state source term.

At the boundary F of the domain Q, either the head
or its gradient (water flux) are known. Possible
boundary conditions include:

1) Dirichlet condition on F,

h(x,y,t)|r, = H (2.1.7)

2) Neuman condition on F2

3) Mixed condition on F3

(2.1.8)

(2.1.9)

where n is a unit vector orthogonal to F and point-
ing outwards, H and Q are specified heads and
fluxes which may vary in space and time, and a is a
leakage coefficient [LT~^), and F,, F2, and F3 are
pieces of F. By convention, Q is possitive when wa-
ter flows into the aquifer.

2.1.1.2 Variably saturated flow
In variably saturated media, hydraulic head is writ-
ten as the sum of the pressure head W and eleva-
tion z (a form slightly different to Equation 2.1.4),

r i=W (2.1.10)

The pressure head takes on positive values in satu-
rated regions and negative values in partly saturated
regions.
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Similar to groundwater flow in aquifers, the govern-
ing equation for flow in variably saturated porous
media can be derived from mass conservation and
Darcy's Law (Voss, 1984; Galarza, 1993):

where the hydraulic conductivity is the product of
relative conductivity Kr (a function of pressure head)
and saturated conductivity K. The term multiplying
the time derivative of *P in (2.1.1 1) is the storage
capacity which depends on pressure head. The first
term is important in unsaturated regions while the
second (elastic storage) is relevant mostly in satu-
rated regions. Water saturation Sw is defined as the
ratio of volumetric water content 9 to porosity <p,

S = -
" 4>

(2.1.12)

Equation 2.1.11 is highly nonlinear because both
hydraulic conductivity and moisture content are
functions of pressure head. These functions are
characteristic of the porous medium and are usually
derived by fitting known functions to experimental
data. There are a number of such functions in the
literature. Among them, van Genuchten (1980)
equations are the most commonly used. These func-
tions are given by

Kr(W)=JSe[]-(]-

where m and S« are defined as

- S.

(2.1.13a)

(2.1.13b)

(2.1.14)

(2.1.15)

Sr is the residual water saturation, m, n and a(l / L ')
are constants which are obtained by fitting these
functions to experimental data. For values of m
close to 1, parameter a can be interpreted as the
reciprocal of the critical suction head Wc (air-entry
pressure head):

1

which can be derived from porosity and effective
particle diameter d,0 (Bear, 1 972).

There are in the literature several expressions for the
relative permeability as a function of saturation. The
van Genuchten expression of K, presented in Equa-
tion (2.1.13b) is obtained by using Mualem (1976)
model combined with the retention curve of Equa-
tion 2.1.13a (Samper, 1991). Other functions in-
clude that proposed by Irmay (1954)

Kr(Se)=S3 (2.1.16)

which generally leads to good fits to experimental
data for soils of uniform size.

Equation 2.1.1 1 is not only valid for unsaturated re-
gions, but also for saturated regions where both wa-
ter saturation and relative hydraulic conductivity are
equal to 1.

The solution of Equation 2.1.11 requires knowing
initial pressure heads Wo (at t = 0):

W X / z , f = 0 ) = W J X Z J p 1 17)

which vary with horizontal coordinate x and eleva-
tion z (for a 2-D vertical cross-section). At the
boundaries of the flow domain, either the pressure
head or its gradient must be known. Possible
boundary conditions include:

1) Dirichlet condition on F,

2) Neuman condition on F2

(2.1.18)

z ) -n | r 2 =Q (2.1.19)

3) Mixed condition on F3

K, KV(W + z) • n|f3 = a[H - (W + z)] (2.1.20)

where XVU H and Q are specified pressure
heads, hydraulic heads and water fluxes, re-
spectively (they may vary in space and time); n
is a unit vector orthogonal to T and pointing
outwards; and a is leakage coefficient.

4) Free drainage (unit vertical hydraulic gradient)
condition. This condition is commonly used as
a bottom outflow boundary condition where
the water table lies far below the domain of
interest. It is a particular case of a Neuman
conditions where the flux is not specified, but
updated as simulation progresses.

2.1.2 Transport of conservative solutes
Dissolved species in saturated media are subject to
transport and chemical processes. Transport pro-
cesses include:

18
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1) advection,

2) molecular diffusion and

3) hydrodynamic dispersion.

Each of them produces a solute mass flux F (mass of
solutes crossing a unit surface area of medium per
unit time).

Advection refers to solute migration associated to
water flow. Solutes move with water. If water flows
at a specific discharge q (volumetric water flux), the
advective solute flux FA is given by

FA = qc (2.1.21)

where c is solute concentration, usually expressed as
solute mass (gram or mol in reactive solute trans-
port) per unit fluid volume. Solutes migrate at an av-
erage velocity v given by

q
v = —

(2.1.22)

where 6 is volumetric water content which is equal
to porosity <p for saturated media. From (2.1.21)
and (2.1.22) it follows that

FA = 8vc (2.1.23)

Molecular diffusion is a transport mechanism re-
lated to the continuous Brownian motion of solute
and fluid molecules. Molecular diffusion in pure wa-
ter produces a mixing effect which obeys Fick's first
law which states that solute flux due to diffusion FD is
proportional to the concentration gradient Vc:

where Do is the molecular diffusion coefficient in
water. In a porous medium solutes can only diffuse
along fluid pores following tortuous paths. This
means that the molecular diffusion coefficient for a
porous medium Dm is smaller than that for pure wa-
ter. Usually Dm is related to Do through

Dm= 9D0r (2.1.24)

where x is the medium tortuosity. For partially satu-
rated porous media, tortuosity is related to water
content through relationships such as (Simunek and
Suares, 1993)

In some porous materials and especially in clays dif-
fusive transport takes place only in some parts of the
porous space. Ion exclusion may cause that nega-
tively charged ions be repelled from the surface of
the clay particles and therefore these anions may be
excluded from a significant part of the pores, espe-
cially from the smallest pores. This process together
with the mechanism of exclusion caused by size ef-
fects leads to the definition of diffusion accesible

• porosity, <pa, which is smaller than total porosity <p.

In addition to molecular diffusion there is a mixing
phenomenon known as hydrodynamic dispersion
which is caused by medium heterogeneities and
produces both longitudinal and transverse solute
spreading. Actual flow paths are highly irregular.
Some water particles move faster than the average
velocity while others displace more slowly. The over-
all effect of all heterogeneities is a solute spreading
in all directions. Laboratory and field evidence indi-
cates that this phenomenon can be described by
Fick's Law. Therefore, the hydrodispersive flux FH

can be described as

FH = -6DhVc (2.1.26)

where Dh is the hydrodynamic or mechanical disper-
sion tensor. Its principal directions coincide with the
flow direction and its normals. The component
along the flow direction DL is the largest and is
given by

DL = aL\v (2.1.27)

while the smallest components DT occur along the
transverse directions and are given by

DT = ar[ (2.1.28)

where |v| is the modulus of the velocity vector v, and
aL and <2T are the longitudinal and transverse
dispersivities which are characteristic parameters of
the medium.They have dimensions of length and
measure the scale of the spatial heterogeneities.

Dh is a symmetric tensor whose components in two
dimensions are:

D = (2.1.29a)

Therefore, the diffusive flux in porous media is given
by:

FD = -6DOTVC (2.1.25)

(2.1.29b)

(2.1.29c)
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For practical purposes, the effects of molecular dif-
fusion and hydrodynamic dispersion are usually
lumped in a single dispersion tensor D which takes
the form:

OD = /D_ + 6D,

vhere 1 is the identity tensor.

(2.1.30)

The equation governing solute transport through
porous media is derived from the principle of mass
conservation. This principle states that for any refer-
ence elementary volume of medium, the net flux
plus sink/source terms must be equal to the time
rate of change of the solute mass contained in the
reference volume. Solute mass per unit volume of
medium is equal to 6c. The net solute flux is given
by minus the divergence of the total flux vector.
Therefore, mass conservation leads to the following
equation:

-V-(FA+FD
a(flc)

dt
(2.1.31)

where V • () is the divergence operator which when
applied to a vector F of components {Fx,Fy,Fz) is
equal to

V . ( F ) = ^ + ^ + ^ (2.1.32)
dx dy dz

Substitution of mass fluxes FA (Equation 2.1.21), FD

(Equation 2.1.25) and FH (Equation 2.1.26) into the
continuity Equation 2.1.31 and taking into account
(2.1.30) leads to

V - ( 0 D V c ) - c V - q - Vc-q =
d(9c)

dt

Solute sinks and sources are added to the
left-hand-side of this equation. For a fluid source of
water flux w (per unit volume of medium) having a
concentration c*, and a solute sink/source term R
(solute mass added per unit time and unit fluid vol-
ume) the transport equation becomes

V • (0DVc)- q • Vc + w(c * - c ) + 6R =

dt
(2.1.33)

where the following identity, which derives from the
flow equation (by disregarding time variations in
water density), has been taken into account

- V - q
dt

c = 0 (2.1.34)

The solution of the transient solute transport equa-
tion requires knowing:

1) Transport parameters which include: porosity,
<j>, molecular diffusion coefficient Do, tortuosity,
r, and dispersivities {aL,a1).

2) Sink/sources: w, c* and R.

3) Initial conditions: c0 (x, y) at t = t0

4) Boundary conditions

The initial condition CQ is either known or can be ob-
tained from the solution of a steady-state transport
problem such as

V • (0oDVco)- qoVco + wo(C; - co) +

+ 90R0 = 0 (2.1.35)

At the boundary of the domain, either concentration
or a function of its gradient must be known. Possible
types of boundary conditions include:

1) Dirichlet condition. The points lying at this part
of the boundary, F,, satisfy the following con-
dition

c|ri = c~ (2.1.36)

where cf is a known and specified concentra-
tion, which may vary in space and time.

2) Neumann condition. Let n be the unit vector
normal to F2, the part of F at which the
dispersive flux FD is known. This type of condi-
tion states that the component of the dis-
persive flux normal to the boundary is given by

-<9DVc-n|r2=Fo (2.1.37)

This condition is commonly used at impervious
boundaries where FD is equal to zero.

3) Cauchy mixed condition. Some parts of the
boundary, F3, may have a condition in terms
of the total mass flux:

(-eDVc+qc)-n\r3=FQ (2.1.38)

The imposed flux is given by Fo. Usually Fo is
taken equal to the advective flux cq-n.

The solute mass flux at outflow boundaries is
usually taken as the product of the water flux
q-n times the concentration c of the flowing
water. In this case, F0=cqn and therefore the
boundary condition reduces to

-0DVc • n | r = 0 (2.1.39)

which is a particular case of (2.1.37) with FD = 0.
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All types of boundary conditions can be written in
the following general closed form:

- 0 D V c - n = j3(c- (2.1.40)

where /3 is a parameter that controls the type of con-
dition. For Neumann conditions /? = 0. While for
Dirichlet conditions /?-»<» and FD=0. At outflow
boundaries FD = 0 and fi = 0 while at inflow bound-
aries FD = 0 and fi = q-n.

When the transport equation is integrated over
aquifer thickness, b, the result is

V-(6»bDVc)- bqVc + r(c' -c)+b8R =

= b0— (2-1-41)
dt

where r is the fluid source term per unit surface area.

2.1.3 Transport of solutes with decay
Dissolved species in porous media can be subject to
chemical and biological degradation as well as to
radioactive decay. In this case, it is necessary intro-
duce these processes into the transport equation.
The formulation described here refers to radiactive
decay chains although it can be used for other lin-
early decaying processes.

In a radiactive chain a species decays producing
another species. This new species can in turn decay
into another species. Therefore, in general one has

where P is the original or father species and D and
E are the fisrt and second species of the chain. The
time variation of species D is given by:

* » = k -x c (2 1 42)
dt

where cP is the concentration of the father species
which in the absence of other transport and chemi-
cal processes obeys the following equation:

cP = Cpexp(-/lpf) (2.1.43)

where Cp is the initial concentration and X? is the de-
cay constant of reaction. Introducing radiaoctive de-
cay in (2.1.42) into the transport equation (2.1.41)
of the species D, one has:

V • (6bDVcD) - bqVcD - c ) - lDb8cD

= b8^ (2.1.44)

2.1.4 Transport of solutes suffering
exclusion

Ion exclusion is a process by which negatively
charged ions are repelled from the surface of clay
particles. These anions are excluded from a signifi-
cant part of the pores, and especially from the
smallest pores. This process together with the mech-
anism of exclusion caused by size effects has led to
the definition of diffusion accesible porosity. These
exclusion effects are known to be relevant for Cl',
and I" . Since anion exclusion leads to a reduction
on accesible porosity, its effect on a system with
advective transport is that the anion tends to move
faster than the average water velocity. This is termed
sometimes as a negative sorption. The fraction of
total porosity accesible to the solute is called
accesible porosity. For a species suffering exclusion
one has,

8C = 0 r (2.1.45)

where A,D is the decay constant of species D.

where 9a is the water content accesible to the solute
and ca is the concentration of in the accesible water.
In a partly saturated media 0a can expressed as:

0 a = # - 0 + 0o (2.1.46)

where (|)a is the accesible porosity. This expression as-
sumes that 8a varies linearly with 9. The transport
equation for a species suffering exclusion is given by:

V • (8abDVc0) - bqVc0 + r(c'a - c0) +b9oR =

= b8a
df (2-1.47)

One can see that in this case porosity is a sol-
ute-dependent parameter which must be determined
from advection and dispersion experiments. The
tortuosity of species suffering exclusion is given by:

r = ^ ^ (2.1.48)

2.1.5 Heat transport
Heat transport in porous media is governed by four
separate mechanisms:

1) conduction in the solid matrix,

2) transport by the fluid phase (advection),

3) conduction in the fluid phase, and

4) heat exchange between the two phases de-
pending on their temperature difference.
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The first phenomenon would produce a heat equa-
tion relative to the mean temperature Ts of the
solid. The second and third would resemble the
dispersion equation for the fluid with the fluid tem-
perature T playing the role of the concentration.
The fourth would be related to the exchange mech-
anisms between the solid and the liquid phase.
However, in practice, except for a few cases, it can
be safely assumed that the temperature of the solid
and that of the fluid become identical almost at
once, and that there is only one temperature T in
the porous medium. All the theory on solute trans-
port can then be applied to heat transfer in po-
rous media. A single temperature is calculated for
the porous medium. Heat transport processes in-
clude advection in a manner similar to that of the
solutes and dispersion. Pure conduction in the two
phases, solid plus liquid, takes the place of molec-
ular diffusion, while the heterogeneity of the real
velocity gives rise to an anisotropic "fictitious ther-
mal conductivity", equivalent to the mechanical
dispersion, which experience shows to be a linear
function of the modulus of the velocity vector (de
Marsily, 1986).

The principle of heat conservation (analogous to the
solute mass balance) for a saturated porous media is:

V • (AVT - | f + (1 - <P)pfs ̂  =

dt
(2.1.49)

where X is the thermal conductivity tensor, T is tem-
perature, (j> is porosity, pw is water density, cw is spe-
cific heat of the water, ps and cs are the mass per
unit volume and specific heat of the solid, respec-
tively, and pm and cm are the mass per unit volume
and specific heat of the whole porous medium (wa-
ter plus solid) so that pmcm = <ppv,cw + ( 1 - <p) pfs-

The tensor of thermal conductivity A combines the
isotropic conductivity Xo of the porous medium (wa-
ter plus solid) in the absence of flow and a term for
the heat dispersivity linked to the heterogeneity of
the velocity, which is a linear function of this ve-
locity de Marsily (1986) suggests using Darcy's
velocity q multiplied by the volumetric heat capac-
ity of the water pwcw so that the proportionality co-
efficient has the dimension of length like the
macrodispersivity in the case of dispersion. In the
longitudinal and transverse axes linked to the ve-
locity, one has

(2.1.50)

where ̂ L and/?T are the longitudinal and transversal
thermal dispersivities, respectively. At other direc-
tions, the components of the A tensor are given by

(2.1.51a)

kl

(2.1.51b)

It is possible to write these equations and those of

solute transport into comparable expressions in order

to bring out the similarities of the dispersion coeffi-

cients. For this purpose, temperatures and concentra-

tions can be written in dimensionless form as follows:

J _ 'min
D ~ T - 7

(2.1.52)

where cD and TD denote dimensionless concentra-
tion and temperature, respectively and cmin, cmox, Jmim

and Tmm are appropriate minimum and maximum val-
ues of c and T.

In terms of Darcy's velocity the solute transport

equation (by ignoring sink/source terms) is

V- (6>DVc)- V - ( q c ) = < 9 — (2.1.53)
dt

where the principal component of D is given by

0Dt = Dm + at|q| (2.1.54)

For heat transport, Equation 2.1.49 can be rewritten
as:

(2.1.55)
P^w dt

where, according to Equation 2.1.50, one has:

^ - = - ^ - + &M (2.1.56)

These equations can also be written in terms of the
velocity of the advancing convective front for solutes
v and heat q*. Neglecting space derivatives of the
porosity, one has:

at

hit DL = ^ f (2.1.57)
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with
Pnfm PnCm

(2.1.58)

In these equations, the velocities of the average
front of solutes and heat are:

v = — and (2.1.59)

A summary of the main analogies between solute
and heat transport parameters is contained in Table
2.1. The full analogy between the two phenomena
allows one to solve heat transport using the solute
equation. The apparent solute transport parameters
needed for solving heat transport are those listed in
the right-side column of Table 2.1.

2.2 Chemical reactions

2.2.1 Mathematical formulation
of chemical reactions

A chemical system is made up of a set of atomic
constituents or elements. A chemical species is de-
fined as any chemical entity distinguishable from the
rest due to (1) its elemental composition, and (2) by
ihe phase at which it is present. For instance, gas-
eous CO2 is a different species than dissolved CO2-

Not all species are needed to describe fully the ch
e-mical system. The subset of species which is strictly

necessary is made up of what are known as compo-
nents. These components can be chosen arbitrarily
among all species. Although the NE atomic constitu-
ents could serve as a set of components, they are
never used as such because the constituents them-
selves are rarely present in aqueous phases. For this
reason, it is more convenient to select as components
a subset of Nc chemical species. These species are
also known as the primary species.

CORE2D allows the user to define a set of aqueous
species in the database as a primary species. The
code checks that this set of species are initially inde-
pendent and are able to form together with the
sorbed primary species the rest of species (such as
secondary species or aqueous complexes, minerals,
gases and surface complexes) as a linear combina-
tion of primary species.

(2.2.1)

where Q? and Qe
: are the chemical formulae of the

j-th secondary species and the i-th primary species
respectively; v~ is the stoichiometric coefficient of the
i-th primary species in the dissociation reaction of
the j-th species and Ns is the total number of sec-
ondary species.

2.2.2 Chemical equilibrium
CORE20 assumes local equilibrium among all the

chemical species of the system. At a given pressure

and temperature, the Gibbs free energy of the system

Table 2.1
Summary of analogies between solute and heat transport parameters.

Solute

Concentration c

Water content 9

Solute dispersivities

aL,aT

Molecular Diffusion Dm

Convective velocity

q

e

Heat

Temperature T

Prfm
P«c«

Thermal dispersivities

Pi. Pi

K
P«-Cv,

Convective velocity

P«c« -,
P m c m

W
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reaches a minimum, and the system cannot sponta-
neously carry out any chemical work. The derivation
from this principle of equilibrium (Denbigh, 1987)
leads to the well known Mass-Action law expression:

Nr

\(P.T) (2.2.2)

where K, is the equilibrium constant which depends
on the pressure and temperature of the system, a;
and Oj are the thermodynamic activities of the i-th
and j-th species, respectively, Nc is the total number
of primary species and Vji is the stoichiometric coeffi-
cient of the i-th primary species in the dissociation
reaction of the j-th species. As a convention the
stoichiometric coefficients are positive for species on
the right hand side of the reaction, and negative for
those on the left hand side. The reactions are always
written as the dissociation of one mole of secondary
species.

2.2.3 Aqueous complexation reactions
The continuous motion of dissolved ions together
with their large number per unit volume cause nu-
merous collisions making possible the formation of
ion pairs and/or dissolved complexes which usually
have an ephimerous live (on the order of 10"10 s).
Since these reactions are almost instantaneous, they
can be effectively considered as equilibrium reac-
tions. The equilibrium constant relates the average
number of ions pairs or complexes which are being
formed. Applying the Mass-Action Law to the disso-
ciation of the j-th secondary species, one has:

(2.2.3)

where a, and a, are the thermodynamic activities of
the species j and i, respectively, and vi; is the stoi-
chiometric coefficient of the i-th primary species on
the j-th species. This equation allows one expressing
the concentration of secondary species x, in terms of
primary species concentrations q according to:

TE< (2.2.4)

where Xj and q are molal concentrations (mol/kg
water) and y, and y, are thermodynamic activity co-
efficients.

2.2.3.1 The activity coefficient of aqueous
species

For non-concentrated solutions (less than 1 mol/kg)
the value of the activity coefficient of the i-th aque-

ous species can be calculated according to the ex-
tended Debye-Huckel formula:

(2.2.5)

where I is the ionic strength of the solution; z, and a,
are the electric charge and the ionic radius in solu-
tion of the i-th species, respectively; A and B are
constants which depend on temperature and dielec-
tric constant of water, and b is a constant deter-
mined from fitting experimental data. The values of
A, B and b at different temperatures are tabulated in
Helgeson and Kirkham (1974). The value of the
ionic strength is calculated as:

(2.2.6)

The activity of water can be calculated according to
the approximation of Garrels and Christ (1 965):

JH2O = 1 - 0.018]Tc; (2.2.7)

where i includes all the species in solution except
water. The expressions of log y, and aH2O are only
valid for diluted solutions (I < 0.1 M).

2.2.3.2 Total solute concentration
Accordingly, the total dissolved concentration of a
given component Q can be written in an explicit
form as a function of the concentration of the Nc

primary species:

(2.2.8)

where Nx is the number of secondary species. No-
tice the difference between the concentration of pri-
mary species ck and the total concentration Q.

As shown before, the chemical composition of an
aqueous system containing NE species can be ex-
pressed in terms of the concentrations of Nc com-
ponents (primary species). This is of great relevance
for reactive solute transport modeling because in-
stead of NE transport equations only Nc equations
have to be solved. The concentration of the Nx sec-
ondary species can be explicitly computed from the
concentrations of primary species. This results in a
significant reduction of computing time.
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2.2.4 Acid-base reactions
These reactions include those involving the transfer
of protons H+. Proton concentration in the solution
is obtained by defining a new variable measuring
the proton excess or total proton concentration, CH,
which is defined as:

(2.2.9)

2.2.5 Redox reactions
The transfer of electrons between two different at-
oms changes their chemical valence. This transfer is
known as an oxidation-reduction reaction.

The redox potential of a chemical system can be de-
scribed by means of redox pairs such as O2/H2O,
S O f / H A Fe3VFe2+, CO2/CH4/ etc... Usually, the
redox potential is governed by the most abundant
redox pair. Even though this approach seems to be
the most adequate, it is rarely used due to the diffi-
culty of obtaining the analytical concentrations of
the two species of a redox pair.

Among the different alternative approaches to de-
scribe redox reactions the external approach consid-
ers hypothetical electron activity as an aqueous
component or a master species. Contrary to the
protons, which exist in reality as dissolved species,
the electron concentration is a hypothetical variable.
The definition of this virtual concentration is useful
because it allows to complete the redox half-reac-
tions and treat them as the rest of the chemical re-
actions in the aqueous phase. Each half redox reac-
tion is completed by adding electrons as transfer-
able species. The activity coefficient of this hypothet-
ical species is assumed to be equal to one. It is
possible then to define the total electron concentra-
tion CP as:

(2.2.10)

where ce is the "free electron concentration" and v]e

is the stoichiometric coefficient of the electron in j-th
half-redox reaction.

Similar to acid-base reactions, the total concentra-
tion Ce represents the net electron balance or "elec-
tron excess" for all redox reactions. Thus, Ce may
take on possitive or negative values. In this way, re-
dox reactions can be treated in the same way as the
rest of equations.

Once the "free electron concentration", Ce, is
known, the calculation of other redox indicators,
such as the counter-part species of a redox pair, the
concentration of disolved oxygen (O2(aq)), or the
fugacity of oxygen gas (O2(g]), can be easily calcu-
lated by considering them as secondary species
(Equation. 2.2.4.).

2.2.6 Cation exchange
Cation exchange takes place when free cations in
solution exchange with interlayer cations. This pro-
cess can be described as an equilibrium reaction
between an exchangeable cation and an exchange
site. The equilibrium constant is usually known as
the exchange coefficient because its value depends
on the ionic strength of the solution. A general ex-
pression for cation exchange reactions according to
the Gaines-Thomas convention is (Appelo and
Postma, 1993):

where v, and v-t are the stoichiometric coefficients
(equal to their charges) of dissolved and interlayer
cations, respectively; S; and S; denote dissolved
cationic species and (X,, — S() and (X,, — S() repre-
sent exchange sites or exchange interlayer cations.
The equilibrium equation for cation exchange is ob-
tained from the Mass-Action Law:

K'.=
-a]

(2.2.12)

where K~ is the exchange coefficient or selectivity, a,
is the activity of the j-th dissolved species and w, is
the activity of the i-th exchanged species. Activities
of dissolved cations ore related to concentrations
according to the Debye-Huckel theory as described
in Section 2.2.3.1. Activities of interlayer cations are
approximated by their equivalent fractions of the
number of exchange sites. Thus, the activity of the
interlayer cation w. is assumed to be equal to its
equivalent fraction /?;, and is calculated as:

w
™, = P, = i^- ( 2 - 2 - 1 3 )

where w; is the concentration of the i-th interlayer
cation and Nw is the total number of such inter-
layer cations. The sum of concentrations of surface
sites or interlayer cations is the so-called cation
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exchange capacity (CEC). Substituting Equation
2.2.13 into 2.2.12 yields the general equation for
cation exchange:

(2.2.14)
K" =

where the activity of each dissolved species a, has
been expressed as the product of its concentration c,
time its activity coefficients yr From this equation,
the equivalent fraction of the j-th interlayer cation
can be expressed as

A \=\2,...,Nw (2.2.15)

From the definition of equivalent fraction, one has:

= 1 (2.2.16)

Substituting Equation 2.2.15 into 2.2.16 results in:

= 1 (2.2.17)

which for given dissolved concentrations q can be
solved for the single unknown fir This equation is
quadratic when cation exchange involves only
homovalent and divalent cations. However, when
cation exchange involves also trivalent cations a cu-
bic equation is obtained. Once the equivalent frac-
tion /3j is known the rest of exchange fractions can
be calculated from Equation 2.2.15. The selectivity
coefficient could depend on equivalent fractions
and not be constant. So this coefficients could be
calculated with the experimental exchange isotherm.
The expression of the exchange isothermal is a poly-
nomial function defines the napierian logarithm of
selectivity coefficient with equivalent fractions:

where a, b, c and d are parameters of polynomial
function. It is necessary apply a Newton-Raphson
method to resolve the Equation 2.2.1 7.

The concentration of the i-th exchanged cation w, (in
moles per liter of fluid) can be obtained from the i-th
equivalent fraction according to Equation 2.2.13
through:

(2.2.18)

where CEC is the cation exchange capacity (usually
measured as the number of miIIi equivalents of cat-
ions per 100 gram of solid), <j> is t n e porosity, ps is
the density of the solids (Kg of solids per dm3 of sol-
ids) and Zj is the cation charge.

There are conventions for cation exchange which are
included in CORE2D such as that of Gapon in which
the activities of exchanged species are taken equal to
their molar fraction (see Appelo and Postma, 1 993).

2.2.7 Adsorption
Many minerals such as metal oxides, hydroxides
and layered silicates (AI2O3, TiO2, FeOOH, SiO2,
kaolinite, etc.) exhibit electrically charged surfaces in
the presence of natural waters. These surfaces con-
tain ionizable functional groups (ex.: silanol groups
in hydrated silica: Si-OH), being responsible for
chemical reactions at the surface.

2.2.7.1 The surface electric potential
The sorption of solute at the solid surfaces are de-
scribed as chemical reactions between the aqueous
species and specific surface sites (surface complexa-
tion). These surface reactions include proton ex-
change, cation binding and anion binding via ligand
exchange at surface hydroxil sites (represented here
as XOH to avoid confusion with other chemical spe-
cies). For example, the sorption of a metal could be
represented as:

XOH + Mz+ = XOMZ*' +H+

At equilibrium the sorption reactions can be de-
scribed by the equation:

[XO/Vlz:

[XOMta
(2.2.19)

where Kin,r is the equilibrium constant related to the
chemical reaction, usually referred to as the intrinsic
constant (Dzombak and Morel, 1990), a denotes
thermodynamic activity of aqueous species and the
terms in brackets represent the concentration of sur-
face complexes (mol/kg).

In aqueous complexation reactions the electric
charge is assumed to be homogeneously distributed
in the solution. However, surface reactions take place
on a fixed charged surface which creates an electro-
static field. An additional energetic term accounting
for the work needed for the aqueous species to
travel across the surface electric field is required:
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K = K e RT [99 901
^ads l s intr c [Z..Z.ZU)

where R is the gas constant (8.314 J/mol/K) and T
the absolute temperature (K), Kads the apparent
equilibrium constant of the overall adsorption pro-
cess, Az is the change of the reaction and Kintr do
not depend on the surface charge. Although the
contribution of the electrostatic term to the total
sorption energy is not determined experimentally, it
is useful to take into account the variations of sur-
face charge effects on surface complexation reac-
tions. In Equation 2.2.20 the thermodynamic activi-
ties of the surface complexes are substituted by their
concentrations. This is based on the assumption that
all non ideal behavior of the surface species is at-
tributed to the mean surface potential and is ac-
counted for by the electrostatic term.

By considering the electrostatic term in the equilib-
rium formulation, a new unknown, the mean surface
potential, ip0, is introduced. A new equation to find
the solution of the problem is, therefore, required.

Several theoretical models describe the value of the
capacitance of the surface, i.e., the relationship
between the mean surface potential and the charge
density. In increasing order of complexity, these mod-
els are: the constant capacitance model, the diffuse
double layer model and the triple layer model. A dif-
fuse layer model is implemented in CORE20.

2.2.7.2 Diffuse layer model
The diffuse layer model has been fully described by
Dzombak and Morel (1990) and applied to adsorp-
tion of metals on iron oxide surfaces. In this model
the solid-water interface is composed of two layers:
a layer of surface-binded complexes and a diffuse
layer of counter ions in solution. All sorbed ions are
assigned to a surface layer, whose surface charge is
calculated according to:

(2.2.21)

where F is the Faraday constant (C/mol), A is the
specific surface area (dmVdm3 solution), zk and yk

are the charge and the concentration of the k-th ad-
sorbed species (mol/dm3), respectively; and Ny is
the number of species adsorbed.

The relationship between the surface charge and the
potential can be calculated from the Guy-Chapman
theory.

od = {8RTes0l)
V2s\nh{Fyjd / 2RT) (2.2.22)

where £ is the dielectric constant of water, e0 the
permitivity of free space (8.854x1 013 C/V/dm), and
I the ionic strength of the solution (mol/dm3). The
value of the dielectric constant of water, e, is calcu-
lated from a polynomial fitting of the values of £ at
different temperatures referred to in Helgeson and
Kirkham (1974).

It is common the use of a linearized Equation
2.2.22 for low values of the potential:

ad = (2.2.23)

where 1/k (dm) is the double-layer thickness which
is given by:

(2.2.24)
20F2

Therefore, in the difuse-layer model the value of the
capacitance C relating the surface charge and the
potential can be calculated based on theoretical
considerations instead of being an experimental fit-
ting parameter.

2.2.7.3 Mathematical formulation of adsorption
reactions

Lets us consider the following surface desorption re-
action:

XOHzl' = XOH + A/T - H+

According to Equations 2.2.19 and 2.2.20, the
equilibrium constant of the reaction will be:

[XOHz;

[XOM]aHt
(2.2.25)

In order to represent the adsorbed species, an addi-
tional set of Ns sorbed primary species has to be
added to the initial set of Nc aqueous primary spe-
cies. The new primary species are (for Ns = 2):

S l ~ '-XOH

s2= exp{-Fip0 /RT)

The concentration of a surface complex, y, (mol/dm3)
can be expressed in terms of the concentration of
the two sets of components:

y, = ' (2-2.26)

where K, is the equilibrium constant of the desorption
reaction, Nv the number of surface complexes, and
vs~ is the stoichiometric coefficient of the j-th com-
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plex on the i-th additional sorbed primary species,
which takes the following values:

I.XOH

where z-t denotes the electrostatic charge of the sur-
face complex.

2.2.7.4 Adsorption with distribution coefficient
Sorption can be modelled using the Kd approach
which assumes that there is a fast and instanteneous
chemical equilibrium between dissolved and sorbed
species. In addition, the concentrations of sorbed, s,
and dissolved species, c, are assumed to be related
by the distribution coefficient Kd according to

s = Kd c (2.2.27)

In this case, sorption can be included directly into
the transport equation by introducing the retardation
coefficient Re by means of:

• bDVc) - bqVc + r[c * - c) + bOR =

dc
S dt

(2.2.28)

vhere Re is given by:

Re= 1 + (2.2.29)

where pd is the dry density of porous media which is
related to density of the solids pr by:

pd = pr(\-4>) (2.2.30)

If a species suffers simultaneously linear sorption and
exclusion, the retardation coefficient is given by:

Re = 1 + (2.2.31)

2.2.8 Dissolution-precipitation reactions
Under equilibrium conditions, dissolution-precipita-
tion reactions can be described by the Law of Mass
Action which states that

(2-2-32>

where Xm is the molar fraction of the m-th solid
phase, Am is its thermodynamic activity coefficient
(Xm and Am are taken equal to 1 for pure phases), q
and yt are the concentration and activity coeficient

of the i-th species, vp
mi its stoichiometric coefficient in

the dissolution reaction of the m-th solid phase, and
Km is the corresponding equilibrium constant.

The equilibrium condition provides a relationship
among the concentrations of the involved aqueous
species. The mass transfer needed to achieve this
condition is not specified. In fact, the equation does
not include the concentration of the m-th solid
phase, and therefore the amount of dissolved/pre-
cipitated mineral cannot be computed explicitly. This
is an important feature of this type of reactions that
is not shared neither by homogeneous reactions nor
by the rest of heterogeneous reactions.

2.2.9 Reactions with other fluid phases
For reactions involving aqueous and gas, phases
the mass action law states that

where pf is the partial pressure of the f-th species in
the gas phase, Ff is its activity coefficient, q and y,
are the concentration and activity coefficient of the
i-th dissolved primary species, respectively, vb is the
stoichiometric coefficient of the f-th gas on the i-th
species and Kf is the equilibrium constant of the re-
action. For low pressures (in the range of atmo-
spheric pressure), the gaseous phase behaves like
an ideal mixture. Under these conditions, the activity
coefficient Ff is equal to 1 and the partial pressure
pf is in turn equal to the total pressure times the mo-
lar fraction X(. The partial pressure pf can also be
computed as pf = [f]RT, where [f] is the molar con-
centration of the f-th species in the gaseous phase.

2.2.10 Number of phases in the system
The description of the chemical system requires
knowing the number of phases which besides the
aqueous phase include all possible minerals. Some
minerals are known to be initially present. Others,
however, may form due to the hydrochemical evolu-
tion of the system. The formation of the latter must
obey the principle of minimun free energy G. The
change of the free energy G with the progress of the
reaction §m is related to the saturation ratio Qm

through

^-=2303RTSm (2.2.34)

where the saturation ratio is the ratio between the
ion activity product and the solubility product:
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(2.2.35)

The log £2m value is known as the saturation index Slm.

The system reaches the minimun free energy at
equilibrium when Qm = 1 (or Slm = 0). Saturation ra-
tios Qm greater than 1 (Slm > 0) indicate that the sys-
tem will evolve so that the m-th mineral precipitates.
On the contrary, when Qm <1 (Slm <0) the mineral
will tend to dissolve. This means that the mineral
phases that can participate are those already present
initially plus other potential minerals having Qm values
greater than 1. However, the phase rule states that at
given pressure and temperature the number of phases
cannot exceed the number of components Nc. In such
cases, only the minerals having the largest Qm va -
ues are retained as phases. Similarly, when a mineral
being dissolved is exhausted it must be excluded from
the list of mineral phases.

2.2.11 Kinetics of dissolution-precipitation
When dissolution-precipitation reactions are slow
compared to other relevant transport and geochem-
ical processes they have to be analyzed kinetically.
In this case, these reactions cannot be considered in
local equilibrium.

The general kinetic rate expression of mineral disso-
lution/precipitation used in CORE20 is given by:

Nc+Nx

<•„ , = "1 ~ ^ (2-2.36)

where:

Eg,,,

Nk

is the dissolution/precipitation rate (Mol/m2/s).

is a function which can take a value of 1 or
-1 depending on whether the saturation in-
dex defined in Eq. 2.2.35 is greater or
smaller than 1. It is equal to 1 for dissolu-
tion and -1 for precipitation. At equilibrium
(Qm=l), and rm = 0

is the ratio between the ionic activity prod-
uct and the equilibrium constant (as de-
fined in Eq. 2.2.35)

is a thermodynamic factor, which takes into
account the apparent activation energy of
overall reaction process Eam (KJ/Mol).
R(KJ/Mol-K) and T(K) are the gas constant
and absolute temperature, respectively.

is the kinetic reaction number for the m-th
mineral. It is equal to 1 if the rate contains
only one term.

Kmk:

Nr+Nx

is the kinetic rate constant of the k-th ki-
netic reaction of the m-th mineral
(Mol/m2/s).

is a factor which accounts for the cata-
lytic effect of some species (normally for
H+). If the catalytic effect is disregarded
this term is equal to 1, pmki = 0 where
pmki is a dimensionless parameter for
the i-th aqueous species of the m-th
mineral in the k-th kinetic reaction,
which is usually determined by experi-
ments and is the activity of i-th aqueous
species.

NC,NX: are the number of primary and second-
ary species, respectively.

^mk'̂ mk1 a r e parameters of the k-th kinetic reac-
tion for the m-th mineral, which are
usually determined by experiments.

For the i-th primary (independent) aqueous species,
the source/sink term r, (Mol/m3/s) associated to
kinetically-controlled reactions is given by:

(2.2.37)

where rm is the mineral dissolution/precipitation rate
(A/1o//m2/s) of the m-th mineral and Am is the spe-
cific surface of m-th mineral (usually expressed as
the surface of mineral per unit volume of medium).

2.3 Numerical solution methods
In this section we present the numerical methods
used to solve the coupled flow and transport equa-
tions and the chemical equations. We first describe
the numerical methods for solving the partial differ-
ential equations of water flow, solute transport and
heat transfer. Computations needed for solving the
chemical equations are described in Section 2.3.2.
The sequential iteration method is discussed in Sec-
tion 2.3.3.

2.3.1 Numerical solution of the flow
and transport equations

Prior to the solution of the heat and solute transport
equations one has to solve the groundwater flow
equation. For general transient conditions, this is a
parabolic equation that can be solved adequately
by Eulerian fixed-grids numerical methods such as
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finite differences and finite elements. The latter pro-
vide more flexibility to cope with irregular bound-
aries and geometries. This is one of the reasons why
we have selected the finite elements method to solve
the flow equation. This equation is linear for satu-
rated confined aquifers. In watertable aquifers both
transmissivity and storage coefficient depend on hy-
draulic head what causes the flow equation to be-
come nonlinear.

2.3.1.1 Aquifer flow
In the finite element (FE) method the exact solution
h(x,y,t) is approximated by a numerical solution
hN(x,y,t) having the following form

(2.3.1)

where hm(t) is the head at node m and time t and
§m(x,y) are N basis functions which are linearly inde-
pendent in the flow domain. For convenience, each
basis functioni £m(x,y) s defined so that they take a
value of 1 at node n and zero at all other nodes,
that is,

where dnm is the Kronecker's delta function.

The spatial domain Q is divided into a set of elements
(usually triangles) whose vertices are the nodes of
the grid.

The FE solution is defined by the values of h at the
N nodes of the grid hm(t). Between the nodes the nu-
merical solution depends on the nature of the inter-
polation functions £m(x,y) also known as basis func-
tions. If they are linear, the numerical solution is
piece-wise linear. For triangular elements, the nu-
merical solution inside each element describes a
plane defined by the head values at the three verti-
ces of the triangle.

The numerical solution hN is an approximation of
the exact solution h(x,y,t) which satisfies the flow
equation

L[h)= V - ( T V r i ) + r - S — = 0 (2.3.2)
dt

The numerical solution hN does not fully satisfy Equa-
tion 2.3.2. It leads to a mass balance error e(x,y,t)

-iLN

L ( h N ) = V - ( T V h N ) + r - S — = e * 0 (2.3.3)
dt

This error is caused by the spatial discretization pro-
cess.

In the finite element method the numerical solution
is derived by imposing that the errors £(x,y,t) be or-
thogonal to some appropriate weighting functions,
wn(x,y) that is,

/L(£)w> = (2.3.4)

where the integral is extended over the whole do-
main Q.

The Galerkin finite element method is based upon
adopting as weighting functions the same set of ba-
sis functions. Therefore, from Equations 2.3.3 and
2.3.4, it follows

In CORE20, elements are triangles and basis func-
tion £n(x/v) a r e linear. These simple functions are of-
ten sufficient to achieve satisfactory results for solv-
ing the flow equation. Notice that if £n are linear,
their first order derivatives are constant and there-
fore their second order derivatives cancel out. Terms
such as the divergence of heads vanish. To over-
come this problem, the integral of the first term in
Equation 2.3.5 is rewritten by using Green's first
identity together with the divergence theorem.
Green 's first identity states that for any vector f

-Jj-V^dx (2.3.6)

Applying the divergence theorem to the first term on
the right-hand-side leads to

JQV-f^dx=/rf-<dr-JQf-V§ncix (2.3.7)

For, f =TVh, this identity can be applied to the inte-
gration of the first term in Equation 2.3.5. The result is

/ r (TVhf • n§noT - fQ (TVh)N

(2.3.8)

Taking into account that hN is given by Equation
2.3.1 and using the general boundary condition

(TVh)-n=-q -n=a(H- k) + Q (2.3.9)

the finite element equations become
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+ Q

(2.3.10)

In this expression, all the integrals over the domain
£2 must be calculated on an element basis because
the shape functions are piece-wise linear. These
equations can be finally written as

vhere

(2.3.13)D =
mn

( 2 - 3 - 1 4 )

Superscript e denotes element numbers which con-
tain nodes m and n and s are boundary segments
adjacent to node n. The expressions of Ae

mn, D
e
mri, d°,

AL' a n d dn are

(2.3.15)

2 i f m = n

reAe

(2.3.17)

AL=-£-Vmn (2.3.18)

(2.3.19)

where Ae is element area and be
m and ce

m are ele-
ment coefficients which depend on the geometry of
the element.

Equations 2.3.1 1 can be written in matrix form as

Ah + D — =d (2.3.20)

where A is a N2 conductance matrix, D is a N2 ca-
pacitance matrix, d is a N-l column vector of inde-
pendent terms and h is the column vector of nodal

head values. This system of ordinary differential
equations is usually solved by applying the finite dif-
ference method to the time derivative, which leads to:

i k+] _ i t

(2.3 21)

where, 0 < £ < 1, hk and ht+1 are the vectors of nodal
head values at times tk and tk+1 such that At = tk+1 -
tk. Coefficient e determines the type of time integra-
tion scheme. Possible schemes include: (1) explicit
(£ = 0), (2) fully implicit (£=1) and (3) Crank-
Nicholson scheme (£ = 0.5) .

The system of Equations 2.3.21 is solved sequen-
tially so that heads at time tk+], hk+1, are computed
once hk are known by solving the following system
linear of equations

£A + — V+ 1 = dM + \(s - 1) A + — }hk (2.3.22)
At I AM

The process starts at k = 0 where h° are the initial
heads. Initial heads are either known or satisfy the
steady-state flow equation.

It should be noticed that transmissivity T is the
product of aquifer thickness b and hydraulic con-
ductivity K. When water flow occurs in a 2-D hori-
zontal confined aquifer, b is constant in time, and
may change from one element to another. In 2-D
vertical confined flow, b takes a value of unity (b =
1). Three-dimensional confined flow problems with
axial symmetry can be solved as 2-D vertical flow
problems in which the element thickness is given by
the circle length of the average radial coordinate
of the element:

be=2n- (2.3.23)

where x^ are the radial coordinates of the nodes of
element e.

The saturated thickness b of an unconfined aquifer
depends on the hydraulic head h. This renders un-
confined flow equation to become nonlinear. Itera-
tive methods are needed to solve it. The average el-
ement thickness at a given iteration is updated from
values computed at the previous iteration according
to the following expression

b e = h r + h | + ^ _ (2_3_24)

where hf are the hydraulic heads at the nodes and ẑ
is the bottom base elevation of element e. Equation
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2.3.22 is repeatedly solved until the following con-

vergence criteria are met

k+U+1 co i=\2,...,N (2.3.25)

where superscripts k and s indicate time step and it-

eration level, respectively; and a) is a specified rela-

tive hydraulic head error tolerance. At the first time

step and the first iteration, b is calculated from the

initial h distribution. In addition, an initial guess of h

must be given if unconfined flow is at steady state.

Once nodal hydraulic heads h are computed, one

can compute the x and y components of the flow ve-

locity vector in a straightforward manner according

to Equation 2.3.1 and Darcy's Law

( z 3 - 2 6 b )

2.3.1.2 Flow in variably saturated porous media
Numerical methods for variably saturated media are

similar to those used for flow through aquifers ex-

cept that the dependent variable (hydraulic head) is

replaced by pressure head. The flow equation for

variably saturated porous media (Equation 2.1.1 1),

can be discretized by finite element techniques to

obtain

( 2 3 - 2 7 )

where Amn, Dmn and dn are given by Equations

2.3.12, 2.3.13 and 2.3.14, in which now Ae
mn, D

e
mn

can be respectively expressed as

mn = K,Lmn [Z.o.Zoj

where C^n has the following expression:

4Ae

and

2 i f m = n
(2.3.29)

According to Equation 2.1.1 1, for unsaturated flow

the storage capacity term Se is given by

dip + s:,s:

The term Bn in Equation 2.3.27 derives from the

gravity term, and has the following expression:

(2-3.30)

Here subscripts x and y are considered as the hori-

zontal and vertical coordinates, respectively.

The average element values of relative hydraulic

conductivity, water saturation and their derivatives

are evaluated at the average pressure head of the

three nodes, or

K; =

dS..

dip dip

where

3

(2.3.31)

(2.3.32)

(2.3.33)

(2.3.34)

Notice that in Equations 2.3.27', the conductance
terms Amn, storage capacity terms Dmn and inde-
pendent right-hand side terms Bn depend on pres-
sure heads. This makes the flow equation for vari-
ably saturated media highly nonlinear. Iterative
methods must be employed to solve these equa-
tions. Among them, Picard and Newton-Raphson it-
eration methods are commonly used. Paniconi and
Putti (1994) presented a comparison of Picard and
Newton methods for solving variably saturated flow
problems. They indicated that the Picard iteration
method is simple to code, but is known to fail or
converge slowly. The Newton method is more com-
plex to code, but its robustness and higher rate of
convergence makes it an attractive alternative to the
Picard method. Galarza (1993) presented 13 dif-
ferent formulations based on the Newton method
to solve variably saturated flow problems. He
found his formulation 3 to be the best in terms of
computing time and accuracy. This best formula-
tion is based on a mixed time integration scheme
following Equations 2.3.27. In matrix form this for-
mulation leads to

where

At

Ak+e =

Dk+c = D{ipk+c)

(2.3.35)

(2.3.36)

(2.3.37)

(2.3.38)
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and 0 < £ <. 1 Equation 2.3.35 can be rewritten as 2.3.1.3 Transport equation

At

= 0 (2 .3 .39 )

where ipk is known, ipk+y is unknown, and ipk+c is the

combination of the both. The Newton-Raphson iter-

ation method for solving this system of nonlinear

equations is based on the linearization of the prob-

lem using a Taylor series of expansion. After rear-

rangement of this expansion one is left with the fol-

lowing system of linear equations:

+ 1 = H n=l,2 N (2.3.40)

where N is the number of nodes. In matrix form,

these equations reduce to

M = -{ (2.3.41)

where J is the Jacobian matrix which contains the

derivative terms of Equation 2.3.40, and f is the

vector of residuals. Once the values of Aipk+] are

computed, they are used to update TpM according to:

^k+u+i _ yk+u + A^t+i (2.3.42)

ipk+l° = tpk (2.3.43)

where the superscript s denotes the iteration num-

ber. The iterative procedure is performed until the

absolute value of the relative increment of pressure

head for all nodes is smaller than a specified con-

vergence tolerance (generally a very small value):

max <w i= 1,2 N (2.3.44)

The Jacobian matrix J is obtained by taking deriva-

tives of Equation 2.3.39 with respect to the un-

known ipk+], and taking into account Equations

2.3.36 through 2.3.38, or

J=s

Dk+e dBk+£

At dipk+c (2.3.45)

J is an NxN square band non-symmetric matrix. It

can be evaluated in an element-wise and then by

assembling element contributions in a similar way as

the original conductance matrix A. Further details

on the manner for evaluation of J are presented in

Appendix 4.

The partial differential equation for conservative sol-

ute transport has a mixed mathematical nature. For

advection-dominated problems the equation has a

hyperbolic nature while for problems where disper-

sion and diffusion dominate the equation is para-

bolic. The ratio between advective and dispersive

processes is measured by the Peclet number, P, a

dimensionless number defined as

P =
vL*
D

(2.3.46)

where L* is a characteristic length of the problem, v

is average pore velocity and D is the dispersion co-

efficient. The grid Peelet number is defined in terms

of the grid size Ax.

In most situations water velocity varies from point to

point and therefore P exhibits spatial variations. For

a particular problem, the transport equation may

have a different character at different places in the

system. This means that Lagrangian methods, which

are well suited for hyperbolic problems, may loose

their efficiency in those areas where dispersive phe-

nomena are dominant. Conversely, Eulerian meth-

ods (such as those used for solving the flow equa-

tion) which work well for elliptic and parabolic

equations may exhibit numerical problems when

advection dominates.

Available methods for solving the advection-disper-

sion problem include:

Q Lagrangian methods: They work well for hyper-

bolic problems. Generally require mobile grids

and have no restrictions on grid size Ax and

time step At. However, in heterogeneous rr̂ e-

dia with multiple sources they present numeri-

cal problems due to large grid deformation.

Q Eulerian methods. They work well for elliptic and

parabolic equations. Near sharp fronts they

tend to produce numerical solutions with spuri-

ous oscillations which can be overcome by re-

fining the grid, or by using upstream weighting

schemes which in turn tend to produce artificial

numerical dispersion. These problems can be

controlled if the following conditions on the

Peclet and Courant grid numbers are satisfied:

(2.3.47)

(2.3.48)
Ax
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• Mixed Eulerian-Lagrangian methods. These are
methods that enjoy some of the advantages of
previous methods. They include various parti-
cle-tracking schemes, random walk methods
and other recent approaches. None of them,
however, has yet shown to perform satisfacto-
rily under general conditions.

Most commonly used methods for solving the trans-
port equation are Eulerian finite element methods.
These methods are the same as those used for solv-
ing the flow equation. In general, the same fixed
grid is used for solving both equations which results
in significant numerical efficiency.

The derivation of the finite element equations for the
transport equation follows the same steps taken for
the flow equation. The general equation to be
solved is

V • (60bDVc0) - bqVca ; - c 0 ) - Ab9a Rea ca

b9aR= bBoReo
dt

(2.3.49)

with the following general boundary condition

9abDVca-n=flca-ca)+F (2.3.50)

where c" and F are specified boundary concentra-
tions and solute fluxes, respectively and /3 is a boun-
dary parameter which takes the following values

°o Dirchlet condition (fixed concentration)

0 Neuman condition and water outflow boundaries

q " n Inflow boundaries

Subscript "a" denotes the properties of water con-
tent and cocentration of the accesible porosity when
ion exclusion phenomena occurs. If there is no exclu-
ssion co coincides with c. Concentrations are appro-
ximated in terms of a set of basis functions §m(x,y)

Expanding Equation 2.3.49, applying Green's iden-

tity to the dispersion term with f=8 a DVc, one has

J r ea DVC0 • < d r - j ; ea D vCo • v f „ dx -

The first boundary integral is evaluated by substitut-

ing the general boundary condition (Equation

2.3.50). Substituting co by its numerical approxima-

tion (see Equation 2.3.51) leads to:

6O Re0

(2.3.55)

Multiplying this expression by —1, and collecting
terms containing nodal concentrations (c™) and their
time derivatives

dc"

dt '

it can be rewritten as

N N

where

2
m=l

c = cN(x,y,r)= (2.3.51)

Numerical concentrations cN satisfy the Galerkin ort-
hogonality condition

faL(cN)£n(x)dx = 0 V n G N (2.3.52)

where L() is the following operator

L( ) = V • [60DV()]- q • V ( ) + r[c; - ()] + 0aR -

- M o R e o ( ) - 0 o R e o ^ (2.3.53)

(2.3.57)

(2.3.58)

+

(2.3.59)

In matrix form, Equation 2.3.56 reduces to
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Ec + F — =g (2.3.60)

where E and F are square matrices (N2), c is the col-
umn vector of nodal concentrations and g is a col-
umn vector of independent terms. This system of or-
dinary differential equations is usually solved by
approximating time derivatives by finite differences

dc

dt At
(2.3.61)

where ck+1 and ck are the concentration vectors at
times tk+i and tt such that At = tk+1 - \k. Using a
general time integration scheme, Equation 2.3.61
becomes

(\-e)Eck+eEc
. c k + ] - c k

At
- = 9 K (2.3.62)

These equations are solved sequentially starting
from known initial conditions at t = t0 and comput-
ing ck+1 from known values at the previous time tk by
solving the following system of equations

sE ^ck - ( 1 - e)Eck (2.3.63)

The entries of matrices E and F and vector g involve
various domain and boundary integrals which must
be evaluated on an element basis. Entries of matrix
F are

ej'J'ndx (2.3.64)

method by a diagonal matrix whose entries are ob-
tained by lumping together all off-diagonal entries
of F. Lumping leads to

D 12 12

-(2 + 1 + 1 ) = ^ (2.3.68)
12 v ' 3

Similarly, the entries of matrix E are given by

E = YE* + Y P (2.3.69)
e s

where

Ee
nm = —^ (D^b'bn + D^fcfc* + D^c'bl +

+ Dyyc
e

nc
eJ+-{qe

xb
e

m+qe
yc

eJ+-weAe (2.3.70)

and Es
nm represents the contribution from the bound-

ary segment s of length Ls

Es =-8sLsn
"m 6 H lnm

The entries of vector g are

where

(2.3.71)

(2.3.72)

(2.3.73)

where §Jj, represents the portion of §m located in ele-
ment e. Assuming water content is constant within
elements, one has

~~ i/& FJnd* (2.3.65)

For linear basis functions with triangular elements, Fn
e
m

is given by

6>!Ae

if
l 2

e (2.3.66)
—,— if m = n

where Ae is the area of the element. Therefore, Fn
e
m

reduces to

nm v o •] ry (2.3.67)

where rjnm= 1 for m^n and r]nm=1 for m=n. Similar
to the flow equation, it is convenient and usual to
substitute the matrix F obtained with the Galerkin

g^ = -0S sc" s + Fs)Ls (2.3.74)

For 2-D problems, the general transport equation
(2.3.49) is usually integrated over aquifer thickness
b. The result is an aquifer transport equation which
includes aquifer thickness variations. Numerical so-
lution method for the latter equation are completely
identical to those presented above, in fact, the re-
sulting finite element equation is identical to Equa-
tion 2.3.63. Now the entries of E, F and g have the
following slightly modified expressions

if m
12

<9!Aebe

if m = n

E l =
4Ae
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and

When the Peclet number is greater than 2 it is con-
venient to use an upstream weighting scheme for
the advection term. This upstream weighting scheme
is presented in Appendix 5.

2.3.2 Geochemical calculations
There is a series of calculations which are needed to
characterize and analyze reactive processes. Exam-
ples of such calculations include:

1) the definition of the geochemical system (list of
dissolved species, minerals and reactions) and
the corresponding thermodynamic and kinetic
data;

2) the calculation of equilibrium constants both
for aqueous and mineral species in terms of a
specified set of primary species;

3) calculations needed for switching from a set of
primary species to a new set (this requires re-
computing the concentration of all species
and the equilibrium constants);

4) calculation of activity coefficients of the spe-
cies in solution and their derivatives with re-
spect to the concentrations of primary species;

5) calculation of the amount of mineral dis-
solved/precipitated when a kinetic model is
selected;

6) calculation of the variation of solute concen-
tration and the amount of mineral dissolved/
precipitated and solute adsorbed/desorbed at
the solid surface when an equilibrium model is
selected (sequential iteration approach); and

7) updating after each time step the concentra-
tion of primary and secondary species, total
dissolved concentrations, and the concentra-
tion of mineral and sorbed species.

Geochemical variables involved in the numerical
solution of the coupled transport and chemical
equations include: ionic strength, I, thermodynamic
activity coefficient, y, concentration of aqueous sec-
ondary species, x, concentration of total dissolved
solute, C, concentration of sorbed species by ionic
exchange, w, concentration of surface complexes, y,
the saturation relation of a mineral, Q, and the
amount of solute involved in mineral dissolution/
precipitation reactions, R. The derivatives of these

geochemical variables with respect to the concen-
tration of primary aqueous species are needed at
various stages of the numerical solution process..
The values of these derivatives are given by:

2 '

J-L=-2,3026yi
Ayzf

Bya/lf "

;=1 . . .N C ; /=1 . . .N A

dc,

dC;

dx.

= - 0 . 0 1 8 ^ — i = l . . . ( N c - l )

c,

dc,

dwj w.(ci + Ac,)—

do

i = l . . . N c ; /=1...NX

v ^ fc=l...Nc;i=l..Nc

- .-=1...NC;/=1...NV
Ac,

9c;9c y ' | c f f y 3 c J

/ = l . . .N c ;m= l...f

m m 5 c .

where <5i(. is the Kronecker's delta function which is
always zero unless i = k in which case it is equal to
one.

2.3.3 Solution of coupled transport
and chemical equations

In the Sequential Iteration Approach (SIA), the
hydrologic transport equations and chemical equi-
librium equations are considered as two different
subsystems. One may choose as Primary Dependent
Variables (PDV) the concentrations of aqueous com-
ponents, the total dissolved concentrations of aque-
ous components, and the total analytical concentra-
tions, Tj, of aqueous components. The total analyti-
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cal concentration of the j-th component is equal to
the sum of the total dissolved concentration, Cj, the
sorbed, Yj; the exchanged, W, and precipitated con-
centrations, P|, that is

(2.3.75)

hich are given by

,= 1,2,...,NC (2.3.76)

For the purpose of explaining the numerical meth-
ods used for solving coupled transport and chemical
equations, ion exclusion, linear sorption and radiac-
tive decay will be ignored, although the code can
handle all these processes simultaneously. In terms
of the total analytical concentrations Tj the transport
equations become:

- q - V C ( . + r (C; -C, ) /=1,2 N c (2.3.77)

Using the T, as PDVs, the transport equations can be
written in a explicit form (Walsh et al., 1 984; Ceder-
berg, 1 985; Bryant et al., 1986) such as

;=1,2,.. . ,NC

or in an implicit form

9 +

(2.3.78)

+
dt dt

T-L* {T.\=-L* (Y. + W + P.)+rC*

(2.3.79)

in which L is the advection-dispersion operator rep-
resenting hydrodynamic transport and L*( ) is a
slightly different operator defined as

L

CORE20 uses the following modified implicit se-
quential iteration scheme that derives from writing
the transport equation as

+

d{&
+ —

Ws) c

—+ -

5 C S + 1 / 2

dt

d(0P")

dt

(2.
dt dt

By lumping the right-hand side terms, Equation 2.3.80
becomes

Hq+V2)+
dCs+

where

R - = -
dt dt dt

(2.3,81)

(2.3.82)

Equation 2.3.81 for each chemical component j is
linear if R(

s is known, and has the same structure as
the conservative solute transport equation (Equation
2.1.49). These equations can be solved by standard
finite element techniques. After space and time
discretization, for the mixed scheme explicit-implicit,
the equations for the j-th component become (see
Equation 2.3.63)

At

(2.3.83)

Notice that the matrix of this system of equations

At

is the same for all components. The equations for
two different components only differ on the right-
hand-side source terms. This means that once the co-
efficient matrix has been factorized by LU decomposi-
tion, the solution of the system of equations only re-
quires a backwards and a forwards substitution, which
results in a significant saving of computing time.

The term g, in Equation 2.3.83 contains the contri-
bution of chemical source/sink term R? representing
mass transfer from the other phases to aqueous
phase for component j . The values of R? at the
(s+l/2)-th iteration are evaluated at the previous it-
eration. With the values of Cf2 and P*,Y*,W* one
computes new values of T̂ "1"' by using Equation
2.3.75:

TStl _ /-S+l/2 I VS I U/S I DS
I ~ I i I I

From these total analytical concentrations and by
solving the chemical SGE's one gets the values of
Ci,Yj,Wj,Pi,cjlxi,yi,wjlpi at the (s+l)-th iteration.
The values of, C(

s+1,P.s+1, Wjs+1 and Y*+] are compared
to those at the s-th iteration. If some prescribed con-
vergence criteria are met, the sequential iteration
scheme is stopped. Otherwise the previous steps are
repeated again.
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The essence of the SIA is therefore the sequential
solution of two independent sets of equations: the
transport equations and the chemical equations. In
the next sections we present additional details on
how to solve each of these sets of equations.

2.3.4 Solution of the geochemical
equations

Firstly, Nc mass balance equations, one for each
solute, can be formulated for each node of the nu-
merical grid. The total concentration of the j-th
component, Tj; can be expressed as a function of all
other concentrations. The following equations are
formulated as residuals, Fc, in order to be used di-
rectly in the numerical calculations:

/=1 . . .N C (2.3.84)

No explicit expression relates the concentration of
mineral dissolved/precipitated, p^ to the concentra-
tion of primary species, q. Therefore, NP additional
equations, ?p

m, one for each mineral dissolved/pre-
cipitated in equilibrium must be formulated. These
equations are:

- - l = Q m - l = 0

m = l . . . N P (2.3.85)

In the case of surface adsorption reactions, Ns com-
ponents (Ns= 4 or Ns= 2), sy appear in the mass
balance equations and, therefore, Ns additional
equations are required to solve the problem: a) one
equation, Fx

s, for the conservation of total adsorption
sites, Tx; b) three electrical potential equations
FQ,Fp,Fj in the tripple layer model; one e. p. equa-
tion, FpL, in the double layer model; or one e. p.
equation, F^c, in the constant capacity model:

(2.3.86)

(2.3.87)A

A

(Z.o.oo)

V>d - C 2 (2.3.89)

A
- (

/ F
hlhl—

(2.3.90)

(2.3.91)

where yk is a function of q and s;.

These NC+NP+NS equations are nonlinear. They
are solved by a Newton-Raphson method which is
based on the linearization of the problem using a
Taylor series of expansion, and iterating until the
root of the equations is found. Let x denote the vec-
tor of values of X; (q, pi and s,) which must be solved
for; then in the neighborhood of x the functions F,
can be expanded (Press et al., 1 986):

dx)=Fi(x)+
Nc+Nf+Ns

dx.

(2.3.92)

where O(6x2) refers to the second order or higher
terms. Ignoring second or higher order terms, then
one can move towards the roots of all F| simulta-
neously by solving a set of linear equations for the
corrections Ax:
NC+NP+NS

2
i

; = -F. j = l . . . N c + N P

In matrix form these equations reduce to

J-Ax=b

(2.3.93)

(2.3.94)

where J is the Jacobian matrix and b the vector of
residuals.

The values of Ax are used to update the concentra-
tion of primary species:

x^v = xf + dxi (2.3.95)

where X; account for q, p, and s,.

The absolute value of the corrections Ax are ex-
pected to decrease in successive iterations. The sys-
tem of equations is considered satisfactorely solved
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when the values of Ax are below a specified toler-
ance limit, r. Due to the different order of magni-
tude of the unknowns (q, p:, sj the value of the in-
crement Ax is normalized with respect to x. There-
fore, the convergence criteria are:

Ax
max J —

'" L *•• J
< T / = ]...NC+NP

In order to avoid negative values for the concentra-
tion of q and s,, for all species for which x"e"<0, the
largest relative concentration change

|Ax,|

is restricted to a specified value r\ (rj < 1). As a conse-
quence, although the iteration method becomes
more robust, the rate of convergence slows down.
In cases where a negative value of p;, is obtained,
the i-th mineral is considered exhausted and is re-
moved from the hydrochemical system.

The structure of the Jacobian matrix is as follows:

N c NP

dF? 3F,C

dp, ds,

dc, dp, ds,

N dFl dFl dFl
5 dc, dp, ds,

where the value of the terms of the matrix is calcu-
lated as following:

as,

ds, F F ' s ,

ds4

SF;

C
F F C l s 2

F F ^ S i

ds]

ds2

-=Z(4,3)-fc2}
I So

^=Z(4,4)+-(8£ £ oRT/f2cosh[-

^'i
H

3c,. 3c,

ds.

ds-,

3s,

A

= Z(2,1)

dFl
3s,

-=Z(2,1)

dc, = ivik

JL=0
dp,

9F;

fo2 r F s2

where the values of Z(k,i) are given by:

Ny

and ^ik is the Kronecker delta function.
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Decoupling transport and chemical equations has
an obvious advantage: a substantial saving of com-
putation time. However, the need to iterate between
them may cause some numerical difficulties and er-

rors in some cases.

Difficulties may arise for reaching convergence of
the solution. There are no general conditions for en-
suring that the iterative process will converge. The

worst conditions for convergence usually take place
at the initial conditions and near sharp moving re-
action fronts. These problems can be overcome by
reducing the size of the time step.

The iterative process gives rise also to numerical
truncation errors. These errors can introduce an ad-
ditional numerical dispersion (Herzer and Kinzel-
bach, 1989).
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3.1 Numerical solution estrategy
A 2-D Galerkin finite element method is used to
solve groundwater flow, solute and heat transport
equations. At each time step the coupled reactive
transport equations are solved by the following
steps:

(1) Solution of the groundwater flow equation. It
is solved in terms of hydraulic heads for flow
in saturated media (confined or unconfined
aquifers). Unconfined aquifer flow equation is
solved iteratively using a predictor-corrector
scheme. Flow in variably saturated media is
solved in terms of pressure heads by a New-
ton-Raphson iterative method using different
subroutines. For steady-state flow, the equa-
tion is solved once only at the first time step.

(2) Computation of groundwater velocity. Water
velocities, which are needed to evaluate
advective and dispersive solute and heat fluxes,
are computed from nodal head values by di-
rect application of Darcy's Law to the finite el-
ement solution.

(3) Solution of heat transport. Thermal conduc-
tion, and advection are considered. The solu-
tion of the heat transport equation is used to
update temperature-dependent chemical pa-
rameters (chemical equilibrium constants, ac-
tivity coefficients, etc.). The solution of heat
transport shares some subroutines of the sol-
ute transport solution because the structure of
both transport equations is similar.

(4) Solution of solute transport equations. Each
chemical component has a transport equation
in terms of its total dissolved concentration, C.
Since chemical sink/source terms are assumed
known (they are evaluated at the previous iter-
ation), each transport equation can be solved
separately. In addition, transport matrices are
the same for all chemical components be-
cause it is assumed that all components have
the same dispersion tensor. Only the right-
hand-side independent terms change from
one component to another. The use of a band
LU solver is very convenient because only one
decomposition is needed at each time step.
This decomposition (which takes up much of
the computing time required by a LU solver) is
carried out only for the first component. After
LU decomposition, only a forwards and a
backwards substitution are needed for each
component at each iteration. In addition, when

the flow is steady and the time step remains
constant, the transport coefficient matrix does
not change and therefore the LU decomposi-
tion is performed only once at the first time step
and for the first chemical component. This
leads to a substantial saving of computational
time for solving solute transport equations.

(5) Solution of hydrochemical equations. The fol-
lowing chemical reactions are included: acid-
base, aqueous complexation, redox, mineral
dissolution/precipitation, gas dissolution/ex-
solution, cation exchange and adsorption.
There is a mass balance equation for each
chemical component at each node. Total ana-
lytical concentrations T are the primary de-
pendent variables in the chemical submodel.
A Newton-Raphson method is used to solve
the chemical equilibrium equations. Once the
concentrations of primary species are ob-
tained, the concentrations of secondary spe-
cies, the amount of minerals dissolved or pre-
cipitated and the concentrations of sorbed
and exchanged species are computed in a
straightforward manner. Hydrochemical reac-
tions are solved in a node-wise manner.

The transport equation of each chemical compo-
nent has a chemical source/sink term which repre-
sents the mass transfer between aqueous and other
phases (by mineral dissolution/precipitation, cation
exchange and adsorption processes). These source
terms render the problem highly non-linear. An itera-
tive procedure between steps (4) and (5) is required.
In the beginning of the iterative process, CORE20 as-
sumes that the reaction source term is equal to zero.
Then, transport equations are solved. The resulting
dissolved concentrations are substituted into the
chemical submodel to get the mass transfer between
aqueous and solid phases which are used to update
the chemical source and the transport equations are
solved again. This process is repeated until some
prescribed convergence criteria are satisfied.

3.1.1 Solution of groundwater flow
Depending on the variable IOTPA, Program CORE20

can consider either confined (IOTPA=0), uncon-
fined (IOTPA=1) or saturated-unsaturated flow
((IOTPA=2). Steady-state (IOFLU = 0) or transient
(IOFLU=1) flow regimes can be simulated. General
types of boundary conditions can be specified such
as prescribed head, prescribed flux and a mixed-
type Cauchy condition. Mixed boundary conditions
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require the values of the external hydraulic head
and the leakage coefficient. For variably saturated
flow, a free drainage (unit gradient) boundary con-
dition can be used. Point sink/sources such as injec-
tion or pumping, and areal recharge/discharge
such as infiltration or evaporation are considered.
Point sources are treated in the same way as pre-
scribed water flux boundary conditions. Both fluxes
are stored in the same nodal flux vector Ql(IP),
where IP denotes node number. Areal recharge is
defined on an element-wise basis. Areal recharge is
lumped into another flux vector Q2(IP).

Simulation time is discretized into a number of time
periods having a duration TIMEINT which in turn
can be divided into NSTEP equal time increments.
Flow and transport equations are solved at each
one of the intermediate time increments (see Figure
3.1.1). Boundary (including point recharge) and ar-
eal recharge conditions can vary in time in a
step-wise manner. It means that during each time
period these conditions remain constant. These are
achieved by multiplying piece-wise step functions
which are defined on the time periods. An example
of such function is illustrated in Figure 3.1.1. For
boundary condition, each node is assigned a time

function. For areal recharge each element is as-
signed also a time function. Time variable boundary
and recharge conditions are optional. If variable,
the nodal flux vector Q l (IP) is multiplied by the
value of the step time function at each time period
in the case of flux boundary. For other boundary
conditions, the same procedure is followed.

Hydraulic conductivity, K, and specific storage coef-
ficient or specific yield (for unconfined aquifer), SS,
are defined in terms of material zones. A material
zone is a subdomain of the system where flow and
transport parameters have the same values. Within
a material zone all flow and transport parameters
are homogeneous. These zones may include one or
more elements.

The saturated hydraulic conductivity tensor may be
anisotropic. Its principal components are assumed
constant within each material zone. According to
this representation of spatial variability, the user can
define a number of material zones and must assign
each element of the grid to one of such zones.

The code can simulate:

(1) two-dimensional flow taking place in horizon-
tal confined or unconfined aquifers,

Initial time Final time

I I I

2
Time increment

_L
• TIMEINT (3) •

^T £ ^

Timeiscale

I

Time periods

Time

Figure 3.1.1. Time stepping scheme and stepwise time functions used in CORE.
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(2) two-dimensional flow along a vertical cross-
sections for confined aquifers and saturated
unsaturated media; and

(3) three-dimensional flow exhibiting axial symme-
try for confined aquifer and saturated unsatu-
rated media.

For 2-D horizontal confined flow, it is necessary to
specify the average aquifer thickness of each ele-
ment. In 2-D horizontal unconfined flow, the aver-
age aquifer base elevation is needed for each ele-
ment. In this case, the average saturated thickness
of an element is computed as the difference be-
tween the average hydraulic head and the average
base elevation. The user must specify the value of
the specific storage coefficient or specific yield. The
unconfined flow equation is nonlinear and is solved
iteratively by a predictor-corrector method. Satu-
rated thickness is also updated during the iterative
process. For steady-state flow problems, an initial
estimate of the nodal heads is needed to start the it-
erative process. These estimates are stored in vector
HO. In problems with 2-D vertical flow, aquifer
thickness is constant and equal to 1 unit length.
Some schematic examples of how aquifer thickness
is treated by CORE2D are illustrated in Figure 3.1.2.

Three-dimensional problems with axial symmetry are
modeled with two-dimensional grids with a thickness
varying with radial distance. In this case, the x axis
must coincide with the radial coordinate. The aver-
age thickness of an element is computed as where
is the radial coordinate of the centroid of the ele-
ment which is usually taken as the arithmetic aver-
age of the radial coordinates of the three corner
nodes (see Figure 3.1.3). In this case the computa-
tion of saturated thickness is performed automati-
cally by the program.

3.1.2 Solution of solute and heat
transport

Solving the solute and heat transport equations is
conceptually and numerically much more complex
than solving the water flow equation. Space and
time discretization requirements for solute transport
are more severe. The heat transport equation has
the same structure as that of solute transport. In
general, the former is less prone to numerical prob-
lems because the heat Peclet number is much
smaller than that of solute transport due to the fact
that the thermal conductivity is much greater than
the solute dispersion coefficient.

CORE20 solves for transient reactive solute and heat
transport. Steady-state problems can be solved by
running a sufficiently long transient problem. Heat
transport solution is optional. If not needed, the
heat transport option can be omitted by setting
IHEAT=0, and skipping all the thermal data.

All chemical data including chemical processes,
chemical parameters, and initial, boundary (includ-
ing sink/sources at internal nodes) and areal re-
charge concentrations are defined in terms of
hydrochemical system zones. All these variables are
constant within a given hydrochemical zone. These
zones are defined on a node basis, that is, each
node is assigned to one of such hydrochemical
zones (see Section 3.4).

The flux of each chemical component entering or
leaving the system is calculated as the product of
the concentration times the volumetric flux of water
entering or leaving the system, except for nodes
having a prescribed concentration. The boundary
conditions for heat transport are similar to those for
solute transport. Other heat fluxes not carried by
water fluxes, such as geothermal fluxes, are also
considered.

Boundary and areal recharge component concen-
trations and temperatures can vary in time. This is
achieved in a manner similar to that used for water
flow.

3.2 Construction and coding finite
element data

The numerical solution of the partial differential
equations of groundwater flow, solute and heat
transport require discretizing both the space and
time domains. A too fine discretization will lead to
prohibitively large memory and CPU time, whereas
a too coarse discretization will provide a poorly ac-
curate solution. There is a clear trade-off for finding
the discretization. This section deals with the proce-
dure for spatial discretization. Time discretization is
discussed in the next section.

3.2.1 Steps for defining the finite
element grid

Here we describe the steps and empirical rules for
constructing the triangular finite element mesh.
Some useful guidelines for defining the finite ele-
ment grid are:
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Confined aquifer: b constant in time

T\ Water table

bottom

Unconfined aquifer: bb = h - z

Unsatured Flowb = 1

Figure 3.1.2. Definition of aquifer thickness in CORE.
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" Z

Axially symmetric 3-D Problems

figure 3.1.3 Schematic illustration of axially symmetric problems.

(1) Drawing a map of the modelling area with its
different boundary segments and including all
the relevant hydrogeological and hydroche-
mical features of the system.

(2) Locating point sources and observation or
measurement points.

(3) Drawing the limits of aquifer materials and
hydrochemical zones.

(4) Drawing the limits of areas with different areal
recharge. Defining different types of flow and
transport boundary conditions.

(5) Drawing, on the basis of the available infor-
mation, a preliminary flow net and locating on
top of it all the chemical and thermal sinks
and sources. The rules described below
should be used to construct a triangular finite
element mesh.

(6) Numbering grid nodes. Both computer time
and memory are proportional to the band
width of the finite element conductance matri-
ces. The half-band width is equal to the maxi-
mum difference between two neighbor nodes
plus one. Therefore, one should always num-
ber the nodes in a manner such that the half-

band is minimized. One should also check
that all nodes are given a number.

(7) Numbering grid elements. There is no special
requirement for numbering elements as long
as all elements are assigned a number.

(8) Defining a convenient coordinate system. No-
tice that for 3-D flow exhibiting axial symme-
try, the x coordinate must coincide with the
horizontal (radial) direction. A list of the (x,y)
coordinates must be prepared for all nodes
following the numbering established in (7)
(starting with node 1 and ending with the last
node NNOD). If a set of successive nodes are
aligned, equally distant and have the same
properties, the program interpolates their co-
ordinates between the first and last nodes of
the sequence. In such cases, only the coordi-
nates of the first and last nodes must be given.

(9) Defining elements. Triangular elements are
defined by the corner nodes. Starting with el-
ement 1 and ending with the last element,
NELE, one has to indicate the numbers of the
three corner nodes in a counterclockwise
manner.
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3.2.2 Empirical rules for constructing
the mesh

For constructing the finite element mesh one must
follow a series of recommendations in order to en-
sure numerical accuracy and avoid numerical diffi-
culties. Some of these requirements are needed for
solving the flow equation. Others are imposed by
the solution of the transport equation. Obviously,
the discretization must satisfy all the requirements
and rules which include:

(1) The mesh should conform as close as possible
to the boundaries of the problem and the in-
terfaces between different material and hydro-
chemical zones.

(2) Triangles with obtuse angles should be avoided.

(3) For solving the transport problem, the orienta-
tion of triangles should be such that the lon-
gest side runs parallel to the flow direction in
order to avoid spurious numerical dispersion.

(4) Whenever possible, point sinks and sources as
well as observation points should coincide
with grid nodes.

(5) In cases where the flow is steady or the main
flow directions do not vary significantly with
time, it is advisable to conform the finite ele-
ment mesh to the flow net.

(6) The numerical solution is linear between the
nodes. Therefore, for improving the accuracy
of the numerical solution it is advisable to fol-
low as closely as possible these recommenda-
tions:

• Use small elements in zones where large
head or concentration gradients are ex-
pected.

• Element size should increase gradually
away from the zones with the largest gra-
dients.

Q Near point sources the grid must be refi-
ned. The finer the grid the better the accu-
racy of the numerical solutions.

• It is also necessary to refine the mesh whe-
never there are large contrasts in hydrody-
namic, thermal or chemical parameters.

• A coarser grid can be used in zones wit-
hout sharp concentration fronts or in areas
which are not of special interest.

(7) The stability of the numerical solution of trans-
port equations depends greatly upon the val-

ues of the Peclet, P, and Courant, C, num-
bers. For solute transport the Peclet number is
defined as

P =
qAx

(3.2.1

where Ax is the distance between two nodes
along the flow direction (the rest of terms were
defined in Chapter 2). When molecular diffu-
sion is negligible compared to hydrodynamic
dispersion, the Peclet number reduces to

P = —
aL

(3.2.2)

It has been established that, stable solutions
are obtained for Peclet numbers less than 2. In
practice, however, it is possible to obtain os-
cillation-free solutions for Peclet numbers as
large as 20.

(8) The Peclet number for heat transport is

(3.2.3)

where X is the thermal conductivity. The Peclet
number condition for heat transport usually
leads to a less restrictive grid size (a much
greater grid size can be used to meet the sta-
bility condition) due to the fact that the ther-
mal diffusivity is much greater than the
diffusivity of solutes. Therefore, the numerical
solution of the heat equation presents less
problems than that of solute transport. When
solving both equations simultaneously, it is
sufficient to check the restriction imposed by
the solute Peclet number.

(9) The mesh size in the direction perpendicular to
the flow direction Ay is controlled by the value
of the transverse dispersivity. Therefore, to
solve accurately the concentration variations
along transverse plains, Ay should be such
that the ratio (Ay/Ay)2 be as close as possible
as the ratio between longitudinal and trans-
verse dispersion coefficients, which often coin-
cides with the ratio between dispersivities aJaL.

3.2.3 Validation of the spatial discretization
One should always check that the input data have
been properly specified. For problems involving com-
plex grids, it is advisable to check the correct defini-
tion of the finite element grid. There are several
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methods for checking a finite element mesh. Major er-
rors such as errors in the coordinates of the nodes are
usually identified visually by preparing a plot of the
mesh. Some errors, however, are extremely difficult to
detect visually. For that purpose, there are some sim-
ple relationships among grid parameters. For triangu-
lar elements, the number of connections between
nodes, NECON, is related to the number of nodes,
NNOD, the number of elements, NELE, and the num-
ber of internal gaps in the mesh, NGAPS, through

NECON = NNOD + NELE + NGAPS-1 (3.2.4)

Another similar relationship involves the number of
boundary connections, NCEXT

NECON = (3 * NELE + NCEXJ)/2 (3.2.5)

where:

NNOD = number of nodes.

NELE = number of elements.

NECON = number of connections (line seg-
ments connecting nodes that be-
long to the same element).

NHUECOS = number of internal gaps in the mesh.

NCEXT = number of connections that define
the network boundary, including
the boundaries of internal gaps.

These relationships are useful to identify such errors
as:

(1) an element is not defined; and

(2) a node is not taking part of any element.

CORE20 checks automatically for some of these er-
rors. It also checks whether the area of an element
is negative or not. Negative values of the area of an
element are always an indication of errors in the co-
ordinates and numbering of its nodes. When one of
these errors is found, the program stops and pro-
vides the user a summary with the list of elements
having negative areas.

It is often advisable to perform a validation of the fi-
nite element grid which is achieved by decreasing
the size of the elements until numerical results attain
constant values.

3.2.4 Coding material and hydrochemical
zones

3.2.4.1 Material zones
Each element must be assigned to a Material Zone.
Its number is denoted by an integer code in the

range from 1 to NMA (the total number of aquifer
material zones). A set of flow and transport parame-
ters must be specified for each zone. These parame-
ters include: hydraulic conductivity, specific storage
coefficient or specific yield, porosity, molecular dif-
fusion coefficient and dispersivities (longitudinal and
transverse). If heat transport is also considered, the
following additional parameters should be provided
for each zone: density of the solids, isotropic ther-
mal conductivity and heat dispersivities.

3.2.4.2 Hydrochemical zones
Different hydrochemical zones are defined to distin-
guish the different aqueous solutions that are ini-
tially present in the system or those solutions that
may flow into the system through the boundaries or
from point and areal inflows. These hydrochemical
systems and zones include the initial concentrations
of the primary species, dissolved concentrations of
inflows through boundary segments or internal in-
jection points, dissolved concentrations of aqueous
components in areal recharge inflows, and chemica
properties regarding mineral dissolution or precipi-
tation, gas dissolution or ex-solution, cation ex-
change, and adsorption (see Sections 3.4.3-3.4.5).
A total of 7 integer codes have to be assigned to
each node to define its hydrochemical zones.

If heat transport is considered, initial temperatures
as well as those of boundary and internal inflows
must be also included.

3.2.4.3 Element coding
For each element, IE, one must provide the follow-
ing information:

• The numbers of its three nodal points or verti-
ces, I, J, and K, in a counterclockwise manner.

• The material zone number, MAT.

• The average thickness, THICK.

Q The areal recharge per unit surface area,
RECH, (evaporation and root water uptake
should be given as negative values).

Q An integer code of piecewise step function,
IRECH, used for this element in case of time
variable areal recharge.

Q Actual recharge, RECH, is updated according
to the values of the IRECH-th time function.

Q If areal recharge does not vary with time, ac-
tual recharge is just the input value of RECH.
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3.2.4.4 Node coding

For each node, IP, one must provide the following
information.

• Spatial coordinates, X(IP) and Y(IP)

Q An integer code for identifying the type of flow
boundary condition, IDBH(IP)

a The prescribed head, HP(IP)

Q The prescribed flux (positive for inflow and
negative for outflow), Q l (IP)

• The leakage coefficient, ALFA(IP)

a The time function number used for time-varying
boundary condition, IQ(IP)

a The initial hydraulic head, HO(IP)

a An integer code for identifying the type of sol-
ute transport boundary condition, IDBOC(IP)

Q An integer code for identifying the hydroche-
mical zone number for initial concentrations,
IZONEIW(IP)

Q Hydrochemical zone number for boundary in-
flows, IZONEBW(IP), and areal recharge,
IZONERW(IP)

O Mineral zone number, IZONEM(IP)

a Gas zone number, IZONEG(IP)

Q Adsorption zone number, IZONED(IP)

Q Ion-exchange zone number, IZONEX(IP)

If the hydraulic head at node, IP, is prescribed,
IDBH(IP) is set equal to 1 and HP(IP) is set equal to
the prescribed head value. For nodes along pre-
scribed flux boundaries, IDBH(IP) is set equal to 2
and Q l (IP) is set equal to the flux across the bound-
ary segment of each neighboring element associ-
ated to node IP. If the boundary is impermeable,
IDBH(IP) = 2 and Q l (IP) is set equal to 0. Internal
nodes which act as sinks or sources are assigned
IDBH(IP) = 2 and Q l (IP) is set equal to the pumping
or injection rate. Internal nodes that do not act as
sinks (pumping) or sources (injecting) are assigned
IDBH(IP) = 2 and Ql(IP)=0. When flow boundary
condition varies with time, either HP(IP), Q l (IP) or
ALFA(IP) (depending upon the value of IDBH(IP)) are
updated during each time period according to the
assigned stepwise time function IQ(IP). It should be
noticed that areal recharge is not included in the
Q1 (IP) vector. The program internally lumps both
types of inflows.

If a node IP is in a boundary having a mixed condi-
tion, IDBH(IP) is set equal to 3, HP(IP) is equal to the
external head and ALFA(IP) is set equal to the
lumped leakage coefficient across half of the
boundary length of each neighbor element.

If the dissolved concentrations of the components at
node IP are prescribed, IDBOC(IP) is set equal to 1.
If the node IP is located at a prescribed flux (includ-
ing impermeable) boundary, IDBOC is set equal to
2. Internal nodes (corresponding to IDBH(IP) = 2 or
IDBH(IP) = 3) are assigned IDBOC(IP) = 2. For nodes
having IDBOC(IP)=2, the solute flux for each chem-
ical component is calculated as the product of the
water flux times the specified solute concentrations.
Solute fluxes from areal recharge are also com-
puted by the program. Heat transport is treated in a
similar way to solute transport. If heat transport is
considered, an additional input file containing
nodal thermal data is required (see Chapter 4).

3.3 Time discretization
For the purpose of solving the flow and solute trans-
port equations, the time domain is discretized in
time intervals or periods. In addition to the time
steps required for the numerical solution, one must
specify the times at which results are to be printed
out. One should notice that time-varying boundary
and areal recharge conditions for water flow and
transport are also defined on time periods (see Fig-
ure 3.1.1).

The solution of each equation imposes different re-
quirements on the size of the time increment At. For
solving the flow equation under fully saturated con-
ditions, At must be such that:

(1) The dimensionless time required for the dissi-
pation of a hydraulic head perturbation within
an element be less than 2 (so that the pertur-
bation can be accurately propagated through
the mesh), and,

(2) the dimensionless time required for the propa-
gation of a hydraulic head perturbation from a
pumping or injection well (inflow boundary) to
the observation point (outflow boundary) be
smaller than 0.1 for the solution to be accu-
rate.

These two conditions lead to the following require-
ments on

At <
2SAx5

(3.3.1)
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At<
0.1SsL

2

K
(3.3.2)

where L is the distance between the pumping and

the observation point and is the grid size.

There is a requirement on At when solving conser-

vative solute transport equation. It derives from the

stability condition that the Courant number C, de-

fined as

/— qAt

(pAx
(3.3.3)

must be less than 1 (usually it is enough that C be
less than 1/3). Therefore, this condition states that

Af <
<pAx

(3.3.4)

This condition states that the solute cannot go over
one element during a single time step. There is a
similar Courant number condition for heat transport
which leads to the following requirement on At

A , ., (3.3.5)

There is an additional constraint on time step asso-
ciated to the convergence of the sequential iteration
process required to solve the coupled transport and
chemistry. Usually this is the most restrictive require-
ment. In fact, a time step satisfying all previous con-
ditions may not be sufficient to ensure convergence
in the hydrochemical submodel. Depending on the
reaction rates (which for local equilibrium are usu-
ally rather large), a too large At may lead to a large
mass transfer between liquid and solid phases which
in most cases prevents Newton-Raphson methods
from achieving convergence. This is generally true
during early time steps.

The convergence of the sequential iteration method
is sensitive to the estimation of the initial concentra-
tions which at a given time are taken from those
computed at the previous time step. In the first time
step, the first estimation is taken from the initial con-
centrations which in some cases may largely deviate
from the right solution. In these cases, the process
may require a large number of iterations or may
even fail to reach convergence within the maximum
allowed number of iterations. For this reason, it is
safe to use smaller time increments during early
times. The convergence depends strongly upon the
case and the type of chemical reactions. A reason-
able time increment is also case-dependent. Before
performing the whole simulation, one should per-

form a few trial runs (covering a short time span)
which will help to determine appropriate At values.

The convergence of the solution of the highly non-
linear unsaturated water flow imposes also strong
constraints on the size of the time increment.

In CORE2D, the whole simulation time is divided into
a number of time periods NTTIME. Each one of
them is further split into NSTEP equal time steps. In
the first time period, one should use smaller time
steps. In successive periods, time steps can be grad-
ually increased up to a maximum value when ap-
proaching steady-state conditions.

Simulation results are printed at some user-selected
times which are defined by specifying the printout
frequency. The program writes computed nodal val-
ues of hydraulic head, temperature, aqueous, pre-
cipitated, and sorbed component concentrations
one every NWXY time steps. For the purpose of pre-
paring breakthrough curves, results at selected
nodes are printed out one every NWTI time steps.

3.4 Description of the hydrochemical
system

3.4.1 Description of geochemical
databases

Several databases are available to users of CORE20.
They have been derived from the EQ3/6 software
package and to be used with the program they need
to be called either master25.dai or masterte.dai.
Masfer25 is only valid for calculations at a constant
temperature of 25°C and 1 bar while masterte is an
extension from 0 to 300°C and pressure along the
steam saturation curve above 100 °C. Masterte is
automatically activated when an input temperature
is different from 25°C. Available databases cover
the EQ3/6 releases number 6.0 and 7.0a taking as
basis the DATA0.COM data file. Differences among
databases are minor in terms of the thermochemical
data included. The most significant change is that
species, minerals and gas names have been recast
according to the corresponding IUPAC convention
with regards elemental terminology. Additional dif-
ferences arise from the selection of primary species
selected for redox reactions. They can be 'O2(aq)',
'O2(g)' (and the corresponding lowercase forms), or
'e-'. No matter the name with which the database
has been identified, CORE20 needs a master25.dat
or masterte.dat file in order to run properly. New
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species and reactions can be easily added to the
database, according to the following description.

All the databases share the same internal structure:
therefore, the following description applies to all of
them. The first line of the database contains the to-
tal number of log K entries and the temperatures of
each log K entry. The first block is a list of species
which are initially used in the EQ3/6 database as
component species to build the rest of reactions in
the database. They do not need to be necessarily
the primary species in CORE2D (see below the defi-
nition of the chemical system). The second block
contains data concerning the rest of aqueous spe-
cies or aqueous complexes. The third block contains
mineral data, the fourth deals with data for gases
while the fifth block includes data for surface com-
plexes. Blocks are separated by a line beginning
with the string 'null'.

3.4.1.1 First line
It includes'temperature points'N T] T2 ... TN, sep-
arated by blank spaces, where N is the number of
temperature data, and T are the temperatures (in
°C) of the log K values of the reactions in the data-
base. In master25 N is equal to 1, and T, is 25°C.

3.4.1.2 Block 1. Component species
Each line includes the 'species name' (within single
quotes), the hydrated ion size and the charge of the
component species, separated by blank spaces.

3.4.1.3 Block 2. Aqueous complexes
Each line includes the 'species name' (within single
quotes) of the aqueous complex, the number of
component species involved in the dissociation re-
action, a list of alternating stoichiometric coefficients
and corresponding name of component species
(within single quotes), N-values of log K (N defined
in the first line), the hydrated ion size and the charge
of the aqueous complex, and a final optional com-
ment (within single quotes).

3.4.1.4 Block 3. Minerals
Each line includes the 'mineral name', the molar
volume (in crr^moH), the number of component
species involved in the dissolution reaction, a list of
alternating stoichiometric coefficients and corre-
sponding name of component species (within single
quotes), N-values of log K (N has been defined in

the first line), and a final optional comment (within
single quotes).

3.4.1.5 Block 4. Gases
Each line includes the 'gas name', the correspond-
ing molar volume (24465 cm3moH for an ideal gas
at 1 bar pressure), the number of component spe-
cies involved in the gas dissolution reaction, a list of
alternating stoichiometric coefficients and corre-
sponding name of component species (within single
quotes), N-values of log K (N defined in the first
line), and a final optional comment (within single
quotes).

3.4.1.6 Block 5. Surface complexes
Each line includes the 'surface-complex name', the
number of component species involved in the reac-
tion, a list of alternating stoichiometric coefficients
and corresponding name of component species in-
volved in the de-sorption reaction (within single
quotes), the N-values of log K (N defined in the first
line), the ion size and the charge of the surface
complex, and a final optional comment (in single
quotes).

The reactions of the database are written in such a
way that aqueous complexes, minerals, gases or
surface complexes are on the left-hand side of the
reaction, and the component species in the
right-hand side. Therefore, the sign of log K corre-
sponds to the dissociation reaction of one mole of
aqueous complex, mineral, gas or surface complex.

In the case of masterte-type file, when a log K entry
is unknown a meaningless input of 500.00 is given.
This number is not used in the calculations and only
informs the code about the lack of information. In
case that the log K value is known only for a given
temperature, the code will use this value for the
whole temperature range. A warning message will
be issued by the code and it is user's responsibility
to decide if the log K value applies to the current
modeling exercise, the species needs to dropped
from the problem or an estimation for log K at the
problem's temperature needs to be done.

3.4.1.7 Example of master25 data file
A small piece of master25 file is reproduced here:

'temp.' 1 25.dO

'ch2o(aq)' 4.0 0.0

'h2o' 3.0 0.0
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'h+'9.0 1.0

'mg+2'8.0 2.0

'o2(aq)' 3.0 0.0

'xoh' 0.0 0.0

'null'0 0

'co2(aq)' 3 -1.0 'h2o' 1.0 'h + ' 1.0 'hco3-'
-6.3447 3.00 0.00

'cu+' 4 -1.0 'h + ' -0.250 'o2(g)' 0.500 'h2o' 1.0
'cu + 2' 18.0458 4.00 1.00

'oh-' 2 -1.0 'h + ' 1.0 'h2o' 13.9951 3.00 -1.00

'e-' 3 0.50 'h2o' -0.25 'o2(g); -1.0 'h + ' 20.750
1.00-1.00

'null' 1 0. '0' 0. 0. 0.

'barite'52.100 2 1.0'ba+2' 1.0'so4-2'-9.9711

'graphite' 5.298 4 -1.0'h2o' -1.0'o2(g)' 1,0 'h + '
1.0'hco3-'61.2752

'coffinite' 46.120 4 -4.0 'h + ' 1.0 'sio2(aq)' 1.0
'u+4' 2.0 'h2o' -8.0477

'null'

'ch4(g)' 24465.0 4 -2.0 'o2(g)' 1.0 'h + ' 1.0 'h2o'
1.0'hco3-' 135.4943

'cl2(g)' 0.0 4 -1.0 'h2o' 0.500 'o2(g)' 2.0 'cl-' 2.0
'h+' 4.4496

'co2(g)' 24465.0 3 -1.0 'h2o' 1.0 'h + ' 1.0 'hco3-'
-7.8136

'null' 0. 1 0. '0' 0.

'xoh2+' 2 1.0 'xoh' 1.0 'h + ' -7.4 1.0

'xo-'2 1.0'xoh'-1.0'h + '9.24-1.0

'xocd+' 3 1.0 'xoh' -1.0 'h+' 1.0 'cd+2' 7.0 1.0

'null' 0. 1 0. '0' 0.

Similarly, here is a small part of masterte data file:

'temperature points' 8 0. 25. 60. 100. 150. 200.
250. 300.

'h2o'3.0 0.0

'al+3'9.0 3.0

'zn + 2'6.0 2.0

'xoh' 0.0 0.0

'null'0 0

'oh-' 2 -1.0 'h+' 1.0 'h2o' 14.9398 13.9951
13.0272 12.2551 11.6308 11.2836 11.1675
11.3002 3.00-1.00

'aloh + 2' 3 -1.0 'h + ' 1.0 'al+3' 1.0 'h2o' 5.8541
5.0114 4.0615 3.2114 2.3829 1.7210
1.1602 0.6625 4.5000 2.00

'cucl2(aq)' 2 1.0 'cu+2' 2.0 'cl-' 500.00 -0.1585
500.00 500.00 500.00 500.00 500.00
500.00 3.00 0.00

'null' 1 0. '0'0. 0. 0. 0. 0. 0.0.0.0.0.

'coffinite' 46.120 4 -4.0 'h + ' 1.0 'sio2(aq)' 1.0
'u+4' 2.0 'h2o' -7.3186 -8.0477 -8.9821
-9.8229 -10.5772 -11.0754 500.00 500.00

'fe(oh)3' 34.360 3 -3.0 'h+' 1.0 'fe + 3' 3.0 'h2o'
6.9970 5.6556 4.1038 2.6878 1.2757
0.1091 -0.9263-1.9105

'mnhpo4' 0.0 2 1.0 'hpo4-2' 1.0 'mn+2' 500.00
-12.9470 500.00 500.00 500.00 500.00
500.00 500.00

'null' 0. 1 0. '0'0. 0. 0. 0. 0.0.0.0. 0.0.

'co2(g)' 24465.0 3 -1.0 'h2o' 1.0 'h+' 1.0 'hco3-'
-7.6765 -7.8136 -8.0527 -8.3574 -8.7692
-9.2165 -9.7202-10.3393

'h2s(g)' 24465.0 2 1.0 'h + ' 1.0 'hs-' -8.0781
-7.9759 -7.9295 -7.9572 -8.0759 -8.2750
-8.5671 -9.0074

;o2(g)' 0. 1 1.0 'o2(aq)' -2.6567 -2.8983 -3.0633
-3.1076 -3.0354 -2.8742 -2.6488 -2.3537

'null' 0. 1 0. '0'0. 0. 0. 0. 0.0.0.0. 0.0.

'xoh2 + ' 2 1.0 'xoh' 1.0 'h + ' 500.00 -5.80
500.00 500.00 500.00 500.00 500.00
500.00 1.0

'xo-' 2 1.0 'xoh' -1.0 'h + ' 500.00 11.10 500.00
500.00 500.00 500.00 500.00 500.00 -1.0

'xocd+' 3 1.0 'xoh' -1.0 'h + ' 1.0 'cd + 2' 500.00
-1.50 500.00 500.00 500.00 500.00 500.00
500.00 1.0

'null' 1 1.0 '0' 0.0 500.00 -1.50 500.00 500.00
500.00 500.00 500.00 500.00 1.0

3.4.2 Kinetics database
Basic data for kinetic dissolution-precipitation of
minerals is read from a special file currently named
'Kinetics.dat'. The information stored in this data file
is the following: kinetic rate constant, Kmk (in mol
n r V ) , apparent activation energy, Eom (in kj moH),
and the dimensionless parameters Omk,rjmk and pmh.
At present, the 'kinetics.dat' file holds data for more
than 30 common minerals. Rate constant units in-
ternally transformed by the code into mol dm-2 (user
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specified time unit)1. The overall appearance of the
kinetics.dat data file is as follows:

'siderite' 1 15.0 1.0 'idem calcite'

4.64d-7 1.0 1.0 0

'rhodochrosite' 1 15.0 1.0 'Inskeep and Bloom,
1986'

4.64d-7 1.0 1.0 0

'dolomite 1' 4 15.01.0 'Chou and Wollast, 1 989'

-2.66-3 1.0 0.0 2 'h + ' 0.75 ' hco3-' 0.9
-1.0d-4 1.0 0.0 1 'co2(aq)'0.75
-2.26-8 1.00.00
3.16d-4 1.0 0.0 1 'hco3-' 1.0

The first line contains the following information:

1. Mineral name,

2. Number of kinetic terms,

3. Apparent activation energy (kJ mol"1),

4. Threshold value for dissolution/precipitation
reaction

5. A comment relative to the original source of
the data

The second line contains:

1. The kinetic rate constant (mol rrr2 s"1),

2. Parameters 6mk,rjmk (dimensionless),

3. The number of catalytic species and their na-
me, and parameters pmki (dimensionless).

The lines that follow those of the previous descrip-
tion are only needed when the number of kinetic
terms is greater than 1, and have the same content
as the second line.

The threshold value is used to specify a minimum
value of the saturation index Qm above which min-
eral precipitation is considered to take place. Only
when Qm is greater than the threshold value the
code will let precipitate a mineral. Usually, this
threshold value takes a value of 1.0. Over satura-
tion of a mineral phase is possible if the threshold is
greater than one. On the contrary, if the threshold is
less than one, mineral precipitation may occur even
when it is under saturated according to the satura-
tion index.

3.4.3 Definition of the chemical system
The aim of this section is to define all the species
needed to describe the chemical system: aqueous

species, minerals, gases, exchanged and surface-
sorbed species.

The method for specifying the primary and secon-
dary species is based on that devised by Peter
Lichtner for the code MPATH and used by Carl
Steefel for the code 1DREACT (Steefel, 1993).
CORE20 requires the user to define a set of aqueous
primary species (or component species) as the inde-
pendent set of components of the system. If surface
adsorption reactions are included in the system,
then an additional primary species, 'xoh' has to be
defined. The choice of aqueous primary species is
not unique, and the set of most abundant species
for each component is recommended to avoid nu-
merical problems. The set of primary species does
not necessarily need to coincide with the component
species defined in master25 or masterte. The routine
database in CORE20 writes secondary species (aque-
ous complexes, minerals, gases, surface complexes)
as a function of the primary species selected by the
CORE20 user. Unlike EQ3/EQ6 code, the user can
choose the secondary species that will be involved
in the calculations. This allows one to perform
chemically simplified calculations which are useful
for multi-component reactive transport problems. In
that way, the amount of computing time saved is
significant.

Firstly, the user must be sure that the set of second-
ary species describe the problem. Some simple and
fast exploratory runs of a geochemical speciation
code, such as EQ3NR, for the different expected sit-
uations of the problem is recommended in prepar-
ing the definition of the chemical input for a reactive
transport problem. Secondly, the user must include
among the primary or secondary species the species
used in describing the reaction in the databases. If
this is not done, the code will not be able to find the
reaction in the database. For example, Al3+ must
appear among the aqueous species, either as pri-
mary or secondary species, if aluminum is to be in-
cluded in the calculations.

Redox reactions can be solved in a variety of ways.
Nonetheless, it is recommended to use 'o2(aq)' or
the corresponding uppercase form as the primary
species. Redox reactions may involve: (a) only dis-
solved aqueous species, (b) mineral phases, (c)
gases, or (d) combinations of the previous cases.
Other approaches to redox reactions use the oxy-
gen gas ('o2(g)' or the corresponding uppercase
form) or the fictitious species 'e-' as a primary redox
species. Although CORE20 accepts both approaches,
it is recommended to use 'o2(aq)( as primary spe-
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cies. In this case, 'o2(g)' can be specified as a gas-
eous species in the system (gasses block in the input
data file). It is not necessary (in fact, it is not recom-
mended) to include the aqueous electron as sec-
ondary species as far as the pe is calculated from
the computed aqueous oxygen concentration. If, ei-
ther the aqueous electron or the gaseous oxygen
are specified as the primary redox species, the data
written in the files OUTPEX.OUT and OUTPET.OUT
can be meaningless although the rest of the output
data will be essentially correct. This is due too the
fact that Eh, and oxygen fugacity are calculated
from the aqueous oxygen concentration. If this is not
available at the time of its computation, wrong (or
nonexistent) values will be given.

CORE2D does not solve for gas transport. However,
gases may be included in the definition of the chem-
ical system. Dissolved gases such as 'CO2(aq)' or
'O2(aq)' can be treated as the rest of secondary
aqueous species. The code will compute their dis-
solved concentrations and give the result together
with the secondary aqueous species concentrations
in the OUTCSEC file. The code allows one to spec-
ify fixed partial pressures for one or several gases. In
this case, the user must define gas zones within
which one specifies the list of gases as well as their
partial pressures which may change from zone to
zone but will remain constant with time.

For the purpose of defining the initial chemical
composition of groundwater, the code allows one to
compute the initial concentration in equilibrium with
a given gas. In this case, this gas must be included
in the list of gases and again their pressures must be
specified.

The exchanged species require the user to specify a
reference exchange species (usually Na) with respect
to which the rest of species are exchanged. Then,
the exchange coefficients or selectivities (K-) are
given for the corresponding exchange reactions with
respect to the reference species (Na).

The adsorbed species are treated in a similar man-
ner as aqueous secondary species.

In all cases, special care must be taken in order to
ensure that the names used in the input file match
exactly the corresponding names in the databases.

3.4.4 Types of aqueous solutions
and zones

The system may be divided into zones with different
initial porous solutions. Zones can also be defined

for the chemical composition of waters flowing
through the boundaries (including injection/pump-
ing wells) or as areal recharge (infiltration or root
water uptake). The system may also be divided into
mineral, gas, surface sorption and cation exchange
zones.

For the purpose of calculating the initial concentra-
tion of primary and secondary aqueous species
CORE20 can use several constraints:

(1) total solute concentration,

(2) fixed activity of an species,

(3) equal to the concentration of another species
electric neutrality,

(4) and equilibrium with a mineral or a gas.

3.4.5 Initial hydrochemical conditions
The initialization of the chemical characteristics of
the system is established by assigning an initial wa-
ter type, mineral zone, gas zone, cation exchange
zone and surface sorption zone to each node of the
numerical grid (see Section 3.2.4.2). This assign-
ment is done within the transport input file. The ini-
tial nodal temperature is checked against the tem-
perature of the water type speciation. The concen-
tration of sorbed species is calculated for each node
from the concentration of aqueous species and the
sorption characteristics of the rock.

3.4.6 Hydrochemical boundary
conditions

Only the concentration of the species in the aque-
ous phase is considered for establishing the bound-
ary conditions. Similarly to the initial conditions, the
chemical properties of boundary waters are estab-
lished by assigning each boundary (including inflow
at internal nodes) or areal recharge flow water to a
given chemical water type in the transport input data
(see also Section 3.2.4.2).

3.5 Structure of the code

3.5.1 Flowcharts
The main structure of the CORE20 code is shown in
the flowchart depicted in Figure 3.5.1. The program
starts by reading all the relevant flow, transport and
thermal data, the latter are only needed if heat
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transport is to simulated. Finally, the code reads and
initializes all hydrochemical data. Once all data are
read, the code constructs the finite element flow and
transport matrices which, for steady flow and con-
stant time increment, are not constructed again. The
logical sequence for solving the equations is the fol-
lowing: first the flow equation is solved and hydrau-
lic head (pressure head for variably saturated me-
dia) values at the nodes are computed (see Figure
3.5.2 for details of the flow solution subroutine).
Then water fluxes are computed by applying Darcy's
Law. These fluxes are later used to construct the sol-
ute and heat transport matrices. Computations for
heat and solute transport matrices are similar. As

one can see in Figure 3.5.3, dispersive terms are
computed first, then the convective terms, and finally
the boundary condition terms. Both heat and solute
transport finite element matrices are solved by LU
decomposition. Then, reactive transport equations
are solved by following the sequential iterative
scheme indicated in Figure 3.5.4. The solution of
the hydrochemical equations is performed by a
Newton-Raphson method. The detailed calculations
needed to obtain the solution of the chemical equi-
librium equations are depicted in Figure 3.5.5.

The main subroutines and the memory requirements
of CORE2D are summarized in Appendix 3.
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FLOWCHART Of TRANOUI MAIN PROGRAM

Read flow and tronsporl data

Rend heal Iransport data

Read and initialize
geochemical variables

Compute finite element constants

Compute water fluxes

Foimulote and solve heat
transport equations.

Compute solute dispersive teims

Construct solute conductance matrix

Add solute boundary terms

Account for initial concentrations
and perfoim LU decomposition

Solve coupled transport ond
chemical equations

Write space and lime
concentration results

Figure 3.5.1 Flowchart of the CORE main program.
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FLOWCHART OF HH-FLOW SUBROUTINE

Construct Conductance
and Capacitance
How matrices

Add boundary and
recharge terms

Solve equations by LU
decomposition

Wiile hydraulic head results

Figure 3.5.2. Flowchart of the HH_FL0W subroutine which solves the groundwater flow equation.
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FLOWCHART OF HEAT TRANSPORT SUBROUTINES

Computed heat dispersive terms

Construct lieot conductance matrix

Add heal boundary terms

Solve heat equations by III decomposition

TT WRITE

RETURN

Write temperature results

Figure 3.5.3. Flowchart of the HH_HFAJsubroutine which solves the heat transport equation.
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FLOWCHART OF SUBROUTINE COUPLE

f enter A
^ COUPLE J

\

UPDATE R

j

CHEMICAL SOURCE
TERM R = 0.0

LU SUBS
(component by component)

NEWTONEQ
(node by node)

/ CONVERGENCE \ ,
No /

\

Solve transpoit equations
by LU substilulion

Solve geochemical
equilibrium equations

Ves

RETURN

Figure 3.5.4. Flowchart of the subroutine COUPLE which performs the sequential iterative process for solving reactive solute transport.
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FLOW CHART OF NEWTONEQ (SUBROUTINE FOR CHEMICAL CALCULATION)

> (solve Transport)

BUILD NODAL CHEMICAL SYSTEM:

ASSIGN CHEMICAL BASE
ASSIGN TOTAL SOLUTE CONC.

ASSIGN STORED AQ.: PRIMARY SP.

CALCULATE SECONDARY SPECIES:

AQUEOUS COMPLEXES
MINERAL SATURATION INDEX

EXCHANGED CATIONS
SURFACE COMPLEXES

T
CALCULATE RESIDUALS

NO

CALCULATE DERIVATIVES OF
SECONDARY SPECIES WITH
RESPECT TO PRIMARY SPEC.

CALCULATE JACOBIAN

SOLVE SET OF LINEAR EQUATIONS
FOR INCREMENTS OF

AQ. PRIMARY SP. AND MINERALS

UPDATE VALUES OF AQ. PRIMARY SP.

-UPDATE CHEMICAL SOURCE
TERM IN TRANSPORT EQUATIONS

- STORE AQ. PRIMARY SPEC.

(next l ime increment)

NO

figure 3.5.5. flowchart of the NEWTONEQ subroutine which solves the chemical equilibrium equations by a Newton-Raphson method.
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4. Input data description

4.1 Groundwater flow and heat
and solute transport data

Data for groundwater flow and solute transport are
read from a file ROOT_TRA.DAT where "ROOT"
refers to the common roots of all the files used for a
given simulation. The name of this file must contain
no more than 20 characters.

4.1.1 Groundwater flow and solute
transport data

The input data for flow and transport of CORE20 is
read from FORTRAN unit number 8. The input data
are writen into a file (unit 9) ROOT_TRA.OUT which
reproduces the content of the input file.

The first card is used for writing the title, some com-
ments and remarks; it is followed by 20 data cards.
Some cards must be omitted in cases where data
are not required for a particular problem. It should
be noticed that there is always a blank line after
each card that can be used for auxiliary comments.
Some variables in data cards are not required under
certain conditions. In such cases one should leave
them blank or input any value. Data values must be
provided using standard FORTRAN format.

The content of each card is presented, indicating
the name and description of each variable as well
as its corresponding FORTRAN format.

The internal length unit used by CORE20 is dm. For
time and mass units the user is free to use any system
units as long as they are consistent among them.

CardJ. Title

Variable: TITLE

Format: A76

TITLE: Title of the problem, comments and re-
marks. This title is reproduced in the output
files.

Card_2. General options for flow and transport

Variables: lOTPA IOFLU IODIM XITA1 XITA2
I HEAT I RESTART

Format: 15 15 15 F10.3 FT0.3 15 \5

IOTPA: Integer indicator of the type of medium
0 = confined aquifer
1 = unconfined aquifer

2 = variably saturated flow in vertical cross-
sections

IOFLLJ : Integer indicator for flow regime
0 = steady state
1 = transient state

IODIM: Integer indicator for problem dimensio-
nality
2 = two-dimensional flow
3 = three-dimensional axisymmetric flow. In
this case the X coordinate must be the hori-
zontal (radial) coordinate

XITA1: Coefficient for the type of numerical sche-
me used for solving the flow equation
1.0 = implicit
0.0 = explicit
between 1.0 and 0.0 = mixed scheme
XITA1 = 1.0 (implicit) is suggested. If IOFLU
= 0, XITA1 is not required (leave it blank).

XITA2: Coefficient for the type of numerical sche-
me used for solving transport equations
1.0 = for an implicit scheme (uncondition-
ally stable)
0.0 = for an explicit scheme (conditionally
stable)
between 1.0 and 0.0 = mixed scheme
XITA2 = 1.0 (implicit) is suggested

IHEAT: Integer indicator for heat transport simu-
lation
0 = not considered
1 = considered

IRESTART: Indicator for using the restart proce-
dure. Computed results are saved in a file
named RESTART.DAT which can be used
later to restart the simulation.
0 = unused (usually this is the case)
1 = used

Card_3. Options for chemical calculations

Variables: ISPIA INIBOUND

Format: 15 15

ISPIA: Indicator for using a Sequential Partly-Iter-
ative Approach (SPIA) according to which af-
ter one transport iteration, the chemical
model is only called for the nodes not satisfy-
ing a prescribed convergence tolerance •
0 = not using SPIA. In this case the genera
sequential iteration approach is used.
1 = using SPIA
ISPIA = 0 is suggested
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INIBOUND: Indicator used for the definition of
the chemical composition of boundary and
recharge inflows, i.e. chemical initialization
of the boundary and recharge waters.
If INIBOUND=0 The options of Card_26 of
the chemical input file are not activated for
boudnary waters, and therefore chemical
speciation of these waters is not performed.
If INIBOUND is different than zero, options
of Card_26 are activated and therefore
chemical speciation of these waters can be
performed. Use of INIBOUND=1 is sug-
gested.

Card_4. Input and output file names (except flow
and solute transport input and output files)

Variables:

IOWRITE(l),INPUThet 15, A20

IOWRITE(2), INPUTche 15, A20

IOWRITE(3), OUTche 15, A20

Names of files used for input of heat transport data
(INPUThet), chemical input data (INPUTche) and
chemical output results (OUTche). Each name must
be in a separate line.

INPUThet is only needed when IHEAT in Card 2
is equal to 1. This line has to be always pres-
ent in the input file.

INPUTche is the name of the geochemical input
file. This file is always required, therefore a
name must be provided always.

OUTche is the name of the geochemical output
file. This file is always required, therefore a
name must be provided always.

Each line must contain in the first column an integer
value which will indicate wether a given file is
needed or not. If this integer is 1 the file will be gen-
erated otherwise it will not.

Variables:

IOWRITE(4), OUThx: Output of nodal hydraulic
head in dm (pressure head for variably satu-
rated media) values at specified time steps
(which are specified in Card_19): Integer
code and file name. (15, A20)

IOWRITE(5), OUTht: Output of hydraulic head
(in dm) versus time (in day) at selected nodes
(which are specified in Card_20): Integer
code and file name. (15, A20)

IOWRITE(6), OUTvt: Output of computed vol-
umes (in liter) of water at selected nodes
(which are specified in Card_21) as a func-
tion of time: Integer code and file name. (15,
A20)

IOWRITE(7), OUTft: Output file name of water flux
(liter per day) versus time (in day) at selected
nodes (which are specified in Card_21): Inte-
ger code and file name. (15, A20)

IOWRITE(8), OUTwt: Output file containing the
total volume of water stored in selected ma-
terial zones (which are specified in Card_19)
as a function of time: (15, A20)

IOWRITE(9), OUTtex: Output file name of tem-
perature nodal values at specified time steps
(which are specified in CardJ 9): (15, A20)

lOWRITE(lO), OUTtet: Output file name of tem-
perature versus time at selected nodes (which
are specified in Card_20): (15, A20)

lOWRITE(ll), OUTspx: Output file name of
nodal values of total dissolved concentrations
(molality) of selected components (which are
specified in Card_22) at specified time steps
(which are specified in CardJ 9): (15, A20)

IOWRITE(12), OUTspt: Output file name of total
dissolved concentrations (molality) of se-
lected components (which are specified in
Card_22) versus time at selected nodes
(which are specified in Card_20): (15, A20)

IOWRITE(13), OUTphx: Output file name of pH
nodal values at specified time steps (which
are specified in Card_l 9 (15, A20)

IOWR1TE(14), OUTpht: Output file name of pH
values versus time at selected nodes (which
are specified in Card_22): (15, A20)

IOWRITE(15), OUTmix, KLITER: Output file
name of nodal values of cumulative precipi-
tation (accumulated from time equal to zero)
of selected mineral phases (which are speci-
fied in Card_23) at specified times (which
are specified in Card_19). Variable KLITER
may have values of 0 or different from 0. In
case KLITER equal to 0, the nodal cumulative
dissolution/precipitation will be expressed in
mol mineral/dm**3 dissolution, which is ad-
equate for saturated conditions. Otherwise in
mol mineral/kg dry soil, more appropriate
for non-saturated conditions. File OUTmit is
congruent with the units specified through
KLITER. (15, A20, 15)
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IOWRITE(16), OUTmit: Output file name of cu-
mulative precipitation of selected mineral
phases (which are specified in Card_23) ver-
sus time at selected nodes (which are speci-
fied in Card_20). (I5,A2O)

IOWRITE(17), OUTpex: Output file name of pE
nodal values at specified times (which are
specified in CardJ 9). (15, A20)

IOWRITE(18), OUTpet: Output file name of pE
value versus time at selected nodes (which
are specified in Card_20). (15, A20)

IOWRITE(19), OUTadx: Output file name of
nodal values of total sorbed component con-
centration at specified times (which are spec-
ified in CardJ 9). (15, A20)

IOWRITE(20), OUTadt: Output file name of to-
tal sorbed component concentration versus
time at selected nodes (which are specified in
Card_20). (I5,A2O).

IOWRITE(21), OUTiter: Output file name con-
taining information on iterative processes.
(15, A20).

IOWRITE(22), OUTcsec: Output file name of
computed concentrations (molality) of dis-
solved primary, secondary species and fuga-
cities of selected gases at selected nodes
(which are specified in Card_20) versus time.
(15, A20). Notice that for moderately large
problems, this file may be exceedingly large.

IOWRITE(23), OUTint: Output file name con-
taining the computed nodal concentrations
of exchanged species at selected times
(which are specified in CardJ 9). (15, A20).

IOWRITE(24), OUTsix: Output file name con-
taining the nodal saturation indices of miner-
als at selected times (which are specified in
CardJ 9). (I5,A2O).

IOWRITE(25), OUTsit: Output file name con-
taining the saturation indices of minerals at
selected times for given nodes (which are
specified in CardJ 9). (15, A20).
The information contained in this file is writ-
ten in files OUTspx (nodal ionic strength) and
OUTcsec (activity coefficients).

IOWRITE(26), OUTmasol: Output file contain-
ing the total mass of dissolved components
in the whole system versus time. (15, A20).
Computed values include only the mass of
dissolved components. Possible mass transfer

to/from mineral phases or exchange com-
plex is not taken into account.

IOWRITE(27), OUTmprec: This file remains un-
used in the current release of CORE20. That
means that no information will be dumped
into it even thought its corresponding line
must be kept. (I5,A2O).

IOWRITE(28), OUTnodbal, INODBAL: Output
file containing a summary of solute and wa-
ter mass (useful for variably saturated me-
dia). The file contains: (1) nodal values of
mass of aqueous components, (2) total
volume of water in the system, (3) total solute
mass in the system for selected aqueous com-
ponents and (4) nodal values of water con-
tent, (5) total mass present in the system as
minerals, (6) total mass present in the system
as exchanged species. For mass balances,
units are mol. INODBAL may have values of
0 or different from 0. In case INODBAL is
equal to 0, only total mass balance checks
will be printed (total masses of selected com-
ponents in the water, minerals, and exchan-
ger as well as the amount of mass entering
and/or leaving the system within a selected
time period). Otherwise nodal mass balance
are written. In the latter case, OUTnod can be
extremely large. (15, A20, 15)

IOWRITE(32), OUTpeclet.OUT: This file con-
tains the maximum dimensionless Peclet and
Courant numbers for a given time period.
(I5,A2O).

IOWRITE(29), LOG1.OUT, ITERAT, ITERSTOP:
These are diagnostic files where the values of
aqueous species concentrations, activity and
activity coefficients are dumped for each
chemical iteration for a given node and time
step. The file is rewritten for each node and
each time step. So, activating this file trans-
lates into a really poor performance of
CORE2D in terms of time execution. It can be
used to identify: (1) species giving problems
in terms of chemical convergence; (2) nodes
where chemical problems arise; (3) time
periods for which chemistry cannot be prop-
erly solved. Variables ITERAT and ITERSTOP
are provided to indicate the code the num-
ber of time period when start writing the
LOG 1.OUT file and the last time period
when this file need to be written. In general,
it is easy to identify the time period in which
the code crashes. Therefore this time period
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minus 1 is a good point to start writing this
file. HERAT may take the value of 0. In this
case, the file LOG! .OUT will contain chemi-
cal information belonging to time 0 (initial
conditions). No matter the filename given to
this file, the output file will be called
LOG1.OUT. (I5,A2O, 15, 15)

IOWRITE(30), LOG2.OUT: In this file are
dumped the saturation indices of the miner-
als of the problem for each chemical itera-
tion in a given node and time period. This
file may be as lenghtly as the LOG1.OUT
file. If the problem does not contain minerals,
an error will be generated and, eventually, the
execution will crash. Variables ITERAT and
ITERSTOP operates over the time periods
when this file is going to be generated. Gen-
eral strategy to use this file is similar to that of
the LOG 1.OUT file. No matter the filename
given to this file, the output file will be called
LOG2.OUT (15, A20).

IOWRITE(31), LOG3.OUT, SELECTR: In this file
is dumped the incremental value of the
sink/source term (R) or the total solute af-
fected by transport (UT), i.e. the value of array
R (or UT) at iteration i minus the same value
for iteration i-1. This file has as many blocks
as transport iterations needed to achieve
convergence in all nodes. The whole file is
rewritten for each time period. No matter the
filename given to this file, the output file will
be called LOG3.OUT (15, A20, 4X, Al).

Card_5. Dimension variables
Variables: NNOD NELE NMA NTTIME

Format: 15 15 15 15

NNOD: Number of nodes in the finite element grid

NELE: Number of triangular elements of the grid

NMA: Number of aquifer material zones (pa-
rameter zones)

NTTIME: Number of time periods

Card_6. Time stepping data
Repeat this card as many times as the number of
time periods, NTTIME, defined in Card_5.

Variable: IT1 TIMEINT NSTEP

Format: 15 F10.4 15

ITI: Time period number

TIMEINT: Duration of time period [T]

NSTEP: Number of time steps within this time
period.

The duration TiMEINT is divided into NSTEP equal
time increments. Flow and transport equations are
solved at each one of the intermediate time incre-
ments (see Figure 3.1.1).

Card_7. Number of stepwise time functions
for boundary and recharge conditions
Variables: NBOUNDFH NBOUNDFC

Format: 15 15

NBOUNDFH: Number of time functions for
groundwater recharge and flow boundary
conditions; if boundary parameters do not
vary with time, NBOUNDFH is equal to zero.
In this case Card_8 is not required.

NBOUNDFC: Number of time functions for sol-
ute and heat transport boundary conditions.
If they are constant in time, NBOUNDFC is
equal to zero; in this case, Card_9 is not re-
quired.

Card_8. Stepwise time functions for areal recharge
and water flow boundary conditions
This card must be omitted if NBOUNDFH=0 in
Card_7. Repeat this card NBOUNDFH times, one
for each time function.

Variables: I (BOUNDFH(I, J), J= 1,NTTIME)

Format: 15 F10.0

BOUNDFH(I, J): Value of the i-th time function
at the j-th time period

Card_9. Stepwise time functions for solute and heat
transport
This card must be omitted if NBOUNDFC=0 in
Card_7. Repeat this card NBOUNDFC times, one
per time function.

Variables: I (BOUNDFCfJ, J), J= 1,NTTIME)

Format: 15 F10.0

BOUNDFQI, J): Value of the i-th function at the
j-th time period. Use the same format as in
Card_8.

Card_10. Parameters of aquifer material zones
Repeat this card NMA times, one per aquifer mate-
rial zone. A material zone is a set of one or more tri-
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angular elements within which the parameters take
constan values.

Variables: i PK1 (I) PK2(I) ANGLE(I) SS(I) POR(I)
DFM(I) DSL(I) DST(I) DENSEC(I)
PORCIN(I)

Format: 15 10E9.2

I: Material zone number

PK1 (I): First principal component of the hydraulic
conductivity tensor [L/T]

PK2(I): Second principal component of the hy-
draulic conductivity tensor [L/TJ

ANGLE(I): Angle (in degrees) between the direc-
tion of the first component and the x-coor-
dinate (counter-clock wise)

SS(I): Specific storage coefficient for confined
(IOTPA=0) or unsaturated flow (IOTPA=2)
[1/L]; It is equal to the specific yield for un-
confined flow when IOTPA=1 [dimensionless]

POR(I): Total transport porosity [dimensionless]

DFM(I): Molecular difussion coefficient [L2/T]

DSL(I): Longitudinal dispersivity [L]

DST(I): Transverse dispersivity [L]

DENSEC(I): Dry density [M/L3]. This datum is
used to compute the retardation coefficient.
It is only needed for sorbing solutes. Any co-
herent set of mass units (g, kg) are allowed.

PORCIN(I): Accesible porosity [dimensionless]

For steady-state flow the storage coefficient SS is
not required. One can leave SS blank or assign any
value. One must use 'dm' as the unit of length [L].
That is required because concentrations are ex-
pressed as mol/L in the chemical model. Notice that
for confined flow or unsaturated conditions SS rep-
resents the specific storage coefficient. The program
computes the storage coefficient by multiplying SS
and the thickness of the aquifer. For unconfined
aquifers, SS represents the storage coefficient which
approximately coincides with specific yield.

Card_11. Unsaturated flow parameters
This card must be provided only when IOTPA = 2
(unsaturated flow), otherwise it must be omitted. Re-
peat this card NMA times, one per material zone .

Variables: I, ITPRL, SR(I), SAS(I), CM(I), ALPHA(I)

Format: 2I5 E9.2 E9.2 E9.2 E9.2

I: Material zone number

ITPRL: Integer for relative permeability function:
= 1 for van Genuchten equation
= 2 for Irmay equation

SR(I): Residual saturation degree

SAS(I): Saturation degree at saturated condi-
tions, normally it is assumed to be equal to 1

CM(I): Value of parameter m in van Genuchten
retention curve

ALPHA(I): Value of parameter a in van Genuchten
retention curve [L-1]

Notice that the basic unit length in the program is dm.

Card_12. Default values of data defined on triangular
elements
Variable: MATDF THICKDF RECHDF IRECHDF

Format: 15 F10.3 F10.3 15

MATDF, THICKDF, RECHDF and IRECHDF are
default values of variables MAT, THICK,
RECH and IRECH which are defined in the
next card, respectively. Default values are as-
signed to all elements. The next card allows
the user to specify different values of these
parameters at selected elements.

Card_13. Data for triangular elements
This card is used to provide the values of the pa-
rameters and variables that are defined over the el-
ements. These variables include aquifer thickness
and areal recharge. Aquifer parameters are as-
sumed constant within material zones. The number
of these zones (NMA) is defined in Card_5 and the
parameter values of each zone are specified in
Card_10. One must indicate the zone number to
which a given element belongs to.

One must provide information for all elements
(NELE). However, if the properties of the elements
(parameters and geometry) is the same for a string
of elements, one only has to input the properties of
the first element of the string. The properties of the
remaining elements are generated automatically by
the code. One should always input the information
of at least the first and last elements of the grid. The
test examples attached to this manual illustrate this
feature.

Variable: IE NODE(IE,I),1 = 1,3 MAT(IE) THICK(IE)
RECH(IE), IRECH(IE)

Format: 15 315 15 F10.0 FT 0.0 15

IE: Element number
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NODE(IE, 3): The three node (vertice) numbers of
element IE (in a counterclock wise manner)

MAT(IE): The number of material zone in which
element IE is located

THICK(IE):
= aquifer thickness for flow in 2-D horizontal
confined flow
= base elevation for 2-D unconfined flow
= 1 for 2-D vertical confined flow or variably
saturated flow
= blank or any value for 3-D axisymmetric
flow

RECH(IE): rate of areal recharge (possitive for
recharge and negative for discharge) [L/T]

IRECH(IE): the number of recharge time function
(listed in Card_8) used for element IE. In the
program, the amount of recharge is com-
puted as the product of RECH times the time
function, BOUNDFH. Leave IREACH blank if
areal recharge is constant in time

Card_14. Default values for nodal data

Variables: IDBHDF HPDF Q1DF ALFADF IQDF
HODF IDBOCDF IIWDF IBWDF IRWDF
IMIDF IGSDF IADDF IEXDF

Format: 13 3F7.0 13 F10.0 8I3

IDBHDF, HPDF, Q1DF, ALFADF, IQDF, HODF,
IDBOCDF, IIWDF, IBWDF, IRWDF, IMIDF,
IGSDF, IADDF and IEXDF are default nodal
values of the variables IDBH, HP, Q l , ALFA,
IQ, HO, IDBOC, IZONEIW, IZONEBW,
IZONERW, IZONEM, IZONEG, IZONED
and IZONEX which are defined in the next
card. Default values are assigned automati-
cally to all the nodes of the grid. However,
changes to these values can be made with
the next card.

CardJ 5. Nodal data

This card is used to specify the values of properties
and parameters which are defined in a nodewise
manner. These properties include the nodal coordi-
nates (x,y) as well as nodal boundary conditions
and parameters for water flow and solute transport.
One must provide these data for all the nodes
(NNOD). However, if there is a string of equally
spaced nodes having the same properties, the user
only has to input the information for the first node of
the string. Data for the remaining nodes are gener-
ated automatically by the code. Notice that the

chemical parameters and properties are defined on
a nodewise manner. These properties are assumed
constant within zones which consist of a set of grid
nodes. There are zones for:

Q Initial chemical composition

Q The chemistry of water flowing into the system
along the boundaries

Q The chemistry of areal recharge water

• Mineral phases gas phases

Q Sorption processes and properties

Q Ion exchange processes and properties

Variables: IP XX(IP) Y(IP) IDBH(IP) HP(IP) Q l (IP)
ALFA(IP) IQ(IP) HO(IP) IDBOC(IP)
IZONEIW(IP) IZONEBW(IP) IZONERW(IP)
IZONEM(IP) IZONEG(IP) IZONED(IP)
IZONEX(IP)

Format: 15 2F10.0 13 3F7.0 13 F7.0 8I3

IP: Node number

XX(IP): X coordinate of node IP [L]

Y(IP): Y coordinate of node IP [L]

IDBH(IP): Integer indicator of the type of flow
boundary condition
1 -prescribed head
2-prescribed flux (including no flux). Use this
condition for nodes not lying along the
boundary.
3-mixed Cauchy condition
4-free drainage (only for variably saturated
flow)

HP(IP): When IDBH(IP)=1 represents the pres-
cribed hydraulic head (pressure head for un-
saturated flow); when IDBH(IP)=3 represents
the external reference hydraulic head;
otherwise, HP is not required, and can be left
blank

Q l (IP): Prescribed water flux [L3/T], (positive for
inflow); only required when 1DBH(IP)=2; oth-
erwise leave blank or put any value

ALFA(IP): Leakage coefficient [L2/T]; only re-
quired when IDBH(IP) =3 , otherwise leave
blank or put any value. Notice that ALFA(IP)
represents the lumped value of the leakage
coefficient for node IP

IQ(IP): The number of stepwice time function
(listed in Card_8) used for the boundary con-
dition of node IP; in the program, BOUNDFH
multiplies either HP or Q l depending on the
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type of flow boundary condition; if the
boundary condition does not change with
time, input a zero value

HO(IP): It represents:
1 -initial hydraulic head for confined flow
2-initial pressure head for unsaturated flow
3-prior estimation of head for transient un-
co nf in ed
4-steady-state hydraulic heads for steady-
state flow
In all other cases, leave it blank or input any
value.

IDBOC(IP): Integer indicator of the type of solute
transport boundary condition
1 -prescribed concentration
2-solute flux associated with water flux (in-
cluding no flux)
3-prescribed solute flux

IZONEIW(IP): Zone number of the initial chemi-
cal compisition

IZONEBW(IP): Zone number for the chemistry of
boundary inflows (including inflows at inter-
nal nodes). Leave it blank if there are no in-
flow zones

IZONERW(IP): Zone number for the chemistry of
recharge water. Leave it blank if there is no
areal recharge

IZONEM(IP): Mineral zone number to which the
node belongs to. Leave it blank if there are
no mineral zones

IZONEG(IP): Gas zone number to which the
node belongs to. Leave it blank if there are
no gas zones

IZONED(IP): Adsorption zone number to which
the node belongs to. Leave it blank if there
are no sorption zones

IZONEX(IP): Ion exchange zone number to which
the node belongs to. Leave it blank if there
are no exchange zones

Card_16. Data for free drainage boundary nodes

This card is needed for calculating the free drainage
boundary distance. Therefore, it is only needed for
unsaturated zones having a free drainage boundary
condition. Repeat as many times as nodes having a
boundary condition IDBH=4 (see the previous card).

Variables: NODF NODF1 NODF2

Format: 15 15 15

NODF: Free drainage node number

NODF1: Number of the first neighbour node
(on the free drainage boundary) of node
NODF

NODF2: Number of the second neighbour node
of node NODF

If one neighbour node is out of the free drainage
boundary, input a zero value.

Card_17. Data for convergence criteria

Variables: MAXITPFL TOLFL MAXITPTR TOLTR
MAXITPCH TOLCH MAXITPAD TOLAD

Format: 15 E10.3 15
E10.3

E10.3 15 E10.3 15

MAXITPFL: Maximum allowed number of itera-
tions for solving the water flow equation; It
is needed for unconfined and unsaturated
flow;

TOLFL: Relative tolerance for convergence of
head (or pressure head) values. A value be-
tween 1 0'3 and 10'6 is suggested

MAXITPTR: Maximum allowed number of itera-
tions for solving transport and geochemistry;
set MAXITPTR=1 for the sequential non-iter-
ative approach where transport and chemis-
try are sequentially solved only once

TOLTR: Relative tolerance for convergence of
concentration values during transport calcu-
lations. A value between 10'3 and 1O6 is
suggested

MAXITPCH: Maximum allowed number of itera-
tions for solving the geochemical equations

TOLCH: Relative tolerance for convergence of
concentration values during the solution of
the chemical system. A value between 1 O3

and 1 0 6 is suggested

MAXITPAD: Maximum allowed number of itera-
tions for solving the equations sorption via
surface complexation

TOLAD: Relative tolerance of concentration con-
vergence for solving sorption reactions. A
value between 1 0 3 and 10& is suggested

Card_18. Control variables for Jacobian matrix

Variables: ISWITCH, ITEMP, NJACOB

ISWICHT: Base switch option. ISWICHT = 1
when switching is performed otherwise, leave
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it blank. Use of ISWICHT = 0 is recom-
mended.

ITEMP: Integer for thermal options (= 0 for con-
stant temperature at 25 °C; = 1 for variable
temperature)

NJACOB: The Jacobian matrix for chemical spe-
ciation is updated every NJACOB iterations.
(Use of NJACOB = 1 is recommended)

Card_19. Control variables for output printout

Variables: NWXY NWDIM NWTI NWNOD
NWCOM NWMIN INDMAT NVOL
NWTV

Format: 1015

NWXY: Time frequency for writing spatial nodal
results

NWDIM: Options for spatial results
1 = results versus distance x for 1 -D problems
2= results at all nodes for 2-D problems

NWTI: Time frequency for writing the time evolution
of results at some selected nodes (NWNOD)

NWNOD: Number of nodes at which time evo-
lution will be printed out

NWCOM: Number of chemical components for
which results will be printed out

NWMIN: Number of minerals for which results
will be printed out

INDMAT: Aquifer material zone number for
which the time evolution of water volume will
be printed out.

NVOL: Number of nodes for which the time evo-
lution of water content will be printed out.

NWTV: Time frequency for writing water content

Card_20. Node numbers at which results
are printed out

Variables: (IWNOD(I),1 = 1,NWNOD)

Format: 1515

IWNOD(I): Vector of node numbers at which
time evolution of results are printed out.
Omit this card if NWNOD = 0

Card_21. Node numbers at which results of water
content will be printed out variable

Variable: (INVOL(I), l = l , NVOL)

Format: 15I5

INVOL(I): Vector of node numbers.

Omit this card if NVOL = 0

Card_22. Data related to exchanged cations

Repeat this card as many times as exchanged cat-
ions are considered.

Variable: NAEXC(K) IMS(K) IEX(K) AEKX(K,L, L= 1,4)

Format: A20 14 14 Free

NAEXC(K): Name of the k-th cation of the solu-
tion (either primary or aqueous complexes)
able to be exchanged with surface cations.
Omit NAEXC if no exchangeable cations are
required. However, the species '*' is always
needed to indicate the end of the list.

IMS(K): Integer indicator taking a value of 1 for
the cation used as reference for the ex-
change reactions (usually Na) and 0 for the
rest of cations.

IEX(K): Exchange convention type used for ex-
change calculations:
1 =Gaines-Thomas; 2=Vanselow; 3 = Gapon
The value of IEX(K) must be the same for all
the exchanged cations.

AEKX(K,L): Exchange coefficient of the k-th cat-
ion with respect to the reference cation or
coefficients for the exchange isotherm. In
case that isotherms are not used, AEKX(l)
stores the selectivity coefficient and the rest
of values of AEKX (2 through 4) must be
O.OdO. For the reference cation AEKX(K,L)
= 1.0 0.0 0.0 0.0. These coefficients are
the parameters define polynomial function in
order to calculate the logarithm of exchange
coeffient.

Card_23. Minerals for which results will be
printed out

Variable: (IWMIN(I),I=1,NWMIN)

Format: 1515

IWCOM(I): Vector of mineral identifiers for which
results will be printed out. Omit this card if
NWMIN = 0

4.1.2 Heat transport data
This input file is required if heat transport is selected.
Heat transport data are read from unit # 7, and are
written to unit # 9. Heat input file consists of 4 data
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cards. There is a comment line before each data
card (that can be left blank).

CardJ . Physical and thermal parameters of water
Variables: RHOW CATW

Format: F10.0 F10.0

RHOW: Water density [g/dm3]

CATW: Specific heat capacity of water which is
assumed constant with temperature [cal/g C°]

Card_2. Thermal aquifer parameters
Variables: IA RHOS CATS ITLAMD AMBDAO

AMBD AMBW TIN DSLT(IA) DSTT(IA)

Format: 15 F10.0 F10.0 15 6F10.0

IA: Order of medium parameter zone

RHOS: Density of solid phase [g/dm3]

CATS: Specific heat capacity of the solid phase
[cal/g C°]

ITLAMB: Integer code used to specify thermal
conductivity laws. Its values are:
ITLAMB = 1 for A = Ao

ITLAMB = 2 for A = Asj • ^ s j "
where Se is effective water saturation degree

AMBDAO: Isotropic thermal conductivity, Ao,
[cal/dm T °C]

AMBD: Dry thermal conductivity, Ad (W/m °C)

AMBW: Saturated thermal conductivity, Aw (W/m

°q
TIN: Parameter n (dimensionless)

DSLT(IA): Longitudinal thermal dispersivity [dm]

DSTT(IA): Transverse thermal dispersivity [dm]

Card_3. Default nodal heat transport data
Variables: IDBOTDF TPDF TFLUXDF TALFADF

ITFLUXDF

Format: 15 F10.0 F10.0 F10.0 15

These variables are the default values of IDBOT, TP,
TFLUX, TALFA and ITFLUX which are defined in the
next card.

Card_4. Nodal heat transport data
Repeat as many times as nodes are in the grid,
NNOD.

Variables: IP IDBOT(IP) TP(IP) TFLUX(IP) TALFA(IP)
ITFLUX(IP)

Format: 15 15 F10.0 F10.0 F10.0 15

IP: Node number

IDBOT(IP): Integer indicator of the type of ther-
mal boundary condition
1-prescribed temperature
2-prescribed heat flux (including no flux)
3-mixed Cauchy condition

TP(IP): Represents prescribed temperature when
IDBOT(IP)= 1; It is the external reference tem-
perature when IDBH(IP) = 3; Otherwise it is
not required, leave it blank or put any value

TFLUX(IP): Heat flux not carried by water
[cal./unit time], (positive for inflow); it is re-
quired only when IDBOT(IP)=2; Otherwise
leave it blank or put any value; The heat flux
associated with water flux is automatically
accounted for by the program

TALFA(IP): Leakage coefficient for mixed bound-
ary; only required when IDBOT(IP) = 3, other-
wise leave it blank or put any value; Similar
to variable ALFA defined in Card_15 for wa-
ter flow, variable TALFA(IP) represents a
lumped value of the leakage coefficient for
node IP

IFLUX(IP): The number of piecewice time func-
tion (listed in card_9) used fr node IP; The
time function BOUNDFC multiplies either TP
or TFLUX depending on the thermal bound-
ary condition. If heat boundary conditions
does not vary with time, input a zero value

4.2 Hydrogeochemical data

Card-1. Title

Variable: TITLE

Format: A76 (write the content of TITLE within
'single quotes')

TITLE: Title, coments and remarks (in one single
line)

Card-2. Label

Variable: LABEL

Format: A76 (write the content of LABEL within
'single quotes')

LABEL: Comments which will appear in the out-
put file
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4.2.1 Definition of the geochemical
system

These cards contain the information on aqueous
species, minerals, gases, surface complexes and ex-
changeable cations. The names of the aqueous spe-
cies, minerals and gases must be taken from those
listed in master25.dat and mastertemp.dat (variable
temperature) databases.

Card-3. Label
Variable: LABEL

Format: A76 (write the content of LABEL within
'single quotes')

LABEL: Comments which will appear in the out-
put file

Card-4. Initial temperature
Variable: TC2

Format: Free

TC2: Reference temperature of the system (°C)

4.2.1.1 Primary aqueous species

CardJ. Label
Variable: LABEL

Format: A76 (write the content of LABEL within

'single quotes')

LABEL: Comments which will appear in the out-
put file

Card__6. Label
Variable: LABEL

Format: A76 (write LABEL within 'single quotes')

LABEL: Comments

Card_7. Number of primary species
Variable: NDSI

Format: Free

NDSI: Number of primary species

CardJ. Label
Variable: Label name of species

Format: A76 (write LABEL within 'single quotes')

CardJ. Primary aqueous species
Repeat Card_9 as many times as needed to describe
all the aqueous components of primary species.

Variable: NAPRI(K) (ALAMDA (K, I), l= 1 ,NDSI)

Format: A20 (write the content of NAPRI within
'single quotes')

NAPRI(k): Name of the k-th primary species as it
appears in the databases.
The species '*' is needed to indicate the end
of the list.

ALAMDA: Decay constant of primary species

4.2.1.2 Aqueous complexes

Card J O . Label
Variable: LABEL

Format: A76 (write the content of LABEL within
'single quotes')

LABEL: Comments which will appear in the out-
put file

CardJ 1. Aqueous complexes
Repeat Card-8 as many times as needed to describe
all the aqueous secondary species (aqueous com-
plexes). These species may contain also dissolved
gases such as 'O2(aq)'.

Variable: NAAQX(K)

Format: A20 (write the content of NAAQX within
'single quotes')
NAAQX(K):Name of the k-th aqueous
complex
Omit NAAQX if no aqueous complexes
are present
However, the species '*' is always needed
to indicate the end of the list

4.2.1.3 Minerals

CardJ 2. Label

Variable: LABEL

Format: A76 (write LABEL within 'single quotes')

LABEL: Comments that will appear in the output file

CardJ 3. Mineral names
One should provide the name of the mineral and
the option for either chemical equilibrium or kinet-
ics. Use a line per mineral phase present in the sys-
tem. If one or more minerals are kinetically con-
trolled, at the end of the list, the user should define
the time units used in the problem within single
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quotes. The following units are allowed: 'second',
'minute', 'hour', 'day', 'month' and 'year'. If the
time unit used in the problem is ~day', one can skip
this line.

Variables: NAMIN(K), INDICATOR(K)

Format: A20 (write NAMIN within 'single quotes'),
free integer

NAMIN(K):Name of the K-th mineral phase.
Omit NAMIN if no minerals are present.
However, the species '*' is always needed to
indicate the end of the list.

INDICATOR(K): Integer variable taking the fol-
lowing values
= 0 when the K-th mineral is at local equi-
librium
> 0 when the K-th mineral is kinetically con-
trolled.
An example of this card is given below:
'MINERALS'
'quartz' 1
'day'

4.2.1.4 Gases

Card_14. Label
Variable: LABEL

Format: A76 (write LABEL within 'single quotes')

LABEL: Comments that will appear in the output
file

Card_15. Gases
Repeat this card as many times as needed

Variable: NAGAS(K)

Format: A20 (write NAGAS within 'single quotes')

NAGAS(K): Name of the k-th gas.
Omit NAGAS if no gases are required. How-
ever, the species '*' is always needed to indi-
cate the end of the list.

4.2.1.5 Surface complexes

Card_16. LABEL
Variable: LABEL

Format: A76 (write LABEL within 'single quotes')

LABEL: Comments that will appear in the output
file

Card_17. Surface complexes
Repeat this card as many times as needed

Variable: NAADS(k)

Format: A20 (write NAADS within 'single quotes')

NAADS(K): Name of the k-th surface complex.
Omit NAADS if no surface complexes are re-
quired. However, the species '*' is always
needed to indicate the end of the list.

4.2.1.6 Exchangeable cations

Card_18. Label

Variable: LABEL

Format: A76 (write LABEL within 'single quotes')

LABEL: Comments that will appear in the output file

Card_19. Label
Variable: LABEL

Format: A76 (write LABEL within 'single quotes')

LABEL: Comments which will appear in the output
file

Card_20. Data related to exchanged cations
Repeat this card as many times as exchanged cat-
ions are considered

Variable: NAEXC(K) IMS(K) IEX(K) (AEKX(K,L), L= 1,4)

Format: A20 14 14 Free

NAEXC(K): Name of the k-th cation of the solu-
tion (either primary or aqueous complexes)
able to be exchanged with surface cations.
Omit NAEXC if no exchangeable cations are
required. However, the species '*' is always
needed to indicate the end of the list.

IMS(K): Integer indicator taking a value of 1 for
the cation used as reference for the ex-
change reactions (usually Na) and 0 for the
rest of cations.

IEX(K): Exchange convention type used for ex-
change calculations:
1 =Gaines-Thomas;
2=Vanselow;
3= Gapon
The value of IEX(K) must be the same for all
the exchanged cations.

AEKX(K,L): Exchange coefficient of the k-th cat-
ion with respect to the reference cation or
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coefficients for the exchange isotherm. In
case that isotherms are not used, AEKX(l)
stores the selectivity coefficient and the rest
of values of AEKX (2 through 4) must be
O.OdO. For the reference cation AEKX(K,L)
= 1.0 0.0 0.0 0.0.

4.2.2 Initial, boundary and recharge
water solutions

Card_21. Label
Variable: LABEL

Format: A76 (write LABEL within 'single quotes')

LABEL: Comments that will appear in the output file

Card_22. Label
Variable: LABEL

Format: A76 (write LABEL within 'single quotes')

LABEL: Comments that will appear in the output file

Card_23. Initial and boundary aqueous solutions
Variable: NIWTYPE NBWTYPE NRWTYPE

Format: 14 14 14

NIWTYPE: Number of different aqueous solu-
tions initially present in the system

NBWTYPE: Number of boundary solutions (includ-
ing pumping/injection at the internal nodes)

NRWTYPE: Number of different areal recharge
solutions

4.2.2.1 Chemical composition ot initial
and boundary aqueous solutions

This describes the way to specify the chemical com-
position of initial and boundary aqueous solutions.
One should repeat Cards 24, 25 and 26 as many
times as the total number of initial and boundary
aqueous solutions which is given by NIWTYPE +
NBWTYPE + NRWTYPE. One should first input the
composition of the NIWTYPE initial solutions, then
the composition of the NBWTYPE boundary solu-
tions and finally those of the RRWTYPE areal re-
charge solutions.

Card_24. Identification of the solution
Variables: IWTYPE TC2 ITC2

Format: I4 Free NO

IWTYPE: Number of order of the initial, bound-
ary or areal recharge solution. For initial
aqueous solutions, the value of IWTYPE var-
ies from 1 to NIWTYPE

TC2: Temperature of the aqueous solution (°C)

ITC2: The number of stepwise time function (listed
in Card_9 of water flow and transport input
file), used for time-varying boundary and ar-
eal recharge conditions. For the initial water
solution, and for constant (in time) thermal
boundary and recharge conditions, one
should set ITC2 equal to 0

Card_25. Label
Variable: LABEL

Format: A76 (write LABEL within 'single quotes')

LABEL: Comments that will appear in the output file

Card_26. Chemical composition of the aqueous
solutions
Variables: NAPRI(K) ICON(K) CGUESS(K) CTOT(K)

NADUM(K) ICTOT(K)

Format: A20 14 Free Free A20 110

NAPRI(K): Name of the k-th primary aqueous
species.

The name of the species must coincide with
those previously listed as primary species in
the definition of the chemical system, al-
though the order may change. Names must
be included between 'single quotes'. The spe-
cies '*' indicates the end of the list of species.

ICON(K): Integer flag variable indicating the
procedure used for computing the concen-
tration of primary species from the total dis-
solved concentrations, CTOT.
1 = the concentration of the k-th primary
species is constrained by the total concentra-
tion, CTOT, except for water which is as-
sumed equal to 1.
2 = the concentration of the k-th primary
species is equated to the concentration of
another species of opossite charge. For in-
stance, the concentrtion of Na can be fixed
to be equal to that of Cl.
3 = the activity of the k-th species is as-
sumed initially equal to CTOT.
4 = the concentration of the k-th species is
calculated from the assumption of equilib-
rium of the solution with respect to the min-
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eral NADUM(K).
5 = the concentration of the k-th primary
species is calculated from the assumption of
equilibrium with respect to a given partial
pressure of the gas NADUM(K)

CGUESS(K): Initial guess for the concentration
(mol/kg) of the k-th primary species

CTOT(K): Total dissolved component concentra-
tion (mol/kg). For ICON = 5, CTOT is equal
to the partial pressure of the gas used to
constrain the concentration of the species.
For a prescribed solute flux boundary condi-
tion (IDBOC=3 in Card_14 of the transport
input file), CTOT is equal to the solute flux
(mol per unit time)

NADUM(K): Name of the mineral (ICON(K)=4)
or gas (ICON(K)=5) used to constrain the
concentration of the k-th primary species.
Names must be included between 'single
quotes'. NADUM(K) should coincide with one
of those previously listed as minerals or gases
in the definition of the chemical system

ICTOT(K) The number of stepwise time function
(listed in Card_9 of water flow and transport
input file), used for time-varying boundary
and recharge conditions. For initial water so-
lution, and for constant (in time) transport
boundary and recharge conditions, one
should set ICTOT(K) equal to 0

4.2.3 Initial mineral zones
This section describes the different mineral zones ini-
tially present in the system.

Card_27. Label
Variable: LABEL

Format: A76 (write LABEL within 'single quotes')

LABEL: Comments that will appear in the output file

Card_28. Label
Variable: LABEL

Format: A76 (write LABEL within 'single quotes')

LABEL: Comments that will appear in the output file

Card_29.
Variable: NMTYPE

Format: 14

NMTYPE: Number of mineral zones in the sys-
tem.

The following three cards must be repeated NMTYPE
times.

CardJO.
Variable: IMTYPE

Format: 14

IMTYPE: Number of order of the mineral zone

Card_31. Label
Variable: LABEL

Format: A76 (write LABEL within 'single quotes')

LABEL: Comments that will appear in the output file

Card_32. Composition of mineral zones
Variable: NAMIN(K) VOL(K) AREAM2(K)

Format: A20 Free Free format

NAMIN(K): Name of the k-th mineral involved in
the lithology. The name of the mineral must
be one of those previously listed in the defini-
tion of the chemical system, although the or-
der may change. It is not needed to repeat
the complete list. Names must be included
between 'single quotes'. The mineral '*' indi-
cates the end of the list of species.

VOL(K): Volume fraction of the k-th mineral.

AREAM2(K): Specific surface of the mineral
(dm2 of mineral surface per dm3 of porous
medium)

4.2.4 Data related to adsortion coefficients

Card_33. Label
Variable: LABEL

Format: A76 (write LABEL within 'single quotes')

Card_34. Distribution coefficient
Variable: LABEL.

Format: A76 (write within 'single quotes')

Variable: XKD.

Format: Free

LABEL: Comments of XKD

XKD: Distribution coefficient of primary species
(NDSI)
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4.2.5 Initial gas zones
This section describes the different gas zones initially
present in the system.

Card_35. Label
Variable: LABEL

Format: A76 (write LABEL within 'single quotes')

LABEL: Comments that will appear in the output file

Card_36. Label
Variable: LABEL

Format: A76 (write LABEL within 'single quotes')

LABEL: Comments that will appear in the output file

Card_37.
Variable: NGTYPE

Format: 14

NGTYPE: Number of gas zones present in the
system.

The following three cards must be repeated NGTYPE
times.

Card_38.
Variable: IGTYPE

Format: 14

IGTYPE: Number of order of the gas zone

Card_39. Label
Variable: LABEL

Format: A76 (write LABEL within 'single quotes')

LABEL: Comments that will appear in the output file

Card_40. Composition of gas zones
Variable: NAGAS(k) VOLG(k)

Format: A20 Free

NAGAS(k): Name of the k-th gas involved in the
system. The name of the gas must be one of
those previously listed in the definition of the
chemical system, although the order may
change. It is not needed to repeat the com-
plete list. Names must be included between
'single quotes'. The gas '*' indicates the end
of the list of species.

VOLG(k): Partial pressure of the k-th gas.

4.2.6 Surface adsorption zones
This section describes the characteristics of the
zones with different surface adsorption properties.

Card_41. Label

Variable: LABEL

Format: A76 (write LABEL within 'single quotes')

LABEL: Comments that will appear in the output file

Card_42. Label

Variable: LABEL

Format: A76 (write LABEL within 'single quotes')

LABEL: Comments that will appear in the output file

Card_43.

Variable: NDTYPE

Format: 14

NDTYPE: Number of surface adsorption zones.

Card_44. Label

Variable: LABEL

Format: A76 (write LABEL within 'single quotes')

LABEL: Comments that will appear in the output file

Card_45. Data for adsorption zones

This card must be repeated NDTYPE times. Omit
this card if NDTYPE is zero. No '*' is required to in-
dicate the end of the list of adsorption zones.

Variable: IDTYPE SUPADS TSS

Format: 14 Free Free

IDTYPE: Number of order for the surface ad-
sorption zone

SUPADS: Specific adsorbent surface of the solid
phase per unit of volume of solution (m2 of
surface per kg of solid)

TSS: Total adsorption sites per unit volume of
solution (mol/drn3)

4.2.7 Cation exchange zones
This section describes the characteristics of cation-
exchange zones.
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Card_46. Label
Variable: LABEL

Format: A76 (write LABEL within 'single quotes')

LABEL: Comments that will appear in the output file

Card_47. Label
Variable: LABEL

Format: A76 (write LABEL within 'single quotes')

LABEL: Comments that will appear in the output file

Card_48.
Variable: NXTYPE

Format: 14

NXTYPE: Number of cation exchange zones.

Card_49. Label
Variable: LABEL

Format: A76 (write LABEL within 'single quotes')

LABEL: Comments that will appear in the output file

Card_50. Data related to the cation exchange zone
This card and card_51 must be repeated NXTYPE
times. Omit this card if NXTYPE is zero. No '*' is re-
quired to indicate the end of the list of cation ex-
change zones.

Variable: IXTYPE

Format: 14

IXTYPE: Number of order for the cation exchange
zone.

Card_51. Data related to the cation exchange zone

This card must be repeated NEXC times. Omit this
card if NXTYPE is zero. No '*' is required to indicate
the end of the list of cation exchange zones.

Variable: NAEXC(K) CECA(K)

Format: Free Free

CECA(K): Exchange capacity of the k-th cation
(meq/lOOgsoil).

4.2.8 End of input data
This section allows the user io be sure that the
chemical data have been read entirely.

Card_52. Label

Variable: LABEL

Format: A76 (write LABEL within 'single quotes')

LABEL: Comments that will appear in the output file

Card_53. Label to check the end of chemical data
input

Variable: LABEL

Format: A76 (write LABEL within 'single quotes')

LABEL: This label must be 'end'.
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Output description

CORE2D has up to 1 7 output files:

(1) General output of transport in unit 9: Includ-
ing mainly flow, solute and heat transport in-
put data, general control data and error
messages

(2) General output of geochemical data in unit 2

(3) Output of nodal hydraulic head (pressure
head for variably saturated media) values at
specified time steps in unit 61

(4) Output of hydraulic head versus time at se-
lected nodes in unit 63

(5) Output of water volume vs. Time in unit 71

(6) Output of mass flow in given nodes vs. Time
in unit 75

(7) Output of total water flux vs. Time in unit 41

(8) Output of temperature nodal values at speci-
fied time steps in unit 81

(9) Output of temperature versus time at se-
lected nodes in unit 83

(10) Output of nodal values of total dissolved
component concentration at specified time
steps in unit 1 0

(11) Output of total dissolved component con-
centration versus time at selected nodes in
unit 15

(12) Output of pH nodal values at specified time
steps in unit 1 1

(13) Output of pH value versus time at selected
nodes in unit 1 6

(14) Output of nodal values of total mineral pre-
cipitation (accumulated from time zero) at
specified time steps in unit 12

(15) Output of total mineral precipitation versus
time at selected nodes in unit 1 7

(16) Output of redox nodal values at specified
time steps in unit 14

(1 7) Output of redox value versus time at selected
nodes in unit 1 9

(1 8) Output of nodal values of total sorbed com-
ponent concentration at specified time steps
in unit 24

(1 9) Output of total sorbed component concentra-
tion versus time at selected nodes in unit 29

(20) Output of modeling progress and iteration
information in unit 39

(21) Output of aqueous species concentration vs.
Distance in unit 76

(22) Output of exchange complex evolution vs.
Distance in unit 72

(23) Output of saturation indexes of minerals vs.
Distance in unit 26

(24) Output of saturation indexes of minerals vs.
Time at selected nodes in unit 27

(25) Output of solute mass balance (kg) in unit
28

(26) Output of mass of mineral diss./prec. In unit
78

(27) Output of nodal mass at volume balance in
unit 88

(28) Output of maximum peclet and courant
number in unit 89

(29), (30) and (31) Diagnostic files

Not all these files are always used. There is no file
(4) under state-steady flow conditions. Neither (8)
nor (9) are needed if heat transport is not included.
Neither (12) nor (13) are needed if H+ is not in-
volved in the chemical system. Neither (16) nor
(1 7) are needed if electrons e' are not considered.
Files (14) and (15) are not needed if no mineral
precipitation or dissolution processes are consid-
ered. Similarly, (18) and (19) are not required if
there is no ion exchange and adsorption by surface
complexation.

Output file (21) is necessary if computed concentra-
tions (molality) of dissolved primary, secondary spe-
cies and selected gases at selected nodes versus
time are wanted Notice that for moderately large
problems, this file may be exceedingly large. Output
file (22) is necessary if the computed nodal concen-
trations of exchanged species at selected times are
wanted. Output files (23) and (24) are necessary if
the nodal saturation indices of minerals at selected
times and the saturation indices of minerals at se-
lected times for given nodes are wanted. Output file
(25) contains the total mass of dissolved compo-
nents in the whole system versus time. Computed
values include only the mass of dissolved compo-
nents. Possible mass transfer to/from mineral phases
or exchange complex is not taken into account. The
file (26) remains unused in the current release of
CORE20. That means that no information will be
dumped into it even thought its corresponding line
must be kept. Output file (27) contains a summary
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of solute and water mass (useful for variably satu-
rated media). The file contains:

1) nodal values of mass of aqueous components,

2) total volume of water in the system,

3) total solute mass in the system for selected
aqueous components and

4) nodal values of water content,

5) total mass present in the system as minerals,

6) total mass present in the system as exchanged
species.

For mass balances, units are mol. In the latter case,
(27) can be extremely large. The file (28) contains
the maximum dimensionless Peclet and Courant
numbers for a given time period.

The file (29) is a diagnostic where the values of
aqueous species concentrations, activity and activity
coefficients are dumped for each chemical iteration
for a given node and time step. The file is rewritten
for each node and each time step. So, activating
this file translates into a really poor performance of
CORE2D in terms of time execution. It can be used
to identify:

1) species giving problems in terms of chemical
convergence;

2) nodes where chemical problems arise;

3) time periods for which chemistry cannot be
properly solved.

Variables ITERAT and ITERSTOP (see Chapter 4) are
provided to indicate the code the number of time

period when start writing the LOG 1.OUT file and
the last time period when this file need to be written.
In general, it is easy to identify the time period in
which the code crashes. Therefore this time period
minus 1 is a good point to start writing this file.
ITERAT may take the value of 0. In this case, the file
LOG1.OUT will contain chemical information be-
longing to time 0 (initial conditions). No matter the
filename given to this file, the output file will be
called LOG1.OUT

In file (30) the saturation indices of the minerals of
the problem are dumped for each chemical iteration
in a given node and time period. This file may be as
length as the LOG1 .OUT file. If the problem does
not contain minerals, an error will be generated
and, eventually, the execution will crash. Variables
ITERAT and ITERSTOP operates over the time peri-
ods when this file is going to be generated. General
strategy to use this file is similar to that of the
LOG1.OUT file. No matter the filename given to
this file, the output file will be called LOG2.OUT.

In file (31) the incremental value of the sink/source
term (R) or the total solute affected by transport (UT)
is dumped, i.e. the value of array R (or UT) at itera-
tion i minus the same value for iteration i-1. This file
has as many blocks as transport iterations needed
to achieve convergence in all nodes. The whole file
is rewritten for each time period. No matter the file-
name given to this file, the output file will be called
LOG3.OUT.

Appendix 2 contains examples of the most relevant
output files.
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CORE20 has undergone an extensive process of ver-
ification details of which can be found in Xu (1 996),
Samper et al. (1 998) and Montenegro et al. (1 999).
This chapter contains some of the verification test
cases which include:

1) water flow,

2) conservative solute transport,

3) heat transport,

4) mineral dissolution,

5) chromatographic separation of sodium and
potassium,

6) cadmium sorption and

7) redox processes.

6.1 Verification of groundwater flow

6.1.1 Flow in unconfined aquifer
Water flow in an unconfined aquifer is iteratively
solved by updating the thickness on the basis of the
solution of the confined aquifer flow. To verify flow

in unconfined aquifers, a one-dimensional problem
with fixed hydraulic head at the left end (x=0), and
an inflow of a specified water flux at the right end
(x=100 m) was selected. Under these conditions,
the steady-state hydraulic head at any intermediate
point x is given by:

K

where h0 is the fixed head at the left end, Q is the
specified flowrate per unit width, and K is the hy-
draulic conductivity.

A fixed head of 2 m, and a hydraulic conductivity of
10 m/day were used. Three flow rates 4.8, 3.0 and
1,6 r rWnr 1 were considered. The total aquifer
length of 100 m is discretized into 20 equal ele-
ments. The results are shown in Figure 6.1, which
clearly shows that computed heads agree fairly well
with the analytical solution.

CORE20 solves iteratively the unconfined flow equa-
tion. Aquifer bottom elevation and an initial esti-
mate of the hydraulic head h are required in order
to evaluate aquifer thickness. The number of itera-
tions needed to reach convergence (for a relative

10.00

8.00-

6.00 -

Q=4.8m3/day/m

4.00-

20.00 40.00 60.00 80.00 100.00

Distance (m)

Figure 6.1, Verification of CORE numerical solution (symbols) against the analytical solution in Equation 6. I for water flow
in an unconfined aquifer.
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head tolerance of 1O6), depends on the initial h es-
timation. For Q=4.8 m3/day/m, and an initial con-
stant head of 6 m 8 iterations are required. If the
initial head estimate varies in space, less iterations
may be required.

6.1.2 Flow in variably saturated porous
media

The numerical solution of flow in variably saturated
porous media has been verified against the
UNSATCHEM-20 code (Simunek and Suares, 1 993).
Example 2 in their user's manual was selected.
Which corresponds to a 1 m deep soil profile with
an initial pressure head of -5 m. The saturated hy-
draulic conductivity, Ks', is 0.6048 m/d. The retenion
curve parameters of a hypothetical loam soil (van
Genuchten, 1980) are: 6r = 0.00, ds = 0.48, n =
1.592, and a = 1.5022 rrv1. The upper boundary
condition corresponds to a constant irrigation rate
of 1 cm/6, whereas free drainage is used as lower
boundary condition. The potential root water uptake
varies linearly throughout the soil profile with a max-
imum at the soil surface and zero uptake at the bot-
tom of the root zone. The total water uptake is as-

sumed to be 0.9 cm/d, which together with the irri-
gation intensity of 1 cm/d results in a leaching frac-
tion of 0.1.

Figure 6.2 shows the water content profiles 1 0, 50
and 300 days, obtained by CORE20, together with
those computed with UNSATCHEM-20. CORE20 re-
sults, in general, agree fairly well with those by
UNSATCHEM-20. However, some slight differences
can be observed at the moisture moving fronts during
the transient period (see curves at 1 0 and 50 days in
Figure 6.2). Due to the fact that the bottom boundary
condition is of free drainage, the lower part of soil
profile is drained before the moisture front reaches
the bottom of the soil depths. A steady-state profile is
reached after approximately 150 days.

6.2 Verification of conservative
solute transport

6.2.1 One-dimensional transport

The transport subroutines of CORE20 were verified
for one- and two-dimensional conditions. The 1-D

20.00 -

40.00 -

60.00 -

80.00 -

100.00
0.10 0.20 0.30

Water Content

0.40 0.50

figure 6.2. Verification of CORE results (symbols) against UNSATCHEM-2D (lines) for flow in variably saturated porous media.
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test case corresponds to the time evolution of con-
centrations in a semiinfinite confined aquifer under
steady-state flow conditions. The initial and bound-
ary conditions are the following:

C(x,0)=0

-D^+vC = vCn

£(-,,)= 0d

(6.2)

(6.3)

(6.4)

The spatial distribution of analytical and computed
concentrations is shown in Figure 6.3. As expected,
numerical and analytical solutions are completely
identical. Similarly, Figure 6.4 illustrates the time
evolution of concentration at points located at x=4
and x=6 m. Again, with the proper time-space
discretization, CORE20 is able to simulate accurately
the simultaneous transport of a set of conservative
solutes. One should notice that most standard sol-
ute transport codes require solving the transport of
each species separately.

Under these conditions, the analytical solution is
given by (van Genuchten and Alves, 1 982):

(vx\ (x - vt
exp — lerfc (6.5)

where erfc() is the complementary error function, Co

is the concentration of input water, v is actual
seepage velocity (v=q/0), q is Darcy velocity, <p is
porosity, D is the dispersion coefficient (D=a v), and
a is the dispersivity. Comparisons are made for the
following set of parameter values: v = l m/day,
q = 0.1 m/day, 0 = 0.1, a=2 m, and C0=10-3 mol/l.

A 20 m long medium is discretized using 52 nodes
and 50 elements. Grid size increases gradually from
the left to the right end until it reaches a value of 1
m, and then remains constant. This discretization
scheme satisfies the Peclet number condition. Time
increments are constant and equal to 0.002 days
up to 1 day. For the following three days the time
increment is set equal to 0.005 days. Both time in-
crements satisfy the Courant number condition.

Seven components are considered: Na, K, Mg, Ca,
NH4, Cl, and SO4. It is assumed that all compo-
nents exist in the form of free ions (primary species).
No chemical reactions are considered in this case.
All seven components have the same concentra-
tions. The concentration of the incoming water is
lO 3 mol/l. The initial concentration is equal to 10'7

mol/l (a value sufficiently close to zero). Non-zero
concentrations must be used because geochemical
subroutines take the logarithm of concentrations for
calculating activity coefficients. If initial concentra-
tions are equal to zero the program will give under-
flow errors and will stop with an error message.

6.3 Verification of heat transport
For verification of heat transport the following 1 -D
initial and boundary conditions are considered:

T(x,0)=T,

T(0,t)=To

T(oo,f)=0

(6.6)

(6.7)

(6.8)

where To is the temperature of input water [°C], and
Ti the initial temperature. The analytical solution for
this one-dimensional heat transport problem is (Bear,
1979):

+ exp (6.9)

Parameters used for this case are: q = 0.1 dm/day,
0 = 0 . 1 , T0=20°C, Ti= 10°C, pw= 1000 g/dm3, cw= 1
cal/g °C, ps=2650 g/dm3, cs=0.25 cal/g °C,
A0=1296 cal/dm °C day, and £=50 dm. The rest
of the parameters, calculated from previous data,
are:pmcm= 696.25 cal/dm3 °C, Dh=9.043 dmVday,
and vh = 0.1 536 dm/day.

Space and time discretization schemes as well as
solute transport and chemical data are the same as
those used for verification of 1-D conservative trans-
port. The largest values of the Peclet and Courant
numbers are:

vhAx 0.1436x1.0

Q = Ax

9.043

0.1436x0.05
02656

Computed and analytical temperature distributions
at 1, 1.5 and 2 days are presented in Figure 6.5.
One can see that both solutions fully agree at all
times in space.
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Figure 6.3. Verification of CORE numerical solution against the analytical solution in Equation 6.5. (space concentration distributions).
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Figure 6.4. Analytical and CORE computed breakthrough curves at x=4 and x=6 m corresponding to conservative solute transport.
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Figure 6.5. Temperature versus distance for CORE verification of heat transport against the analytical solution in Equation 6.11.

6.4 Verification of reactive transport
This section presents a number of verification test
cases which correspond to various chemical processes
taking place at chemical equilibrium conditions.

6.4.1 Dissolution/Precipitation

6.4.1.1 Comparison of CORE20

andTRAN-PHREEQE

Given that the flow and transport routines have
been verified against an analytical solution and that
PHREEQE is a well known and verified geochemical
code, the comparison between CORE20 and TRAN-
PHREEQE (a code obtained by coupling PHREEQE
and the flow and transport subroutines of CORE2D)
provide another indirect verification of CORE20.

The previous example (Section 6.4.1.1) has been
used also to compare CORE20 and TRAN-PRHEEQE.
Two time periods are defined. The first period of 10
days is divided into 1 00 time steps. The second pe-
riod of 40 days is divided into 200 time steps.

The results for total dissolved Ca and SO4 are
shown in Figures 6.6 and 6.7. CORE20 results are
identical to those obtained with TRAN-PHREEQE. As
shown in Table 6.1, CORE20 requires much less
CPU time than TRAN-PHREEQE. In both programs,
the computing time for geochemical calculations is
much greater than that for transport. The CPU time
for transport calculations in both programs is simi-
lar. This is due to the fact that in CORE20 the user
selects a reduced set of species and minerals
among all those included in the database. CORE20

represents a qualitative improvement of the codes
based on the coupling of a transport and a geo-
chemical code.

6.4.1.2 Comparison of CORE20 and TRANQUIKIN
for Verification of Kinetics

This case considers calcite dissolution/precipitation
by subsaturated infiltrating water in a one-dimen-
sional porous medium domain of 100 m length.
Porosity is equal to 0.1 and dispersivity is equal to
10 m. Water flux is 2 m/year. Initially groundwater
is saturated with respect to calcite (see Table 6.2).
The kinetic rate constant of calcite is 4.64 10'7

(mol/m2/s). Figures 6.8 and 6.9 show the computed
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figure 6.6. Concentration versus distance at 2,5 and 8 days as computed by CORE and TRAN-PHREEQE.
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Table 6.1
Comparison of CPU times (minutes in a VAX/4300 computer) required by CORE20 and TRAN-PHREEQE

Program

CORF"

TRAN-PHREEQE

Total

1.135

130.329

Chemical reactions

1.099

130.266

Transport

0.036

0.063

Table 6.2
Verification of kinetics using an example of calcite dissolution by subsaturated infiltrating water in a one dimensional domain.

Subcases
Primary
species

Initial Boundary
concentration concentration
(log mol/L) (mol/L)

Secondary
species

Porosity
Specific surface

(m2 mineral/
m3 total volume)

Cal-0

Cal-E

0.0

Cal-1

Cal-2

Cal-3

Cal-4

H+

HCOJ

Ca2+

-7.98

-3.02

-3.02

-5.50

-5.42

-4.40

oh-

C02«

air
CaHCO+

6.8e-5

6.8e-4

6.8e-3

6.8e-2

Equilibrium

10.00

8.75

7.50

6.25

5.00

/Col -2

Y

Cal-4 ond Cal-E

^A Cal-1

>-o-o-o-<c

s^O-v -

TRANQUIKIN

O CORE-20

250 500

Distance (dm)

750

Figure 6.8. pH spatial distribution as computed with CORE and TRANQUIKIN.
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5.00E-

~ 2.50E-4

O.OOE+0
500

Distonce (dm)

figure 6.9. Co2+ spatial distribution as computed with CORE and TRANQWKIN.

pH and dissolved calcium concentrations computed
with CORE2D and TRANQUIKIN. One can see that
solutions obtained with both codes coincide entirely.

6.4.2 Ion Exchange
This case corresponds to a laboratory column docu-
mented in the PHREEQM User's Manual (Nienhuis
et. al., 1 991). The column, initially filled with 1 mM
NaNO3 and 0.2 mM KNO3/ is flushed by a 0.6 mM
CaCI2 solution. This case illustrates the chromato-
graphic separation of Na and K. Na is weakly ad-
sorbed, and is eluted first. K is more tenaciously held
than Na, and is retarded in the column effluent.

For simulation using PHREEQM, a 1 dm long col-
umn is split into 25 cells, each with a length of 0.04
dm. A dispersivity of 0.01 dm is used. The diffusion
coefficient is set equal to 0. The flushing discharge
is 0.03 dm/h. The flow velocity is 0.1 dm/h.

Porosity is 0.3 and cation exchange capacity in
terms of pore water is CEC = 1.1 meq/l. Nitrate is
used as anion. Redox reactions which could affect
NO3 are removed from the database of PHREEQM.
Cl is used as a conservative solute to display pure
transport.

All required thermodynamic data used in CORE20

are the same as those of the PHREEQM database.
Gaines-Thomas convention was used for cation ex-
change. In this convention, selectivity coefficients
are calculated by using the equivalent fraction of the
exchanged cations for their activities. It should be
pointed out that the selectivity is a relative concept.
Here we choose Na+ as the reference. Therefore,
Na+ selectivity is equal to 1. Cation exchange reac-
tions can be written as:

Na- + K-X = K- + Na-X
KNa/K = 0.1995

No- + 0.5Ca-X = 0.5Ca2+ + Na-X
K,No/Co = 0.3981

where KNa/K and KNo/Co are potassium and calcium
selectivities, respectively, with respect to sodium. The
lower the selectivity, the higher the exchange capac-
ity. A divalent cation, in general, is more exchange-
able than a monovalent cation. The input of
CORE20 requires cation exchange capacity, CEC,
expressed per 100 g of solids. It can be derived
from the following expression:

CEC(meq/100g solid) = <P CEC(meq//J
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where ps is the density (Kg/I) of the solids which is
equal to 2.65. By substituting these parameters, one
has CEC = 0.01 779 meq/1 OOg solid.

The finite element method used by CORE2D differs
from the finite difference of PHREEQM. The former
uses the nodes rather than the cell centers. In order
to be able to compare both solutions at the same
point, the space discretization scheme used by
CORE20 is such that the grid size is half of that of
PHREEQM. With this scheme, the first four elements
are 0.01 dm long while the rest have a length of
0.02 dm. The largest Peclet number is:

Ax = 0.02 =

a 0.01

Three time periods are considered for CORE20 sim-
ulations. The first period of 5 hours is divided into
200 time steps with a time increment of 0.0025
hour. The second period of 1 0 hours is divided into
200 steps with a time increment of 0.005 hour. The
third period of 1 0 hours is divided into 1 00 steps
with a constant time increment of 0.01 hour. The
maximum Courant number is 0.1.

To avoid the effect of the right boundary, computed
concentrations are compared at an intermediate

point located at a coordinate of 0.62 dm. Results
obtained with both programs are shown in Figure
6.10. It is concluded from this test that K+, which is
strongly selected by the exchanger, displaces Na+

from the exchanger, and is transported at a rela-
tively low velocity. Na+ comes out first because it
has the lowest selectivity. Then K+ comes out, and
Ca2+ is the last to show up. Both solutions agree for
the most part. In fact, the breakthrough curves for
chloride (which is a conservative species in this
case) are almost identical. There are some minor
differences in the Na and Ca curves. The largest dif-
ferences occur for K, which is the cation showing the
most sharp behaviour.

With respect to a conservative solute, such as Cl,
the cations, Ca, Na and K, show a delay in reach-
ing their concentrations in the input solution. This is
due to the progressive exchange of Na+ and K+ by
Ca+2 from the exchange complex. Since exchanged
Na+ is preferentially displaced by K+ and Ca+2 (see
the values of the selectivity coefficients), Ca+2 occu-
pies the Na+ positions, and Na+ is released to the
solution. Therefore, the concentration of Na+ in so-
lution decreases but not as fast as a conservative
solute. Moreover, K+ is tied to the solid surface

0.0012

0.0009 -

10 15

Time (hour)

20 25

Figure 6.10. Concentration (mol/l) versus time for CORE verification of ion exchange against PHREEQM atx=0.62 dm
and for a dispersivity of 0.01 dm.

95



CORE20. A code for non-isothermal water flow and reactive solute transport. Users manual version 2

more strongly than Na+, and it is released later to
the solution. In spite of the fact that the input solu-
tion has a very low K+ concentration, the release of
exchanged K+ provokes a peak of dissolved K+

(which in this case is almost five times the initial val-
ues). Since, dissolved Ca2+ coming from the input
solution is consumed in displacing Na+ and K+ from
surface sites and, therefore, its concentration in-
crease happens much later than what would corre-
spond to a conservative species.

6.4.3 Adsorption

To verify surface sorption modeling, an example of
cadmium transport reported by Cederberg et al.
(1985) is used. The transport of cadmium, chlo-
ride, and bromide in a one-dimensional laboratory
column of 1 dm of length was simulated. The phys-
ical and chemical processes considered include
dispersion, advection, formation of complexes in
the aqueous phase, and sorption of free cadmium.
The physical parameters are: 0.3 for porosity, 0.8
dm/day for average pore velocity, 0.002 dm for
longitudinal dispersivity, and 2500 g/l for the den-
sity of medium. The chemical parameters are:
0.046 moles/1 for total number of adsorption sites,
pH = 7 (held constant), 100 dmVg for solid spe-
cific surface area, and 0.0106 F/dm2 for capaci-
tance (ice).

The equil ibrium chemical system is listed in Table
6.3. The aqueous primary species include: H + ,

H 2 O, C d 2 + , C h and Br . The aqueous secondary
species are C d O , C d C I 2 + , CdBr+ , CdBr2 + , O H -
and C d O H + . For surface complexation an addi -
t ional sorbed primary species, X O H , is considered.
In the apparent equil ibrium constants of sorbed
complexes a potential term is added, e~Ffc for the
XOH+ complex, for X O " , and eF*"/RT for
X O C d + (see Ayora et a l . , 1995). The sorption equi-
l ibrium constant of X O C d + is set at a value of

Under these conditions, significant sorption of cad-
mium is expected to take place. Cases 2 and 5 in
Cederberg et al . (1985) were chosen for this test.
These cases correspond to a step input of CIT and
BrT, with a constant Cd T of 0 .0001 mol / l in both
initial and boundary condit ions for the two cases.
The column is initially at equi l ibr ium. In Case 2 ,
the initial concentrations are 0 .0003 mo l / l for CIT ,
and 0 .0001 mol / l for BrT. The boundary concen-
trations are 0 .003 mol / l for CIT , and 0.001 M/ l for
BrT. In Case 5, the initial concentrations are 0 .003
M/l for CIT , and 0.001 mol / l for BrT while the
boundary values are 0.03 mol / l for CIT , and 0.01
mol / l for BrT.

The grid spacing (in x direction) is 0 .0025 d m . 8 0 2
nodes and 8 0 0 elements are required by CORE 2 0 .
The t ime increment is 0.001 5 6 2 5 days which satis-
fies the Courant number condi t ion. Up to 4 0 0 time
steps are considered for simulating 15 hours. Re-
sults obtained with CORE 2 0 are shown in Figure
6 . 1 1 .

Table 6.3
List of reactions for the adsorption verification case; (XOH) denotes a sorption site.

Reaction type Geochemical reaction log]0(K}at25°C

Aqueous dissociation reactions

OH-

CdCI+ :

CdCI2 =

CdBr+ :

CdBr2 =

CdOH- =

X O H | :

xo- =

= H2U -1

= Cd 2 + -

= CdJ+ +

= Cd 2 + -

= ai+ +

Cd- +

= XOH -4

= XOH-

H+

K l -

•2CI-

fB r

2Br

-H+

H+

13.91

-1.8

-2.6

-2.2

-3.0

12.69

-7.4

9.24Surface dissociation reactions

• = XOH - H+ + Cd2+
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l.OE-1

1.0E-2 -

1.0E-3 -

1.0E-4 - -

I.OE-5 H

I.OE-6

Case2.CI
- - Case 2. Cd(aq)
- - Case 2. Cd(s)

Cose 5. Cl
Case 5. Cd(oq)

— Case 5. Cd(s)

0.0 0.4 0.6 0.8 1.0

Distance (dm)

Figure 6.11 Concentration versus distance for adsorption verification as computed by CORE (at 15 hours).

One can see that sorbed Cd decreases and the
aqueous Cd increases in the column as CIT and BrT
increase. As the concentrations of CIT and BrT in-
crease, the cadmium that was initially sorbed onto
the solid phase tends to desorb. Both Cl and Br
complexes enter the aqueous phase. The increase in
the concentration of Cl and Br in the inflow water
makes the concentration of Cd aqueous complexes
(CdCI-, CdBr+, CdCI2/ CdBr2) to increase. As a re-
sult the amount of Cd in solution increases, at the
expense of the sorbed Cd (XOCd+), which de-
creases. The extent of the desorption process de-
pends on the amount of Cl and Br in solution, as
shown by the comparison between Cases 2 and 5 in
Figure 6.1 1.

Therefore, the partition of Cd between the solution
and the sorbed phase is an strong function of the
concentration of the solution.

This test case was simulated by Cederberg et al.
(1985) using the TRANQL code. Xu (1996) com-
pared both solutions and concluded that they agree
fairly well. Only minor differences are observed for
Case 2 which are attributed to the fact that CORE20

space and time discretization schemes are finer than
those of TRANQL.

6.4.4 Nonisothermal reactive transport
For the purpose of verifying CORE20 capabilities to
deal with nonisothermal reactive transport, the fol-
lowing hydrochemical system was considered:

Q Primary species: H2O, H + , O 2 W , Ca+2, HCOJ

Q Secondary species: HO", CO32, CaCO3(oq),
CO2(aq), CaHCO+, CaOH +

Q Minerals: Calcite

Q Gases: O2(g)

The partial presure of O2(g) is fixed to a value of
0.1995 bar while the system is kept in equilibrium
with respect to calcite. CORE20 solution was verified
against EQ3/6. The evolution of the system is ana-
lyzed within the range of temperatures from 1 5 to
106 °C. For redox processes O2(oq) is used as pri-
mary species. As shwon in Figures 6.12 and 6.13
the numerical solutions of CORE20 and EQ3/6 co-
incide entirely.
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106
Temperature (°C)

53 34

Time=1825 days

CORE-LE with =

CORE-LE with 02(aq)
O EQ3/6

22

Distance (dm)

32 42

figure 6.12. Space distribution ofpH as computed with CORE and EQ3/6.

Temperature (°C)

53 34

22

Distance (dm)

Figure 6.13. Space distribution ofpE as computed with CORE and EQ3/6.
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A1.1 Variables used to dimension
arrays

MADS: Number of adsorbed species

MAQX: Number of aqueous complexes

MAQT: Total number of aqueous species (MPRI +
MAQX)

MEXC: Number of exchanged cations

MGAS: Number of gases

MMIN: Number of minerals

MPRI: Number of aqueous primary species

MSEC: Number of non-primary species (MAQX +
MMIN + MGAS + MEXC + MADS)

MTOT: Total number of species (MPRI + MSEC)

MNOD: Number of nodes

MBOUND: Number of boundary solutions

MRECH: Number of recharge solutions

A1.2 List of hydrochemical variables
In the following list of variables, the name of the
variables are in capital letters while the dimensions
of arrays are denoted by lower-case letters.

A: Debye-Huckel parameter

AO (maqt): Ionic radius of aqueous species

AMAT (mtot,mtot): Terms of the Jacobian matrix

B: Debye-Huckel parameter

BDOT: Debye-Huckel parameter

BMAT (mtot): Vector of residuals in Newton-Raph-
son iterations

C (mnod,mpri): Nodal concentration of aqueous
species (mol dm-3)

C l : Specific capacitance of internal layer (F dm2)

C2: Specific capacitance of external layer (F dm-2)

CC1 (mnod): Nodal specific capacitance of internal
layer (F dm2)

CC2 (mnod): Nodal specific capacitance of external
layer (F dm'2)

CD (mads): Concentration of adsorbed species (mol
dm-3)

CEC (mnod): Nodal value of the Mai exchange ca-
pacity (meq/1 00 g)

CEC2: Total exchange capacity (meq/1 00 g)

CG (mgas): Partial pressure of a gas (bar) in initial-
ization routines

CGUESS (mpri): Initial guess of the concentration of
primary aqueous sp. (mol dm3)

CM (mmin): Concentration of dissolved/precipitated
mineral (mol dm-3)

CP (mpri): Concentration of primary aqueous species
(mol dm'3)

CS (maqx): Concentration of aqueous complexes (mol
dm-3)

CT (maqt): Concentration of aqueous species (mol
dm-3)

CX (mexc): Concentration of exchanged cations (mol
dm-3)

D (mnod,mads): Concentration of adsorbed species
(mol dm'3)

DCD (mads,mpri): Derivative of the concentrations of
adsorbed species with respect to primary species

DCS (maqx,mpri): Derivatives of concentrations of
aqueous complexes with respect to primary species

DCX (mexc,mpri): Derivatives of concentration of ex-
changed cations with respect to primary species

DU2 (mpri,mpri): Derivatives of concentration total
solute with respect to primary species

DGAMP (mpri,mpri): Derivatives of activity coeffi-
cients of primary species with respect to primary
species

DGAMS (maqx,mpri): Derivatives of activity coeffi-
cients of aqueous complexes with respect to pri-
mary species

DGAMT (maqt,mpri): Derivatives of activity coeffi-
cients of species with respect to primary species

DPAIM (mmin,mpri): Derivatives of mineral ion ac-
tivities product with respect to primary species

DPAIG (mgas,mpri): Derivative of gas activity prod-
uct with respect to primary sp.

EKB (msec,mbas): Log equilibrium constants of dis-
sociation reactions of non-primary species corre-
sponding to a particular chemical base

EKCOEFB (msec,5,mbas): Polynomium terms of the
temperature dependence of EKB

EKD (mads): Log equilibrium constant of desorption
reactions of adsorbed species
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EKS (maqx): Log equilibrium constant of aqueous
complex dissociation reaction

EKM (mmin): Log equilibrium constant of mineral
dissolution reaction

EKG (mgas): Log equilibrium constant of gas disso-
lution reaction

EKX (mexc): Exchange coefficient of cation exchange
reaction

EPSI (mnod): Dielectric constant of the solution

EPSI2: Dielectric constant of the solution

EPSIZ: Permitivity of free space= 8.85E-13 GJ-'dm-'

FARADAY: Faraday constant= 96490 C moH

GAMP (mpri): Activity coefficient of aqueous primary
species

GAMS (maqx): Activity coefficient of aqueous com-
plexes

GAMT (maqt): Activity coefficient of aqueous species

IBAS (mnod): Counter to indicate the chemical base
corresponding to a node

ICON (mpri): Flag controlling the type of constraint
in initialization of the concentration of primary
species (1 = mass balance with fixed total solute
concentration; 2= charge balance; 3= fixed ac-
tivity; 4= mineral equilibrium; 5= equilibrium
with a partial pressure of gas)

IEX: Flag controlling the cation exchange model
(1 = Gaines-Thomas; 2=Vanselow; 3 = Gapon)

ISAT (mmin): Pointer indicating the minerals involved
in mass balance calculations: existing minerals
+ saturation higher than 1

ISWITCH: Flag activating the base switch option
(1 = yes; 0= no)

ITEMP: Flag controlling the thermal option (0= iso-
thermal; 1 = variable temperature)

IZONEBW (mnod): Counter indicating the nodal
boundary water type

IZONERW (mnod): Counter indicating the nodal re-
charge water type

IZONEM (mnod): Counter indicating the nodal min-
eral zone

IZONED (mnod): Counter indicating the nodal ad-
sorption zone

IZONEX (mnod): Counter indicating the nodal cat-
ion exchange zone

JADS: Flag controlling the surface adsorption model
(1 = Constant Capacity; 2= Diffuse Layer; 3=
Triple Layer)

MOUT (mpri): Pointer indicating the minerals ex-
hausted to be removed from the mass balance
calculations

NJACOB: Number of Newton-Raphson iterations
before actualizing the terms of Jacobian matrix

NBAS: Number of the chemical base

NBB (maqt,mabs): Pointer indicating the order of
the aqueous species in a chemical base: the first
NPRI numbers indicate the aqueous primary
species, the next NAQX indicate the aqueous
complexes

NBIG (mgas): Pointer indicating the gases involved
as initial constraints

NBIM (mpri): Pointer indicating the minerals in-
volved as initial constraints

NBP (mpri): Pointer indicating the order of the pri-
mary aqueous species

NBS (maqx): Pointer indicating the order of the
aqueous complexes

NE: Order of the electron species among the aque-
ous species

NEB (mbas): Order of the electron species in a che-
mical base

NEXC: Number of exchanged cations

NH: Order of the H+ species among the aqueous
species

NHB (mbas): Order of the H+ species in a chemical
base

NOH: Order of the OH' species among the aqueous
species

NOHB (mbas): Order of the OH- species in a che-
mical base

NAADS (mads): String (in single quotes) with the na-
mes of adsorbed species

NAAQT (maqt): String (in single quotes) with the na-
mes of adsorbed species

NAAQX (maqx): String (in single quotes) with the na-
mes of adsorbed species

NADS: Number of surface adsorbed species

NAEXC (mexc): String (in single quotes) with the na-
mes of exchanged cations
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NAGAS (mgas): String (in single quotes) with the na-
mes of gases

NAMIN (mmin): String (in single quotes) with the na-
mes of minerals

NAPRI (mpri): String (in single quotes) with the na-
mes of primary aqueous species

NAQX: String (in single quotes) with the names of
aqueous complexes

NBX (mexc): Pointer with the species exchanged
among the aqueous species

NGAS: Number of gases

NMAT: Dimension of the Jacobian matrix

NMIN: Number of minerals

NNOD: Number of nodes

NPRI: Number of primary aqueous species

NSAT: Number of mineral with saturation greater
than 1

NST: Number of additional primary species required
to describe adsorption

NW: Order of the H2O species among the aqueous
species

NWB (mbas): Order of the H2O species in a chemi-
cal base

NX: Order of the species considered as reference in
exchange reactions

P (mnod,mmin): Concentration of mineral in a node
(mol dm'3)

PAIG (mgas): Ion activity product of a gas

PAIM (mmin): Ion activity product of a mineral

PH (mnod): pH value of a node

PH2: pH value

PHI (mnod): Porosity of a node

PHI2: Porosity

PINIT (mnod,mmin): Initial nodal concentration of
mineral (mol dm-3)

PSIO: Electrostatic potential of the inner layer in the
Triple Layer model. E.p. of the diffuse region in
the Diffuse Layer and Constant Capacitance
models (V)

PSI1: Electrostatic potential of the inner Helmholtz
plane in the Tipple Layer model (V)

PSI2: Electrostatic potential of the outer diffuse re-
gion in the Tipple Layer model (V)

R (mnod,mpri): Solute cone, from mineral dissolu-
tion/precipitation (mol dm'3)

RGAS: Gas constant= 8.31 5 JK-'moH

RO (mnod): Density (kg dm'3) of a node

RO2: Density (kg dm3)

S (mnod,4): Nodal concentration of adsorption pri-
mary species (mol dm3)

SADS (mnod): Nodal specific adsorbing surface of
the solid phase (dm2 g-')

SI (mnod,mmin): Nodal value of the mineral satura-
tion index

SI2 (mmin): Value of the mineral saturation index

SS (4): Concentration of adsorption primary species
(mol dm-3)

STQB (msec,mpri,mbas): Stoichiometric coefficients
of the dissociation reactions of secondary spe-
cies corresponding to a particular chemical base

STQD (mads,mpri): Stoichiometric coefficient of the
desorption reactions of adsorbed species

STQDS (mads,4): Stoichiometric coefficient of the
desorption reactions of adsorbed species corre-
sponding to the additional primary species of
adsorption

STQG (mgas,mpri): Stoichiometric coefficient of gas
dissolution reactions

STQM (mmin,mpri): Stoichiometric coefficient of mi-
neral dissolution reactions

STQS (maqx,mpri): Stoichiometric coefficient of dis-
sociation reactions of aqueous complexes

STQX (mexc,mpri): Stoichiometric coefficient of des-
orption reactions of exchanged cations

STR: Ionic strength of the solution

SUPADN (mnod): Nodal specific adsorbing surface
(dm2 g-1)

SUPADN2: Nodal specific adsorbing surface (dm2 g-1)

TO (mnod): Initial nodal temperature (Celsius)

TADS (mnod): Nodal concentration of adsorbing
solid (g dm'3)

TADS2: Concentration of adsorbing solid (g dm3)

TC (mnod): Nodal temperature (degrees Celsius) of
the solution

TC2: Temperature (degrees Celsius) of the solution

TBOUND (mbound): Temperature (degrees Celsius)
of a boundary solution
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TRP (mrech): Temperature (degrees Celsius) of a re-
charge solution

TT (mpri): Concentration of total component (mol
dnr3): solute in solution + mineral phases + ad-
sorbed + exchanged

TTS (mnod): Nodal concentration of total adsorp-
tion sites (mol dm"3)

TTSS: Concentration of total adsorption sites (mol
dm-3)

U (mnod,mpri): Nodal concentration of total solute
in solution (mol dm3)

U2 (mpri): Concentration of total solute in solution
(mol dm'3)

UB (mbound,mpri): Concentration of total solute in
a boundary solution (mol dnr3)

UR (mrech,mpri): Concentration of total solute in a
recharge solution (mol dnr3)

VMIN (mmin): Molar volume of minerals (dnr3 mol)

X (mnod,mexc): Nodal concentration of exchanged
cations (mol dm"3)

Z (maqt): Electric charge of aqueous species

ZD (mads): Electric charge of adsorbed species

ZP (mpri): Electric charge of aqueous primary species

ZS (maqx): Electric charge of aqueous complexes

A1.3 List of variables for flow
and transport solution

IT: Order of time step

TIME: Total time from the beginning

NBANDS: Semiband width of coefficient matrix

NBANDT: Band width of coefficient matrix

AREA(NELE): Area of element [dm2]

BC(NE,6): Storage of the spatial derivatives of inter-
polation function

BFLW(NNOD): The independent term of flow equa-
tion

BHET(NNOD): The independent term of heat trans-
port

BTRTAS(NNOD,NPRI): The independent term of sol-
ute transport, each chemical component occu-
pies one column of the matrix

DXX(NELE): X component of hydrodynamic disper-
sion coefficient

DYY(NELE): Y component of hydrodynamic disper-
sion coefficient

DXY(NELE): XY component of hydrodynamic disper-
sion coefficient

GFLW(NNOD,NBANDT): Conductance matrix for
flow

GTRA(NNOD,NBANDT): Matrix contributed from
advection and hydrodynamic dispersion for sol-
ute transport

GHET(NNOD,NBANDT): Matrix contributed from
convection and conduction for heat transport

GPTFLW(NNOD,NBANDT): First store the Coeffi-
cient matrix for flow, then for heat transport, fi-
nally for solute transport during each time step

H(NNOD): Calculated (new) head [dm]

PFLW(NNOD): Storage vector for flow

PHET(NNOD): Heat capacity vector for heat transport

PTRA(NNOD): Solute capacity vector for solute
transport

R(NNOD,NPRI): Source/sink term due to the reac-
tions betweem aqueous and solid phases

T(NNOD): Calculated (new) Temperature [CO]

VD(NELE,2): Velocities in X and y directions

VOLUM(NNOD): Water volume lumped to the node

BALUM_D(MAXP): Nodal volume

BALUM(MAXP): Water volume when it exists ion ex-
clusion and distribution coefficent

BALUMM(MNOD,MPRI): Nodal solute mass

VOLUM_EXC(MAXP): Accesible water content

PORCIN(MAXQM): Accesible porosity

DENSEC(MAXQM): Dry density

XKD: Distribution coefficent
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Appendix 2. Examples of input and output files

A2.1 Example of a ROOTJRA.INP input file
title card:

EJEMPLO DE PRUEBA

options for transport and general control :

0 1 3 1.0 1.0 1 0 0 1

options for chemical calcilations

1 0

Input and ouput:

1

1

1

1

1

0

0

0

1

1

1

1

0

0

0

0

0

0

0

0

1

0

0

0

0

0

0

0

0

0

0

0

EJEMPLOhet.INP

EJEMPLOche.INP

EJEMPLOche

EJEMPLOhx

EJEMPLOht

EJEMPLOvt

EJEMPLOft

EJEMPLOwt

EJEMPLOtex

EJEMPLOtet

EJEMPLOspx

EJEMPLOspt

EJEMPLOphx

EJEMPLOpht

EJEMPLOmix 0

EJEMPLOmit

EJEMPLOpex

EJEMPLOpet

EJEMPLOadx

EJEMPLOadt

EJEMPLOiter

EJEMPLOcsec

EJEMPLOint

EJEMPLOsix

EJEMPLOsit

EJEMPLOmasol

EJEMPLOmprec

EJEMPLOnodbal 0

EJEMPLOpeclet

Logl.OUT 0 0

Log2.0UT

Log3.0UT 0

dimension variables :

74

data to

1

2

72 1 2

time steps :

180.0 1800

180.0 3600

variable botmdarys

0

data to

1 1

default

1

0

aquifer parameters :

.00E-03 1.00E-01 0.00E+00 1.00E-04 0.60E+00 1.00E-04 1.00E-03 1.00E-01 1.60E+00 0.6

values for data to elements :

10.0 0.0 0
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data to elements:

1 1 3 2

36 71 73 72

37 2 3 4

72 72 73 74

default values for data to nodes:

2 0.0 0.0 0.0 0 10. 2 1 0 0 0 0 0 0

data to nodes:

2 1 1

2 1 1

1

2

3

4

5

6

69

70

71

72

73

74

0.000

0.000

1.000

1.000

2.000

2.000

34.000

34.000

35.000

35.000

36.000

36.000

0.000 2

1.000 2

0.000

1.000

0.000

1.000

0.000

1.000

0.000

1.000

0.000

1.000

0. l.E-02

0. l.E-02

data to convergence criteria:

20 0.100E-03 50 0.100E-02 60 0.100E-02 30 0.100E-03

control variables Jacob:

0 1 1 0

writing control variables:

8 0 1 1 0 0 1 1 0 0 0 0

pointer of nodes for writing in time

72

pointer of components for writing:

1

end

A2.2 Example of a ROOT_CHE.INP input filE
'Title of the problemrEjemplo'

'DEFINITION OF THE GEOCHEMICAL SYSTEM'

16.5 [initial temp, of the system

'PRIMARY AQUEOUS SPECIES'

'Numero de especies primarias'

1

'especies: cl-'

'cl-' 0.

>*' 0.

'AQUEOUS COMPLEXES'
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-SURFACE COMPLEXES'

'EXCHANGEABLE CATIONS'

' master convention ex. coef.'

'*' 0 0 0.0 0. 0. 0.

'INITIAL AND BOUDARY WATER TYPES'

1 1 0 Iniwtype, nbwtype, nrwtype- number of ini, bound, rech waters

1 16.5 0 liwtype initial, temp (BC)

1 icon guess ctot constrain'

'cl-' 1 l.e-20 l.e-20 ' ' 0

'*' 0 0.0 0.0 ' ' 0

1 16.5 0 liwtype boundary, temp (0C)

' icon guess ctot constrain'

'cl-' 1 l.e-2 l.e-2 ' v 0

0 0.0 0.0 ' ' 0

'INITIAL MINERAL ZONES'

0 !nmtype= number of mineral zones

0 limtype

'mineral vol.frac'

0.0

'VALOR DE KD'

0.000 !XKD

'INITIAL GAS ZONE'

0

0

'LABEL'

'•' 0

'INITIAL SURFACE ADSORPTION ZONES'

0 !ndtype- number of sorption zones

'zone ad.surf.(m2/kg) total ad.sites (mol/1)'

'INITIAL ZONES OF CATION EXCHANGE'

0 !nxtype= number of exchange zones

'zone ' ex. capacity'

'end'

A2.3 Example of a ROOTJHET.INP input file
Physical and thermal parameters of water:

1000 1.

Aquifer parameters:

1 2600. 0.33600 1 3504.38

Default nodal heat transport data:
2 0.0 0.0 0.0 0
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Nodal heat transport

1

72

73 1 100.

74 1 100.

A2.4 Example of a R00TJRA.0UT output file

EJEMPLO DE PRUEBA

****** Writing of flow & transport Input ***

Options for flow, transport and general control:

Aquifer type : Confined

Flow Regime : Unsteady-state

Flow Dimension : Three with axisymmetric flow

Numerical scheme for solving flow equation: Implicit

Numerical scheme for solving transport equation: Implicit

Heat transport is included? Yes

Input of heat package is needed ! ! !

Restart : No

Options for controlling chemical calculations:

Using sequential partly-iterative approach: Yes

Initializing boundary & recharge input solution: no

Input and output file names:

1 EJEMPLOhet.INP

1 EJEMPLOche.INP

1 EJEMPLOche

1 EJEMPLOhx

1 EJEMPLOht

0 EJEMPLOvt

0 EJEMPLOft

0 EJEMPLOwt

1 EJEMPLOtex

1 EJEMPLOtet

1 EJEMPLOspx

1 EJEMPLOspt

0 EJEMPLOphx

0 EJEMPLOpht

0 EJEMPLOmix 0

0 EJEMPLOmit

0 EJEMPLOpex

0 EJEMPLOpet

0 EJEMPLOadx

0 EJEMPLOadt

1 EJEMPLOiter
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0 EJEMPLOcsec

0 EJEMPLOint

0 EJEMPLOsix

0 EJEMPLOsit

0 EJEMPLOmasol

0 EJEMPLOmprec

0 EJEMPLOnodbal

0 EJEMPLOpeclet

0 Logl.OUT

0 Log2.OUT

0 Log3.0UT

Dimension variables:

Number of nodes

Number of elements

Number of materials

Number of time periods

74

72

1

2

Data related to time periods:

No. Time Nsteps

10.1800E+03 1800

20.1800E+03 3600

No. of piecewise functions for variable boundary:

Groundwater flow = 0

Transport (solute and heat) = 0

Parameters of aquifer materials:

' No. PK1 PK2 ANGLE SS E DST DENS PORCIN

1 0.10E-02 0.10E+00 0.00E+00 0.10E-03 0.60E+00 0.10E-03 0.10E-02 0.10E+00 0.16E+01 0.60E+00

Default values for data related to elements:

MAT

1 10.000

RECH IRECH

0.000 0

Data related to elements:

No.

1

2

3

69

70

71

72

I

1

3

5

66

68

70

72

J

3

5

7

67

69

71

73

K

2

4

6

68

70

72

74

MAT

1

1

1

1

1

1

1

THICK

10.000

10.000

10.000

10.000

10.000

10.000

10.000

RECH

0.000

0.000

0.000

0.000

0.000

0.000

0.000

IRECH

0

0

0

0

0

0

0
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Default values for data related to nodes:

I H H P Q l A L F A I Q HO I C I W BW RW M I G S A D E X

2 0 . 0 0 0 . 0 0 0 . 0 0 0 1 0 . 0 2 1 0 0 0 0 0 0

Data related to nodes:

—The meaning of following variables—

IH=IDBH

IC=IDBOC

IW=IZONEIW

BW=IZONEBW

RW=IZONERW

MI=IZONEM

GS=IZONEG

AD=IZONED

EX=IZONEX

N o . X Y IH HP Q l ALFA IQ HO IC IW BW RW MI GS AD EX

1 0 . 0 0 0 0 . 0 0 0 2 0 . 0 0 . 0 1 0 . 0 0 0 1 0 . 0 2 1 1 0 0 0 0 0

2 0 . 0 0 0 1 . 0 0 0 2 0 . 0 0 . 0 1 0 . 0 0 0 1 0 . 0 2 1 1 0 0 0 0 0

70 34.000 1.000 2 0.0 0.00 0.00 0

71 35.000 0.000 2 0.0 0.00 0.00 0

72 35.000 1.000 2 0.0 0.00 0.00 0

73 36.000 0.000 2 0.0 0.00 0.00 0

74 36.000 1.000 2 0.0 0.00 0.00 0

10.0 2 1

10.0 2 1

10.0 2 1

10.0 2 1

10.0 2 1

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

Data to convergence criteria:

Maximum iterations for solving flow = 20

Relative tolerance for solving flow = 0.100E-03

Maximum iterations for solving transport = 50

Relative tolerance for solving transport = 0.100E-02

Maximum iterations for whole chemical system= 60

Relative tolerance for whole chemical system= 0.100E-02

Maximum iterations for solving adsorption = 30

Relative tolerance for solving adsorption = 0.100E-03

Data to Jacobian matrix:

Base switch option (0=no, l=yes) = 0

Number thermal options = 1

Number of iteration to update Jacobian - 1

Data base number = 0

Data to writing control variables:

writing frequency in space = 80

Writing space dimension = 1

Writing frequency in time = 100

Number of nodes for writing in time = 1
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Number of components for writing = 1

Number of minerals for writing = 0

Number of material for writing and

Index of water flow for writing = 0

Number of nodes for writing

Water volume in time = 0

Writing frecuency in time (NVOL) = 0

Nodes for writing in time: 72

Components for writing: 1

water parameters regarding heat transport:

Water density = 1000.00

Specific heat capacity = 1.00

Aquifer parameters regarding heat transport:

No. RHOS CATS ITLAMB LAMBDA0 LAMBD LAMBW TIN DSLT

2600.00 0.34 3504.38 0.00 0.00 0.00 0.00

DSTT

0.00

Default value of boundary type of heat transp. = 2

Default value of prescribed temperature = 0.00

Default value of heat flux not carried by water= 0.00

Default value of heat conducta. for mixture Bound.= 0.00

Default value of code of piecewise function = 0

heat flux not carried by water for nodes:

No.

1

2

3

71

72

73

74

IDBOT

2

2

2

2

2

1

1

0

0

0

0

0

100

100

TP

.00

.00

.00

.00

.00

.00

.00

TFLUX

0.00

0.00

0.00

0.00

0.00

0.00

0.00

TALFA

0.00

0.00

0.00

0.00

0.00

0.00

0.00

ITFLUX

0

0

0

0

0

0

0

Writing of intermediate Results ***

Semiband= Band=

Area of Elements

0.500E+00

0.500E+00

0.500E+00

0.500E+00

0.500E+00

0.500E+00

0.500E+00

0.500E+00

0.500E+00

0.500E+00

0.500E+00

0.500E+00

0.500E+00

0.500E+00

0.500E+00

0.500E+00

0.500E+00

0.500E+00

0.500E+00

0.500E+00

0.500E+00 0.500E+00 0.500E+00 0.500E+00 0.500E+00

0.500E+00 0.500E+00 0.500E+00 0.500E+00 0.500E+00

0.500E+00 0.500E+00
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Total mass entering and leaving the system at time 0.800E+01

Component Entering(mol) Leaving(mol)

Water 0.160E-03(m**3) 0.000E+00(m**3)

cl- 0.160E-02 0.000E+00

Total mass entering and leaving the system at time 0.160E+02

Component Entering(mol) Leaving(mol)

Water 0.320E-03(m**3) 0.000E+00(m**3)

cl- 0.320E-02 0.000E+00

Total mass entering and leaving the system at time 0.240E+02

Component Entering(mol) Leaving(mol)

Water 0.480E-03(m**3) 0.000E+00(m**3)

cl- 0.480E-02 0.000E+00

Total mass entering and leaving the system at time 0.358E+03

Component Entering(mol) Leaving(mol)

Water 0.716E-02(m**3) 0.000E+00(m**3)

cl- 0.716E-01 O.OOOE+00

A2.5 Example of a ROOT_CHE.DAT output file
'Title of the problem:Ejemplo'

'DEFINITION OF THE GEOCHEMICAL SYSTEM'

16.50

'PRIMARY AQUEOUS SPECIES'

'Numero de especies primarias'

1

'especies: cl-'

cl- 0.000

'AQUEOUS COMPLEXES'

'MINERALS'

* 0.

'GASES'

'SURFACE COMPLEXES'

GENERAL CHEMICAL SYSTEM

—> using chemical database: mastertemp

temperature interpolation coefficients

ln(T+Tk) 1 T+Tk (T+Tk)**-1 (T+Tk)**-2

'EXCHANGEABLE CATIONS'

' master convention ex. coef.'

* 0 0 0.00

'INITIAL AND BOUDARY WATER TYPES'

number of initial-water types- 1
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number of boundary (+ injecting) water types= 1

number of area recharge-water types= 0

WATER TYPE= 1

water temperature (C)= 16.50

code of piecewise function (for input water)= 0

k icon guess ctot constrain'

cl- 1 0.100E-19 0.100E-19 0

* 0 0.000E+00 O.OOOE+00 0

WATER TYPE= 2

v;ater temperature (C)= 16.50

code of piecewise function (for input water)= 0

' icon guess ctot constrain'

cl- 1 0.100E-01 0.100E-01 0

* 0 0.000E+00 0.000E+00 0

'INITIAL MINERAL ZONES'

total number of mineral zones= 0

MINERAL ZONE= 0

'mineral vol.frac.'

* 0.00

VALOR DE KD

valor de Kd = 0.00000

* INITIAL GAS ZONE'

total number of gas zones= 0

gas ZONE= 0

'LABEL'

0.00

INITIAL SURFACE ADSORPTION ZONES

total number of adsorption zones= 0

'zone ad.surf. (m2/kg) total ad.sites (mol/1) '

'INITIAL ZONES OF CATION EXCHANGE'

total number of cation-exchange zones= 0

'zone ex. capacity'

==> Read data complete

Appendix 2. Examples of input and output files

A2.6 Example of a ROOT_HT.DAT output file
Hydraulic Head Versus Time

Time Head Head Head Head Head Head Head Head Head Node 72 Node

0.000E+00 0.100000E+02
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0.100E+00 0.100000E+02

0.100E+02 0.100345E+02

0.200E+02 0.102999E+02

0.300E+02 0.107147E+02

0.400E+02 0.111811E+02

0.500E+02 0.116642E+02

0.600E+02 0.121528E+02

0.700E+02 0.126432E+02

0.800E+02 0.131341E+02

0.900E+02 0.136252E+02

0.100E+03 0.141164E+02

0.110E+03 0.146076E+02

0.120E+03 0.150988E+02

0.235E+03 0.207479E+02

0.240E+03 0.209935E+02

0.245E+03 0.212391E+02

0.250E+03 0.214847E+02

0.255E+03 0.217303E+02

0.260E+03 0.219759E+02

0.265E+03 0.222215E+02

0.270E+03 0.224671E+02

0.275E+03 0.227127E+02

0.280E+03 0.229583E+02

0.285E+03 0.232039E+02

0.290E+03 0.234496E+02

0.295E+03 0.236952E+02

0.300E+03 0.239408E+02

0.305E+03 0.241864E+02

0.310E+03 0.244320E+02

0.315E+03 0.246776E+02

0.320E+03 0.249232E+02

0.325E+03 ' 0.251688E + 02

0.330E+03 O.254144E+O2

0.335E+03 0.256600E+02

0.340E+03 0.259057E+02

0.345E+03 0.261513E+02

0.350E+03 0.263969E+02

0.355E+03 0.266425E+02

0.360E+03 0.268881E+02

A2.7 Example of a ROOT_HX.DAT output file
Hydraulic Heads in dm at time O.1OOE+OO

X Head

0.000E+00 0.151201E+02

O.1OOE+O1 0.109913E+02

0.200E+01 0.102861E+02

0.300E+01 0.100914E+02

0.400E+01 0.100306E+02
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0.500E+01

0.600E+01

0.700E+01

0.800E+01

0.320E+02

0.330E+02

0.340E+02

0.350E+02

0.360E+02

0.100105E+02

0.100037E+02

0.100013E+02

0.100005E+02

0.100000E+02

0.100000E+02

0.100000E+02

0.100000E+02

0.100000E+02

Hydraulic Heads in dm at time 0.100E+02

O.OOOE+00

0.100E+01

0.200E+01

0.300E+01

0.400E+01

0.500E+01

0.600E+01

0.700E+01

0.320E+02

0.330E+02

0.340E+02

0.350E+02

0.360E+02

Head

0.248639E+02

0.184815E+02

0.163744E+02

0.151220E+02

0.142409E+02

0.135694E+02

0.130338E+02

0.125942E+02

0.100453E+02

0.100401E+02

0.100366E+02

0.100345E+02

0.100339E+02

A2.8 Example of a R00T_SPT.DAT output file

Total

Node

72

72

72

72

72

72

72

72

72

72

72

72

72

component concentration vs.

Distance (dm)

35.000000

35.000000

35.000000

35.000000

35.000000

35.000000

35.000000

35.000000

35.000000

35.000000

35.000000

35.000000

35.000000

T(C)

97.416

98.734

99.346

99.660

99.792

99.850

99.891

99.921

99.943

99.958

99.969

99.977

99.983

time

Time

40.000

80.000

120.000

160.000

190.000

210.000

230.000

250.000

270.000

290.000

310.000

330.000

350.000

cl-

0.1000E-19

0.1000E-19

0.1000E-19

0.1000E-19

0.1000E-19

0.1000E-19

0.1000E-19

0.1000E-19

0.1000E-19

0.1000E-19

0.1000E-19

0.1000E-19

0.1000E-19
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A2.9 Example of a R00T_SPX.DAT output file

Total component concentration vs. distance

TIME= 0.OO0E+OO

X

0.000000

1.000000

2.000000

3.000000

4.000000

5.000000

6.000000

7.000000

31.000000

32.000000

33.000000

34.000000

35.000000

36.000000

cl-

0.00000000

0.00000000

0.00000000

0.00000000

0.00000000

0.00000000

0.00000000

0.00000000

0.00000000

0.00000000

0.00000000

0.00000000

0.00000000

0.00000000

TIME= 0.800E+01

X

0.000000

1.000000

2.000000

3.000000

4.000000

5.000000

6.000000

7.000000

31.000000

32.000000

33.000000

34.000000

35.000000

36.000000

cl-

0.00333229

0.00004305

0.00000028

0.00000000

0.00000000

0.00000000

0.00000000

0.00000000

0.00000000

0.00000000

0.00000000

0.00000000

0.00000000

0.00000000

A2.10 Example of a ROOT_TET.DAT output file
Time evolution of temperature in given nodes

NWTT= 54 (Number of steps for writing)

NWNOD= 1 (Number of nodes for writing)

Node Node Node Node Node Node Node

Time 72

O.OOOE+00 0.1650E+02

0.100E+00 0.3537E+02
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0.100E+02 0.9336E+02

0.200E+02 0.9571E+02

0.300E+02 0.9677E+02

0.400E+02 0.9742E+02

0.500E+02 0.9787E+02

0.600E+02 0.9822E+02

0.700E+02 0.9850E+02

0.800E+02 0.9873E+02

0.900E+02 0.9893E+02

0.100E+03 0.9909E+02

0.110E+03 0.9923E+02

0.120E+03 0.9935E+02

0.130E+03 0.9944E+02

0.285E+03 0.9995E+02

0.290E+03 0.9996E+02

0.295E+03 0.9996E+02

0.300E+03 0.9996E+02

0.305E+03 0.9997E+02

0.310E+03 0.9997E+02

0.315E+03 0.9997E+02

0.320E+03 0.9997E+02

0.325E+03 0.9998E+02

0.330E+03 0.9998E+02

0.335E+03 0.9998E+02

0.340E+03 0.9998E+02

0.345E+03 0.9998E+02

0.350E+03 0.9998E+02

0.355E+03 0.9998E+02

0.360E+03 0.9999E+02

A2.11 Example of a ROOTJEX. DAT output file
Temperature at time = > 0.100

Node Distance(dm) Temperature(°3C)

1

3

5

7

9

11

13

15

0.00000

1.00000

2.00000

3.00000

4.00000

5.00000

6.00000

7.00000

16.50

16.50

16.50

16.50

16.50

16.50

16.50

16.50

61

63

65

67

69

30.00000

31.00000

32.00000

33.00000

34.00000

16.51

16.55

16.72

17.47

20.77
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71 35.00000 35.39

73 36.00000 100.00

Temperature at time = > 10.000

Node

1

3

5

7

9

11

13

15

Distance (dm)

0.00000

1.00000

2.00000

3.00000

4.00000

5.00000

6.00000

7.00000

Temperature(°C)

16.54

16.54

16.54

16.55

16.57

16.59

16.63

16.68

61

63

65

67

69

71

73

30.00000

31.00000

32.00000

33.00000

34.00000

35.00000

36.00000

60.91

66.99

73.36

79.95

86.64

93.36

100.009

A2.12 Example of a R00TJTER.DAT file
— Modelling Progress and iteration messages —

Meanning of variables in following table:

ITERF1 = ITERations of solving FLow (for unconfined aquifer or unsaturated zone)

ITERTR = ITERations of solving TRansport

MAXITCH = MAXimum ITerations of solving whole CHemical system

AVERITCH= AVERage ITerations of solving whole CHemical system

MAXITAD = MAXimum ITerations of solving ADsorption

AVERITAD= AVERage ITerations of solving ADsorption

Step Time ITERFL ITERTR MAXITCH AVERITCH MAXITAD AVER.

0

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

0.000E+00

0.100E+00

0.200E+00

0.300E+00

0.400E+00

0.500E+00

0.600E+00

0.700E+00

0.800E+00

0.900E+00

0.100E+01

0.110E+01

0.120E+01

0.130E+01

0.140E+01

0.150E+01

0

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

0

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

7

2

2

2

2

2

2

2

2

2

2

2

2

2

2

1.000

1.432

1.135

1.135

1.135

1.149

1.149

1.162

1.162

1.162

1.162

1.162

1.162

1 .162

1.162

1.162

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000
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5392

5393

5394

5395

5396

5397

5398

5399

5400

0.360E+03

0.360E+03

0.360E+03

0.360E+03

0.360E+03

0.360E+03

0.360E+03

0.360E+03

0.360E+03

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

2

2

2

2

2

2

2

2

2

1.162

1.162

1.162

1.162

1.162

1.162

1.162

1.162

1.162

0

0

0

0

0

0

0

0

0

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000
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Appendix 3. C0R[20 main subroutines

A3.1 Main subroutines
The major subroutines called by the main program
are used for reading and solving flow and heat and
transport equations and include:

READTRA: Read geometric data of triangle ele-
ments, water flow and solute transport data, and
as well as general control variables.

READHEAT: Read thermal data

INIT_CHEM: Read and initilize geochemical data.

ELE_CONSTANT: Compute the band width of ma-
trices, and calculate geometric properties of tri-
angle elements.

FLOW_SAT: Formulate fully saturated water flow

FLOW_UNSAT: Formulate water flow for variably
saturated media

UPDATE_BOUNDH: Update boundary and rechar-
ge conditions (for water flow) when they vary
with time

UPDATE_BOUNDC: Update boundary and rechar-
ge conditions (for solute transport) when they
vary with time

UPDATE_BOUNDT: Update boundary and rechar-
ge conditions (for heat transport) when they vary
with time

AREA_RECHARGE: Lump areal recharge into nodal
flux vector

VY_CAUDAL: Calculate flow velocities and fluxes
from prescribed head and mixed boundaries

TT_HEAT: Formulate heat transport

CC_DISP: Calculate dispersion coefficients for sol-
ute transport

CC_MATRIX: Construct conductance matrix (disper-
sion and advection terms)

PECLET: Calculte element PECLET number for sol-
ute transport

CC_MATRIXup: Modify solute transport coefficient
matrix to account for an upstream weighting
method for the advection term when Peclet num-
ber is greater than 2

CC_BOUND: Count component concentrations from
boundaries and recharge water

CCJNITIAL: Count initial component concentrations
and intergrate with time, execute LU part

COUPLE: Couple geochemical reaction source terms
R by the sequential iteration method

NEWTONEQ: Called by COUPLE for solving the
geochemical system by the Newton-Raphson it-
eration method

RESET: Reset concentrations, mineral amount and
other chemical data to initial state for next time
step calculations

WRITEX2D: Write nodal dissolved and sorbed con-
centrations of components, mineral precipita-
tion, pH,and pE

WRITE1D: Write dissolved and sorbed concentra-
tions of components, mineral precipitation, pH,
and pE, versus distance for 1-D problems

WRITET: Write the time evolution of dissolved and
sorbed concentrations of components, mineral
precipitation, pH, and pE

WRITE_ITER: Write iteration messages and simula-
tion progress

WRITE_MASS: Write the total of both mass water
and solutes entering and leaving the system

WRITE_RESTART: Write state variables for RESTART

READ_RESTART: Read data for RESTART

Subroutine FLOW_SAT solves the aquifer flow equa-
tion and calls the following subroutines:

HH_MATRIX: Construct conductance and storage
matrices for water flow

HH_BOUND: Add water from boundaries and point
and areal recharge to independent term, and
also to coefficient matrix for mixed boundary
condition

HH_SOLVE: Count initial hydraulic heads, and the
solve flow equation by LU decomposition method

HH_WRITE: Write nodal hydraulic head values, and
time evolution at selected nodes; reset heads to
initial state for next step

Subroutine FLOW_UNSAT solves the variably saturated
flow equation and calls the following subroutines:

CONDUCT_SAT: Construct the conductance matrix
for saturated conditions (is calculated only at the
first time step)

DRAINAGE_BOUND1: Calculte free drainage flux
under saturated condition (is calculated only at
the first time step when free grain boundary exists)

NEWTON_UNSAT: Formulate the Jacobian matrix
generated by the Newton-Rapson iteration method

SOLVER: Solve the Jacobian equation by LU des-
composition

WRITEFL UNSAT: Write results
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The major subroutines which are needed by the
HH_HEAT subroutine, which solves the heat
transport equation, are:

TT_DISP: Calculate thermal conductivity

TT_MATRIX: Construct head conductance matrix (in-
cluding conduction, dispersion and convection
terms)

TT_BOUND: Add heat from boundaries and re-
charge to independent term, and also to coeffi-
cient matrix

TT_SOLVE: Count initial temperatures, and solve
heat transport equation by LU decomposition
method

TT_WRITE: Write nodal temperatures at selected
times as well as the time evolution at selected
nodes; reset temperatures to initial state for next
time step

The major hydrochemical subroutines are:

ADSORPTION: Solution of the adsorption equations
on a node-by-node basin by Newton-Raphson
iterations

ASSIGN: Building the nodal chemical system from
its corresponding base: primary species, stoi-
chiometric coefficients, equilibrium constants

CD_CP: Calculation of the concentration of surface
complexes as a function of the concentration of
aqueous primary species and adsorption primary
species

CHECKBASE: Checking if the base is made of an
independent set of the most abundant aqueous
species. If so, checking if the base already exists.
If it does not, creation of a new base, and calcu-
lation of the new matrix of stoichiometric coeffi-
cients and the new vector of equilibrium con-
stants. Storing the new base.

CHEMINIT: Group of routines with chemical calcu-
lations required to build the Jacobian matrix
during initialization

CMQ_CP: Calculation of the saturation index of the
solution with respect to the minerals

CS_CP: Calculation of the concentration of aque-
ous complexes as a function of the concentra-
tion of primary aqueous species

CUBIC: Numerical solution (Newton-Raphson) of
cubic equations in the case of cation exchange
of trivalent cations

CX_CT: Calculation of the concentration of ex-
changed cations as a function of the concentra-
tion of aqueous species

DATABASE: Reading of the thermodynamic data-
base. Writing the stoichiometric coefficients and
log K's values of the reactions according to the
choice of primary species. This subroutine is a
modification of the one included in the code
1 DREACT (Steefel, 1 993)

DCD_DCP: Calculation of the derivative of the con-
centration of surface complexes with respect to
the concentration of aqueous primary species
and adsorption primary species

DCMQ_DCP: Calculation of the derivative of the
saturation index of the solution with respect to
the concentration of primary species

DCS_DCP: Calculation of the derivative of the con-
centration of aqueous complexes with respect to
the concentration of primary aqueous species

DCX_DCP: Calculation of the derivative of the con-
centration of exchanged cations with respect to
the concentration of primary aqueous species

DDH_DCP: Calculation of the derivative of the ac-
tivity coefficients of aqueous species with respect
to the concentration of primary aqueous species

DH: Calculation of the activity coefficients of aque-
ous species using the Debye-Huckel extended
equation

DHPARAM: Reading the temperature dependence
coefficients for the parameters of the Debye-
Huckel extended equation

DMXINV: Calculation of the inverse of a matrix

EKTRANS: Calculation of the vector of log K's val-
ues in a new base from an older one

FIT: Calculation of the fitting coefficients for the
polynomial temperature dependence of log K's
values. Taken from Steefel (1 993)

INIT: Reading the input file defining the chemical sys-
tem. Initialization of the chemical values of the
problem.

JACOBADS: Building the Jacobian matrix to solve
the adsorption equations

JACOBEQ: Building the Jacobian matrix to solve the
mass balance and mineral equilibria equations

JACOBINIT: Building the Jacobian matrix to solve
the set of initial chemical equations

LUBKSB: Solving the set of linear equations in com-
bination with LLJDCMP. Taken from Press et al.
(1986)

LUDCMP: LU decompostion of a matrix by rowwise
permutation. Taken from Press et al. (1 986)
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MPROVE: Improving the vector solution of a linear
set of equations. Taken from Press et al. (1986)

NEWTONEQ: Solution of the mass balance and
mineral equilibria equations by Newton-Raphson
iterations

NRINIT: Solution of chemical equations by Newton-
Raphson iterations. The equations correspond to
the constraints fixed to determine the chemical
composition of initial and boundary solutions

RESET: Updating the nodal value of the concentra-
tion of the solution and minerals, and the nodal
physical parameters each time increment

SORT: Sorting an array from largest to smallest.
Taken from Steefel (1 993)

STQTRANS: Calculation of the matrix of stoichiome-
tric coefficients in a new base from an older one

DRAINAGE_BOUND2: Calculates water flux for
each free drainage boundary nodal

FUNCTION 1JJNSAT: Calculates retention curve
and relative conductivity

FUNCTION2JJNSAT: Calculates retention curve
and relative conductivity and derivaties

WEFACT: Calculates upstream weighting factors

COURANT: Calculates maximum courant number

LU_DISC: LU descomposition for solving transport
equations

LU_SUBS: LU substitution for solving transport equa-
tions

SELECT_COEF: Calculates of selectivity coefficent

CHEMEQ: Calculates of derivaties and activity
coeffients

PECLET: This subroutine calculates the maximum
nodal peclet number

WRITE_PE_CO: This subroutine writes the biggest
peclet and courant dimensionless numbers for a
given element and time step. Results are dumped
to logical unit 89 outpeclet.out.

A3.2 Memory requirements
The computer memory required by CORE2D de-
pends on the problem zize. Parameter statements
are used in PARAMETER.INC file which are included
in the source files to define the dimensions of the
problem. All major arrays in the problem are auto-
matically adjusted according to these dimensions.
Different problems can be modeled by changing the
dimensions in the parameter statements, and subse-
quently compiling all source files, and then linking
them for creating the executable file.

The program checks automatically the array dimen-
sions. If the dimensions are not enough to the spe-
cific problem, it gives a warning message indicating
the need to change the parameter statements. The
array dimensions defined in the parameter statements
of PARAMETER.INC file are listed in Table A3.2.1

Table A3.2.1. List of the array dimensions

Dimension

MAXP

MAXE

MAXB

MAXQM

MPRI

MAQ

MAMIN

MGAS

MEXC

MADS

Description

Maximum number of nodes

Maximum number of triangular elements

Maximum band width

Maximum number of medium material zones

Maximum number of aqueous primary species

Maximum number of aqueous secondary species

Maximum number of minerals

Maximun number of gases

Maximum number of exchanged species

Maximum number of adsorbed species
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04 MÉIODOS GEOESTAOiSTICOS PARALA INTEGRACIÓN
DE 1NF0RMACIÓN.

05 ESTUDIO DE LONGEVIDAD EN BENTONITAS: ESTABILIDAD
HIDROTERMAIDESAPONITAS.

06 AITERACIÓN HIDROTERMAL DE LAS BENTONITAS DE ALMERÌA.

07 MAYDAY. UN CÓDIGO PARA REAIUAR ANÀUSIS DE INCERTIDUMBRE
YSENSIBILIOAD. Manaales.

1997

01 CONSIDERACI DEL CAMBIO MEDIOAMBIENTAL EN LA EVALUACIÓN
DE IA SEGURIDAD. ESCENARIOS CLIMÂTICOS A LARGO PLAIO
EN LA PENÌNSUIA IBÈRICA.

02 METODOLOGÌA OE EVALUACIÓN DE RIESCO SISMICO
ENSEGMENTOSDEFALLA.

03 DETERMINACI DE RADIONUCLEIDOS PRESENTES
EN El INVENTARIO DE REFERENÇA DEI CENTRO
DE ALMACENAMIENTO DE El CABRI

04 AIMACENAMIENTO DEFINITIVO DE RESIDUOS DE RADIACTIVIDAD
ALTA. Catactetización y comporiamienlo o latgo plazo de los
combustibles nucléoles irradiados (I).

05 METODOLOGÌA DE ANÀUSIS DE IA BIOSEERA EN LA EVALUACIÓN
DE AIMACENAMIENTOS GEOLÓGICOS PROFUNDOS DE RESIDUOS
RADIACTIVOS DE ALTA ACTIVIDAD ESPECÌFICA.

06 EVALUACIÓN DEL COMPORTAMIENTO Y DE IA SEGURIDAD
DE UN ALMACENAMIENTO GEOLÒGICO PROEUNDO EN GRANITO.
Marzo 1997

07 SÌNTESIS TECTOESTRATIGRA'FICA DEL MACI7O HESPÈRICO.
VOLUMEN I.

OS r 10RNADAS DEI+DY TECNOLOGÌAS DE GESTION Of RESIDUOS
RADIACTIVOS. Posters êesaiplivos de los pioyedos de kD

09 FEBEI ETAPA PREOPERACIONAL. INFORME DE SÌNTESIS.



10 METODOLOGÌA DE GENIRACIÓN DE ESCENARIOS
PARA M EVALUACIÓN i l l COMPORTAMMO
ai LOSALMACENAMIENTOS DE RESIDUOS RADIACTIVOS.

i i MANUAL 01 CESARR V.2. Cóéigo para la evaluation de seguriûad
de un olmacenamiento superficial åe residues radiaclivos de bajo
y medio octiviiod.

1998

01 l l S l l PRE-OPERATIONAL STAGI. SUMMARY RIPOST.

02 PERFORMANCI ASSESSMENT 01A DKP GEOLOGICAL REPOSITORY
IN GRANITI. March Ì997.

03 EEBEX. DISENOFINALYMONTAIEDELINSAYO "INSITU"
ENGRIMSEL

04 EE8EX. BENTONITE ORIGEN, PROPIEDADES Y FABRICACIÓN
OEBLOOUIS.

05 F181X. BINTONITE: ORIGIN, PROPERTIES AND FABRICATION
OF BLOCKS.

06 TERCERASJORNADAS DE hD Y TECNOWGÌAS DE GESTION
DE RFSIDUOS RADIACTIVOS. 24-29 Noviembie, 1997. Volumen!

07 TERCERAS JORNADAS DE hO Y TECNOLOGÎAS DE GESTION
DI RISIDUOSRADIACTIVOS. 24-29 Nomane, 1997. Volumen II

08 MODEUIACIÒN Y SIMUIACIÓN DE BARRERAS CAPIIARFS.

09 FEBEX. PREOPERATIONAL THERMO-HYORO-MECUANICAL (THMÌ
MODELLING OETHE "IN SITU" TEST.

10 EEBEX. PREOPERATIONAL THERMO-HYDRO-MECHANICAL (THMÌ
MOOILUNG Of fflf "MOCK UP" TISI

11 DISOLUCIÓN DEL U02(s) IN CONDICIONES REDUCTORAS
YOXIDANTES.

U M E I FINAL DESIGN ANO INSTALLATION OF THE "IN SITU" TEST
ATGRIMSEL

1999

OJ MATERIALES ALTERNATES DE LA CAPSULA DEALMACENAMIENTO
DE RESDIUOS RADIACTIVOS DE ALTA ACTIVIOAD.

02 INTRAVAL PROJECT PHASE 2: STOCHASTIC ANALYSIS
OFRADIONUCLIDIS TRAVEL TIMES ATM WASTE ISOLATION
PILOT PLANT (WIPP), IN NEW MEXICO (USA).

03 EVALUACIÔN DEL COMPORTAMMO Y DE LA SEGURIDAD DE UN
ALMACENAMIENTO PROFUNDO EN ARCILLA. Eebrero 1999.

04 ESTWIOS DE CORROSION DEMAÏEmiESMEIÂUCOS
PARA CAPSULAS DE AIMACENAMIENTO DE RESIDUOS DE ALTA
ACTIVIDAD.

05 MANUAL DEL USUARIO DEL PROGRAM VISUAL BALAN V. 1.0.
CODIGO INTERAGIVO PARA LA REALIMION DE BALANCES
HIDROLÓGICOS Y LA ESTIMACIÔN DE LA RECARGA.

06 COMPORTAMMO FISICO DE LAS CAPSULAS
DE AIMACENAMIENTO.

07 PARTICIPACIÔN DEL CIEMAT EN ESTUDIOS DE RADIOKOLOGÌA
EN ECOSISTEMS MARINOS EUROPIOS.

08 PIAN 01 INVESTIGACI Y OESARROILO TECNOLÒGICO
PARA LA GESTION DE RESIDUOS RAOIACTIVOS 1999-2003.
OaUBRE1999.

09 ISTRATIGRAFIABIOMOIECUIAR.
LA RACEMaClÔN/EPIMERMIÔN DE AMINOACIÛOS
COMÒ HERRAMIENTA GEOCRONOLÓGICA
Y PALIOTIRMOMÉTRICA.

10 CATSIUS CLAY PROJECT. Calculation anê testing ol behaviour
of ansalurarleå clay as bonier in radioactive woste
repositories. STAGE I: VERIFICATION EXERCISES.

11 CATSIUS CLAY PROJECT. Calculation and testing ol behaviour
of vnsaturaried clay as bonier in radioactive waste repositories.
STAGE 2: VALIDATION EXERCISES AT IABORATORY SCALE

12 UTSIUS CLAY PROJECT. Calculation and testing of behaviour
of unsaturarted cloy as barrier in raäioactive waste repositories.
STAGE 3: VALIDATION EXERCISES AT IARGE "IN SITU" SCALE.

01 FBEX PROJECT. FULL-SCALE EUGINEERED SAURIERS
EXPERIMENT FOR A DEEP GEOLOGICAL REPOSITORY FOR HIGH
LEVEL RADIOACTIVE WASTE IN CRYISTALUNE HOST ROCK.
FINAL REPORT.

02 CUCULO DE lA GENERACIÓN DE PRODUCTOS RADIOliTICOS
ENAGUAPORRADIACIÓNa.DETERMINAOÓNDELAVELOCIDAD
DE ALTERACIÔN DE lA MATRI1 DEL COMBUSTIBLE NUCLEAR
GASTABO.

03 UBERACIÓN DE RADIONUCLEIDOS EISÓTOPOS ESWLES
CONTENIDOS EN LA MATRII DEL COMBUSTIBLE. MODELO
CONCEPTUAL Y MODELO MATEMÀTICO DIL COMPORTAA\IENTO
DEL RESIDUO.

04 DESARROLLO DE UN MODELO GEOOUÌMICO DE CAMPO PROXIMO.

05 ESTUDIOS DE DISOLUCIÓN DEANÂLOGOS NATURALES
DE COMBUSTIBLE NUCLEAR IRRADIADO Y DE EASES
DE (U) VISILICIO REPRESENTATIVAS DE UN PROCESO
DE ALTERACIÔN OXIDATIVA.

PUBLICACIONES NO PER1ODICAS

1992

PONENCIAS E INFORMES, 1988-1991

SEGUNDO PIAN DE hD, 1991-1995. TOMOSI, II Y III.

SECOND RESEARCH AND DIVILOPMEN1PLAN, 1991-1995,
VOLUME I.

1993

SEGUNDO PLAN DE hD. INFORME ANUAL1992.

PRIMERAS JORNADAS DE kO EN LA GESTION DE RESIDUOS
RADIACTIVOS. TOMOSI Y II.

1994

SEGUNDO PIAN I+D 1991-1995. INFORME ANUä 1993.

1995

TERCER PLAN DE I+D 1995-1999.

SEGUNDAS JORNADAS DE hD. EN LA GESTION DE RESIDUOS
RADIACTIVOS. TOMOSI Y II.

1996

EL BERROCAL PROJECT. VOLUME I. GEOLOGICAL STUDIES.

EL BERROCAL PROJECT. VOLUME II. HYDROGEOCHEMISTRY.

EL BERROCAL PROJECT. VOLUME III. LABORATORY MIGRATION

TESTS AND IN SITU TRACER TEST.

EL BERROCAL PROJECT. VOLUME IV. HYDROGEOLOGICAL
MODELLING AND CODE DEVELOPMENT.
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