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El confinamiento de los residuos radiactivos es un
problema que afecta a todos los países con programas nucleares. En la búsqueda de una solución
para los residuos radiactivos de alta actividad se
han barajado diversas hipótesis aunque, hoy en
día, existe un consenso unánime de todos los países
con programas nucleares en cuanto a que el Almacenamiento Geológico Profundo constituye la opción más segura. El Almacenamiento Geológico
Profundo se contempla como un sistema de barreras múltiples dispuestas en serie, de manera que las
posibles deficiencias en una de dichas barreras incidiría sólo de forma limitada en el funcionamiento
global del sistema. La formación geológica en la
que se aloja el almacenamiento se conoce como la
barrera geológica o natural. El granito es uno de
los tipos de formaciones geológicas consideradas
como adecuadas para albergar un Almacenamiento Geológico Profundo de residuos radiactivos de
alta actividad. Ante un eventual escape a través de
las barreras de ingeniería, la migración de los radionucleidos por el granito constituiría la vía de conexión con la biosfera. Este es el motivo por el que
el conocimiento hidrogeológico de los macizos graníticos fracturados es un factor clave para el diseño
de un Almacenamiento Geológico Profundo. Este
conocimiento servirá de base para el desarrollo de
los modelos numéricos que permitirán evaluar la
seguridad a largo plazo de este tipo de almacenamientos.
El presente trabajo trata sobre modelos numéricos
de flujo subterráneo, transporte de solutos y reacciones químicas a través de medios fracturados.
Estos modelos se han desarrollado para dar respuesta a las necesidades científico-técnicas del almacenamiento de residuos radiactivos en España,
del que es responsable la empresa ENRESA que ha
financiado los trabajos aquí presentados. ENRESA y
su homologa sueca (SKB) mantienen acuerdos de
colaboración dentro de los cuales se abordan cuestiones de interés mutuo. Este trabajo se enmarca
dentro de dicho acuerdo y se centra en los trabajos
del proyecto Task Force 5, del Laboratorio Subterráneo de Aspo (Suecia), propiedad de SKB. Uno
de los objetivos de este proyecto de investigación
consiste en el análisis cuantitativo del impacto hidrogeológico e hidroquímico producido por la construcción de un Almacenamiento Geológico Profundo en rocas graníticas fracturadas. La evaluación
de este impacto es importante puesto que las nuevas
condiciones alteradas por la construcción constituirán las condiciones iniciales de la etapa de clausura
de la instalación subterránea. Un segundo objetivo

de este trabajo consiste en comprobar la capacidad
de las herramientas numéricas actuales para la
cuantificación de los complejos escenarios hidrogeológicos e hidroquímicos que previsiblemente tendrán
lugar en almacenamientos geológicos profundos
construidos en zócalos cristalinos fracturados. Este
trabajo se ha abordado mediante la elaboración de
modelos numéricos, que han sido posteriormente
aplicados para simular el comportamiento hidrogeológico e hidroquímico del macizo granítico de
Aspo, a escala kilométrica, durante la construcción
del túnel de acceso al Laboratorio Subterráneo. El
Laboratorio Subterráneo de Aspo es un prototipo de
un Almacenamiento Geológico Profundo a escala
real realizado y operado por SKB. El objetivo principal del laboratorio es aportar el soporte necesario
para la investigación, desarrollo tecnológico y demostración realista con el fin de abordar la futura
construcción de un Almacenamiento Geológico Profundo para residuos radiactivos. Esta instalación subterránea brinda una oportunidad única para abordar
los objetivos planteados en el presente trabajo.
El estudio de los procesos de flujo de agua subterránea y transporte de solutos ¡unto con las diversas
interacciones hidroquímicas requiere disponer de
modelos conceptuales sólidos, tanto para la hidrogeología como para la hidroquímica. La integración de la hidrogeología y la hidroquímica requiere
tener en cuenta un gran número de procesos físicos
y químicos. Por ello, este proyecto contiene una exposición de los procesos físicos y químicos más relevantes que afectan ol flujo y transporte de solutos
en aguas subterránea;;, basada en una revisión exhaustiva de la formuloción matemática del flujo de
agua subterránea, transporte de solutos y reacciones hidroquímicas, así como del transporte de solutos reactivos. Esta descripción considera los aspectos específicos y singulares de los medios rocosos
fracturados.
El modelo conceptual es, posiblemente, la parte
más importante de todo el proceso de modelización. En la literatura científica de las últimas décadas se han propuesto diversos enfoques para la
conceptuación de la hidrogeología de rocas fracturadas. No existe todavía un consenso dentro de la
comunidad científica sobre el enfoque más apropiado. Por ello, se presenta un breve resumen sobre
los diferentes enfoques propuestos.
Se ha elaborado un modelo numérico tridimensional para evaluar el impacto producido por la construcción del túnel del laboratorio subterráneo sobre
el sistema hidrogeológico de la isla de Aspo. Ade-
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más de la aplicación en el contexto de los almacenamientos geológicos profundos, el estudio del impacto hidrogeológico producido por la construcción
de un túnel tiene aplicaciones en el cálculo de filtraciones hacia túneles o en la evaluación de impactos ambientales y/o geotécnicos asociados a dichas obras subterráneas. El modelo numérico realizado incorpora todas las grandes zonas de fractura identificadas como permeables durante la caracterización geológica de la isla de Äspö. Además, el
modelo incorpora condiciones de contorno internas
que pueden activarse a diferentes tiempos, lo cual
permite simular de manera muy precisa la dinámica
del proceso constructivo del túnel. La modelización
numérica del flujo de agua subterránea ha permitido reproducir las filtraciones de agua medidas en el
túnel así como las evoluciones piezométricas medidas en 30 puntos de control situados en tramos aislados de sondeos. Un ejercicio de validación realizado por comparación entre las predicciones del
modelo numérico y datos de campo que no fueron
utilizados para la calibración, ha mostrado que el
modelo simula razonablemente bien el sistema hidrogeológico durante el periodo de validación. Los
resultados de un exhaustivo análisis de sensibilidad
permiten concluir que la incertidumbre sobre los
parámetros del modelo es pequeña. Los resultados
del modelo numérico de flujo de agua subterránea
han contribuido a mejorar el conocimiento del sistema hidrogeológico de la isla de Aspo.
El modelo de flujo ha sido utilizado posteriormente
para elaborar un modelo de transporte de solutos,
con el que se pretende estudiar el impacto producido por la construcción del túnel sobre la hidroquímica de la isla de Aspo. Para estudiar el transporte
de solutos se seleccionaron dos especies químicas
conservativas: cloruro y 1 8 O. Los resultados del modelo numérico han sido comparados con las evoluciones de las concentraciones medidas en 15 puntos de control situados en el entorno del túnel. En la
mayoría de los puntos de control se obtienen buenos ajustes entre las concentraciones medidas y las
calculadas numéricamente. Los parámetros de
transporte obtenidos a partir de ensayos de campo
son altamente representativos del sistema de Äspö
en su conjunto, ya que el modelo de transporte proporciona excelentes resultados sin necesidad de calibrar estos parámetros. Los resultados numéricos
de la evolución temporal de las concentraciones de
cloruro permiten concluir que la construcción del
túnel induce un marcado flujo, tanto de agua dulce
de recarga en las islas como de agua del Mar Báltico, desde el contorno superior del dominio hacia e

entorno del túnel. Al mismo tiempo se produce un
ascenso de aguas salinas profundas. Por otra parte,
la evolución calculada de las actividades de 1 8 O
indica que se producen flujos de aguas isotópicamente más pesadas desde los contornos superior e
inferior hacia el túnel, reemplazando a las aguas
más ligeras que inicialmente estaban situadas a
profundidades intermedias. Estas aguas más ligeras
corresponden a aguas relictas posiblemente infiltradas durante la última glaciación.
El análisis de sensibilidad del modelo de transporte
de solutos muestra que los datos químicos disponibles antes de la construcción del túnel no son suficientes para generar unas condiciones iniciales hidroquímicas fiables. Las evoluciones hidroquímicas
calculadas con el modelo son muy sensibles a las
concentraciones iniciales. Se han generado diversos
campos de concentraciones iniciales a partir de los
datos químicos disponibles antes de la construcción
del túnel. Estos diferentes campos iniciales han sido
utilizados para evaluar las ¡ncertidumbres del modelo numérico. Este análisis permite cuantificar una
banda de confianza para los resultados del modelo.
Posteriormente se realizaron predicciones de la evolución hidroquímica en diversos puntos, incluyendo
los límites de confianza calculados con el análisis
de sensibilidad. Dichas predicciones realizadas con
el modelo numérico han sido contrastadas posteriormente en el contexto del proyecto de investigación internacional de la Task Force 5.
Los resultados del modelo numérico de transporte
de solutos indican que el sulfato, bicarbonato, sodio y calcio son las especies químicas más reactivas, ya que muestran las mayores desviaciones con
respecto al comportamiento conservativo. Con estos resultados se han formulado diversas hipótesis
sobre los procesos químicos más relevantes que
pueden afectar a las aguas subterráneas de la isla
de Aspo.
En el trabajo se presenta la aplicación de una metodología para la evaluación de la consistencia entre los modelos numéricos hidrodinámicos y los modelos hidroquímicos de mezcla de aguas. La
consistencia entre estos tipos de modelos se evalúa
en términos de los porcentajes de mezcla calculados mediante análisis estadísticos multivariable de
los datos hidroquímicos. Los porcentajes de mezcla
deducidos a partir de la hidroquímica se incorporan
posteriormente en los modelos numéricos de flujo y
transporte de solutos. La capacidad de los modelos
numéricos para reproducir las evoluciones temporales de los porcentajes de mezcla obtenidos con
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los modelos hidroquímicos permite evaluar la coherencia entre ambos tipos de modelos. Esta metodología se ha utilizado para comparar el modelo hidrodinámico de transporte de solutos con el modelo hidroquímico de mezcla de aguas de Laaksoharju et al. (1 999). El objetivo de ambos modelos
es común y consiste en la evaluación del impacto
de la construcción del túnel sobre la hidroquímica
de la isla de Aspö. Los resultados demuestran un
alto grado de coherencia entre ambos tipos de modelos, lo que se interpreta como un ejercicio de validación adicional de estos modelos. Este ejemplo
ilustra el potencial de esta metodología para la integración de la información hidrogeológica e hidroquímica en acuíferos. Otra ventaja que ofrece la incorporación de las fracciones de mezcla calculadas
con los modelos hidroquímicos en los modelos h¡drodinámcos es que esta metodología permite
cuantificar las variaciones que se producen en las
faciès hidroquímicas como respuesta a cambios en
el sistema hidrogeológico.
Finalmente, se ha elaborado un modelo acoplado
del flujo de agua subterránea, transporte de solutos
y reacciones hidroquímicas en una zona de fractura
en la que se llevó a cabo el Experimento de la Zona
Redox de Äspö, entre los años 1 991 y 1 994. El objetivo del Experimento de la Zona Redox fue la evaluación detallada del efecto de la construcción del
túnel en la hidroquímica y especialmente en las
condiciones redox de las aguas subterráneas. La
Zona Redox es la primera zona de fractura intersectada por el túnel del Laboratorio de Aspö. La gran
cantidad de información hidroquímica que se generó en dicho experimento es la razón por la que se
eligió la Zona Redox para la modelización numérica acoplada de flujo de agua subterránea y transporte de solutos reactivos. El modelo se realizó en
varias etapas. En primer lugar se elaboró un modeo numérico a partir de un modelo conceptual hidrogeológico ya propuesto previamente en el contexto del Experimento de la Zona Redox. Este
modelo es capaz de reproducir los descensos de nivel piezométrico observados. Sin embargo, no ex-

plica adecuadamente la evolución temporal de la
salinidad del agua. Por ello, se revisó el modelo
conceptual hidrogeológico, lo cual condujo a la'
formulación de un modelo conceptual alternativo.
El nuevo modelo conceptual es capaz de explicar
de forma plausible las tendencias observadas en las
evoluciones piezométricas e hidroquímicas. En base
al modelo conceptual alternativo se ha realizado un
segundo modelo numérico de flujo de agua y transporte de solutos. Una vez calibrado, este segundo
modelo se utiliza para realizar simulaciones de
transporte reactivo teniendo en cuenta reacciones
de complejación acuosa, ácido-base, oxidaciónreducción, disolución de gases, intercambio catiónico y disolución-precipitación de minerales. El modelo numérico acoplado de flujo de agua y transporte de solutos reactivos reproduce de manera
precisa las evoluciones medidas de la mayoría de
las especies químicas disueltas. Las simulaciones
numéricas de flujo y transporte reactivo han permitido evaluar parámetros químicos difícilmente medibles en el campo, corno por ejemplo, la capacidad
de intercambio y las condiciones redox de las aguas
de los contornos. Además, se han evaluado numéricamente algunas hipótesis, como la posible influencia de aguas alcalinas ricas en sulfatos provenientes de un vertedero cercano, o la influencia de
los lixiviados de las aguas intersticiales de los sedimentos del fondo del Mar Báltico. Los resultados
obtenidos permiten rechazar estas hipótesis ya que
no son coherentes con las evoluciones hidroquímicas observadas en las aguas subterráneas.
Los resultados del modelo de transporte reactivo se
han comparado con los obtenidos a partir de un
modelo de mezclas de aguas extremas acopladas
con reacciones químicas. El estudio realizado indica
que estos últimos modelos son inapropiados para
representar sistemas hidrodinámicos. Contrariamente a lo observado en el caso de los modelos de
mezclas conservativas, se ha constatado que los
modelos de mezclas de aguas extremas acoplados
con reacciones químicas son incapaces de reproducir el comportamiento geoquímico en sistemas no
estáticos.
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In order to avoid the harmful consequences that
could derive from radioactive waste, it is indispensable to isolate them from human environment. This
problem attains each and every country with nuclear
programs. On the way to a solution for high-level
radioactive waste, several hypotheses have been
considered. Nowadays there is unanimous agreement between all countries with nuclear programs
that Deep Geological Repositories constitute the
safest option for such goal. A Deep Geological Repository is regarded as a system of multiple aligned
barriers, so that possible defaults in one of such
barriers would only have limited influence in the
global working condition of the system. The hosting
geological formation of the repository is known as
the geological or natural barrier. Granite is one of
the geological formations considered as adequate
to host a Deep Geological Repository of high-level
radioactive waste. Should an escape through the
engineering barrier take place, migration of pollutants through the hosting granite would constitute the
path connecting to the biosphere. Hydrogeological
knowledge of fractured granitic massifs is therefore
a key factor for designing of a Deep Geological Repository. This knowledge will support the development of numerical models able to assess the longterm performance of such repositories.
This work deals with numerical modeling of groundwater flow, solute transport and chemical reactions
through fractured media. These models have been
developed within the framework of research activities founded by ENRESA, the Spanish Company for
Nuclear Waste Management. This proyect is the result of a collaborative agreement between ENRESA
and his equivalent Swedish Company (SKB) through
the research project Task Force 5 of the Aspo Underground Laboratory. One of the objectives of this
project is to assess quantitatively the hydrogeological and hydrochemical impact produced by the construction of a Deep Geological Repository in fractured granites. This is important because the new
conditions altered by construction impact will constitute the initial conditions for the repository closure
stage. A second goal of this work deals with testing
the ability of current numerical tools to cope simultaneously with the complex hydrogeological and
hydrochemical settings, which are expected to take
place in actual nuclear waste underground repositories constructed in. crystalline fractured bedrocks.
This study has been undertaken through the performance of numerical models, which have subsequently been applied to simulate the hydrogeological and hydrochemical behavior of a granitic mas-

sif, at a kilometrical scale, during construction of the
Aspo Hard Rock Underground Laboratory (Sweden).
The Aspo Hard Rock Laboratory is a prototype,
full-scale underground facility launched and operated by SKB. The main aim of the laboratory is to
provide an opportunity for research, development
and demonstration in a realistic rock environment
down to the depth planned for the future deep repository. The framework of this underground facility
provides a unique opportunity to attempt the objectives of the present dissertation.
Coping with coupled groundwater flow, solute
transport and hydrochemistry requires solid hydrogeological and hydrochemical conceptual models.
Then, integration of hydrogeology and hydrochemistry needs accounting for a wide range of physical
and chemical processes. This is why the dissertation
starts with the phenomenological background of the
most relevant physical and chemical processes affecting natural groundwater systems. A review on
mathematical formulation of groundwater flow, solute transport and hydrochemical reactions, as well
as coupled groundwater flow and reactive solute
transport has been performed. This review includes
specific aspects of crystalline fractured media.
The conceptual model constitutes probably the most
important part of the whole modeling work. Several
approaches to conceptualize hydrogeology in fractured rocks have been proposed in the scientific literature over the last decades. Nowadays there is
not yet a total agreement within the scientific community about the most appropriate modeling approach. A brief summary of proposed approaches
has also been included.
A three-dimensional numerical model has been carried out to simulate the impact of the underground
laboratory tunnel construction on the groundwater
system of the Aspo Island. Apart from the obvious
interest related to the performance assessment of a
Deep Geological Repository, studying the impact of
a tunnel construction on the hydrogeology can be
relevant for many other aspects, such as.safety hazards in tunneling works as well as geotechnical and
environmental impact assessments. The numerical
model accounts for all major fracture zones detected during site-characterization of the Aspo Island. The numerical model incorporates inner timevarying boundary conditions, which allow one to accurately simulate the hydrogeological response during tunnel construction. By means of groundwater
flow numerical modeling it has been possible to reproduce both measured tunnel inflows and ground-
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water hydrograps at 30 control points. A validation
exercise made by comparing model predictions and
field data not used for calibration showed that the
numerical model predicted reasonably well measured field data during the validation period. Comprehensive sensitivity analyses allowed concluding
that the flow model does not contain major sources
of uncertainty. Numerical modelling helped in gaining additional insight into the hydrogeology of the
Aspo site.
The performed numerical model of groundwater
flow was adopted to set up a solute transport
model. The flow and solute transport model aims at
studying the impact of tunnel construction on the
hydrochemistry of the Aspo site. Chloride and 1 8 O
were selected to study solute transport. Model results have been compared to measured chemical
evolutions at 15 control points located within tunnel
surroundings. Computed results leaded to good
agreement with measured breakthrough curves at
most of the control points. Transport parameters derived from interpretation of field experiments have
been found as being very representative of the Aspo
site. This is the reason why calibration of transport
parameters was not needed. Computed evolution of
chlorides allows one to conclude that both shallow
fresh water and Baltic Sea water flow from the upper
boundary to the tunnel surroundings, at the same
time that upconing of deeper saline groundwater is
produced towards the tunnel. On the other hand,
computed evolution of 1 8 O indicates that heavier
waters flowing from the upper and lower boundaries
replace lighter groundwaters initially located at an
intermediate depth. These lighter waters correspond
to relict groundwater probably infiltrated during the
last glaciation.
Sensitivity analyses have shown that the available
chemical database prior to tunnel construction is
not complete enough to generate sound initial conditions for the transport model. Generating initial
conditions with alternative criteria leads to different
computed results for hydrochemical evolution.
These alternative possibilities have been used to
study uncertainties of the numerical model caused
by initial conditions. This analysis allows one to
quantify a confidence band for numerically computed results. Predictions of hydrochemical evolution were performed at several control points, including confidence limits related to initial conditions
uncertainty. Refereed post-audit of predictions was
performed within the framework of the Task Force 5
of Aspo, coordinated by SKB.
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Solute transport modeling accounting for all dissolved species allows one to evaluate that the most
relevant deviations from the conservative behavior
become evident for dissolved bicarbonates and sulfates, and in a lower degree for calcium and sodium.
These results have been used to propose possible hypothesis about the most relevant chemical processes
affecting the hydrochemistry of the Aspo site.
The application of a methodology to check the consistency between numerical hydrodynamic models
and hydrochemical mixing models is also presented.
Consistency is evaluated in terms of mixing fractions, which are derived from the multivariate statistical analysis of hydrochemical data. These mixing
fractions are then introduced into the flow and
transport models. The degree to which transport
models can reproduce mixing fractions can be used
to evaluate the consistency between hydrodynamic
and hydrochemical models. This methodology has
been used to compare the hydrodynamic numerical
model and the hydrochemical mixing model of the
Aspo Island (Laaksoharju et al., 1999). Both models
aim at evaluating the impact of tunnel construction
on the hydrogeology and hydrochemistry of the system. Results of the consistency assessment show a
high level of coherence, which constitutes an additional validation for both models. This example also
serves to illustrate the potential of this methodology
for integrating hydrodynamic and hydrochemical
data in regional aquifers. Incorporating hydrochemical model results into the hydrodynamic model allows one to quantify the variations in hydrochemical
facies induced by changes in flow patterns.
Finally, the coupled study of groundwater flow, solute migration and hydrochemical reactions has
been carried out within the framework of the Redox
Zone Experiment of Aspo (1991-1994). The Redox
Zone Experiment was launched by SKB in order to
evaluate the effect of the tunnel construction on the
hydrochemistry of the deep granitic bedrock at
Aspo. The Redox Zone constitutes the first fracture
zone crossed by the Aspo Laboratory tunnel. The
large availability of hydrochemical information generated within this experiment was the reason to
choose it for coupled groundwater flow and reactive
solute transport numerical modeling. While it is simple in this case to construct a groundwater flow
model capable to reproduce observed drawdowns
at boreholes, the same is not true for a flow and
solute transport model capable to explain simultaneously drawdowns and salinities measured at the
tunnel and boreholes. This is the reason why the
conceptual model had to be reviewed, and after
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that, a new conceptual model for the Redox Zone
hydrogeology is formulated which provides a plausible explanation for both measured groundwater
heads and salinities. Once calibrated, the flow and
solute transport model is used to perform reactive
transport simulations accounting for aqueous
complexation, acid base reactions, redox processes,
gas dissolution, cation exchange and minerals dissolution/precipitation. This coupled groundwater
flow and reactive transport model is able to reproduce accurately the observed behavior of most dissolved species. The reactive transport numerical
model constitutes a powerful tool for testing quantitatively alternative hydrochemical hypotheses. By
means of numerical modeling it has been possible
to evaluate chemical parameters which are difficult
to obtain in the field, such as the exchange capacity
of the fracture zone and redox conditions of bound-

ary waters. The numerical model has been useful
also to quantitatively reject some previously proposed hypothesis. Conjectures about the influence
of alkaline sulfate-rich waters leaching from a
nearby rock landfill, and about the influence of
leaching of seafloor sediment porewaters have been
numerically evaluated and ruled out finally.
Reactive solute transport model results have been
compared with an end-members mixing model coupled with chemical reactions. This comparison allow
one to conclude that the last type of models are inappropriate for modeling hydrodynamic systems.
Contrarily to that observed for conservative mixing
models, end-member mixing models coupled with
chemical reactions have been found unable to reproduce the geochemical behavior of such hydrodynamic systems.
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Chapter summary
Fractured granites have been selected in several
countries as the candidate host rock for building a
deep geological repository for high-level nuclear
waste disposal. Hydrogeology and hydrochemistry
of the fractured massif are important elements for
determining the site suitability and long term safety
of such underground facilities. This proyect aims at
studying the impact of the construction of an underground nuclear waste repository on the hydrogeology and hydrochemistry of a natural fractured granitic massif. Altered conditions due to the repository
construction will constitute initial conditions for the
repository closure stage. A second goal deals with
testing the ability of current numerical tools to cope
simultaneously with the complex hydrogeological
and hydrochemical settings, which are expected to
take place,in actual nuclear waste repositories constructed in crystalline fractured bedrocks. The study
has been focussed on the Aspo hard rock laboratory
(sweden), a prototype full-scale research facility built
within fractured granites. The framework of the Aspo
hard rock laboratory provides a unique opportunity
to attempt the objectives of the present dissertation.
This chapter includes the motivation and methodology, a review on the state-of the art, a brief overview of the Aspo hard rock laboratory, as well as the
objectives and scope of the proyect.

1.1 Motivation
Traditionally, the scientific community has paid very
little attention to the study of fractured rock hydrogeology. For obvious reasons, the efforts of scientific research (and its associated technological development) were targeted to the study of highly
transmissive aquifers, from the point of view of human exploitation of water resources. Nevertheless,
in the last decades and particularly since the "eighties", hydrogeology of crystalline rock massifs
(known as hard rock hydrogeology) has suddenly
awaken great scientific interest. Such a concern is
due to several reasons. On one hand, the geology
of many zones in the planet is totally, or predominantly composed by igneous and metamorphic
rocks. In shield areas with warm and temperate climate (particularly in the Third World) hard rocks
play a basic role in water supplying for rural populations. On the other hand, recent scientific interest
on hard rock hydrogeology is mostly related to
characteristic problems of industrialized countries
such as aquifer pollution, which makes the search

for new supplying sources necessary, and specially
for the rational management of toxic and radioactive waste.
In order to avoid the harmful consequences that
could derive from radioactive waste, it is indispensable to isolate them from human environment. This
problem attains each and every country with nuclear
programs, which facilitates international collaboration in both technological and scientific planes. On
the way to a solution for high-level radioactive
waste, several hypotheses have been considered. A
priori attractive options, such as outer space or oceanic floor sediments were discarded years ago due
to the problems and dangers they imply. In fact,
nowadays there is unanimous agreement between
all countries with nuclear programs that Deep Geological Repositories constitute the safest option for
such goal.
A Deep Geological Repository is regarded as a system of multiple aligned barriers, so that possible defaults in one of such barriers would only have limited influence in the global working condition of the
system. The hosting geological formation of the repository is known as the geological or natural barrier. Presently three types of geological formations
are considered as adequate to host a Deep Geological Repository of high-level radioactive waste
(ENRESA, 1994): granite, salt and clay. Countries
such as Sweden and Finland as well as Germany
have already fixed upon granite and salt, respectively. In Spain, the need for a definitive disposal facility is estimated to show up circa 2025-2030, and
none of the previously mentioned options has been
chosen yet. To face the technological challenge involved by a Radioactive Waste Deep Geological Repository, ENRESA (Empresa Nacional de Residuos
Radiactivos, S.A.) is carrying out a great number of
research and development (R&D) activities, among
which this work is counted. The activities performed
by ENRESA are integrated in the R&D program that,
through successive approximations, head towards
the correct disposal solution, according to Spanish
casuistry.
The Spanish Reference Concept for the granite option (ENRESA, 1994) foresees definitive disposal of
waste in containers placed in the core of a number
of galleries within an underground facility built in a
granitic formation and surrounded by expansive clay
(the engineering barrier). Underground facilities,
built 500 m deep, will have to be adapted to fracture zones detected during previous site characterization. Construction, operation and further closure
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of the repository were estimated in 1 992 to entail a
total expense of approximately 245.345.000.000
current pesetas (ENRESA, 1 994).
Should an escape through the engineering barrier
take place, migration of pollutants through the hosting granite would constitute the path connecting to
the biosphere. Hydrogeological knowledge of fractured granitic massifs is therefore a key factor for designing of a Deep Geological Repository. The study
of groundwater flow and contaminant transport
through fractured crystalline rocks is complex. Both
theoretical knowledge of the most relevant processes
and sophisticated tools which permit their quantification under realistic conditions are required. The
Hydrogeology Group of the University of A Coruna
have dedicated a great amount of their scientific research during the last years for developing numerical
codes for such purpose. These codes have already
been used to resolve several synthetic problems and
to study real cases in porous media with simple geometry, mainly focused towards the study of engineering barriers. The hydrogeological and hydrochemical study of the geological barrier implies an
important change in problem scale as well as a
much greater geological and geometrical complexity.
During both construction and operation phases of a
Deep Geological Repository an inevitable alteration
of the hydrogeological and hydrochemical conditions of the hosting massif takes place. The new
conditions altered by construction impact will constitute the initial conditions for the repository closure
stage. The present work deals with the quantitative
analysis of the hydrogeological and hydrochemical
impact produced by the construction of a Deep
Geological Repository in fractured granites. With
this purpose, the groundwater flow and the transport
of dissolved chemical species have been jointly
studied, as well as the chemical interactions both
between these species themselves and between
chemical species and the surrounding geological environment. This study has been undertaken through
the performance of numerical models, which have
subsequently been applied to simulate the hydrogeological and hydrochemical behaviour of a granitic massif, at a kilometrical scale, during construction of the underground Aspo Hard Rock Laboratory
(Sweden).

1.2 Models and modeling
A model is a simplified representation of a real system. Models are essential to understand and/or si-
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mulate complex systems because they can help explaining observations and, therefore, improving
understanding of the system. In addition, models
can also help to evaluate the effects of external actions over the system. A groundwater flow and solute transport model aims at simulating the flow of
water and the transport of dissolved species through
a geological formation. A reactive transport model
goes further on accounting implicitly for the role of
chemical processes, which influence solutes behavior while they are being transported.
In the most general sense, two main categories of
models can be considered: mechanistic and "black
box" models. Mechanistic models attempt to simulate the "reality" through an understanding of the
system physics. On the contrary, "black box" models
look for tools able to reproduce the system behavior
as a response of known input signals, disregarding
physical explanations. "Black box" models can be
able to accurately reproduce a system but do not
help to understand it. Typical examples of "black
box" models are statistical models and artificial neural network models.
Different kinds of models have been developed by
hydrogeologists (Figure 1.1). Among the most important models it is worth emphasizing:
1) Mock-up models. Sand-box, bench-scale, parallel-plate and viscous fluid models are the
most typical examples of this kind of models.
Darcy experiment probably was the first mockup model on the hydrogeology history. This
kind of models are widely used in hydraulic
engineering. The groundwater system is appropriately represented in a short scale laboratory experiment.
2) Analog models. Membrane and electrical models are the most typical examples. They were
widely used before powerful computers were
available. These models are based on analogies between groundwater behavior and some
other physical processes easier to reproduce
and measure as the electrical flow, for instance. The main basis of electrical analog
models is to compute the relation between hydraulic conductivity and electrical conductivity
by substituting Ohm's law by Darcy's law.
3) Analytical models. These models are broadly
used for groundwater flow. They benefit from
the fact that the Laplace equation is the most
studied differential equation in mathematics.
Solving mathematical equation by means of
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Figure 11 Main types of models used in hydrogeology.

analytical solutions provides exact solutions.
The use of analytical solutions however is restricted due to the assumptions and simplifications that are required. Available analytical
solutions for solute transport and reactive transport problems are much more limited than for
groundwater flow (Spitz & Moreno, 1996).
4) Numerical models. Numerical modeling is the
most recent technique of hydrogeological
modeling as well as the most powerful one.
Numerical modeling development is linked directly with the tremendous advance experimented in computer technology. Solving
mathematical equations by means of numerical techniques means to renounce to the exact
solution of the problem. Numerical model accuracy will depend mainly on the adopted
problem discretization. The dominance of the
numerical models over the last decades has
led to almost replace "groundwater modeling"
by "groundwater numerical modeling".
Sometimes the term "empirical model" is used to refer laws and relationships derived from observations
(lab or field experiments). In the present work, terms
such as "empirical law" or "empirical relationship"

are preferred for these kind of experimentally derived expresions, in order to avoid confusions.
Empirical laws (such as Darcy's law) are usually included within most of mechanistic models.
Constructing a hydrogeological model follows a
methodology similar to that used in other branches
of Earth Sciences (Figure 1.2). Understanding the
natural system is the most important issue, which
implies compiling and interpreting available field
database. This is not a part of the modeling but of
the problem statement.
The modeling task itself starts by formulating the
conceptual model. A conceptual model is a qualitative description of the real system. It basically involves process and model structure identification.
The conceptual model constitutes probably the most
important part of the whole modeling work because
correcting errors in the conceptual model is not possible. To correct any error of the conceptual model
implies to design a new model.
Once a sound conceptual model has been established it is possible to set the numerical model up.
To build a numerical model starts with a numerical
preprocessing which includes spatial and time
discretization, generation of initial and boundary
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Figure 1.2. Methodological framework of the numerical modeling process.
conditions and parameters assignment. At this time
the resulting numerical equations are solved with a
computer code. While there are many computer
codes for solving groundwater flow and solute
transport numerical models those which solve for reactive transport are much less. However, not all the
available codes have the same capabilities so it is
important to choose a code able to handle all the
relevant aspects and processes of the conceptual
model. Numerical codes must be verified. Verification refers to the process of ensuring that a code
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solves accurately the equations it is supposed to
solve (Samper et al., 1997). Verification is a
code-dependent concept. Using verified codes is a
necessary condition for obtaining a sound numerical model (Samper et al., 1 997).
The numerical model must be calibrated in most
cases. Calibration is needed to overcome the lack
of input data as well as to accommodate the
adopted assumptions in the numerical model. During the calibration stage agreements between

/. Introduction

measured data and model results are attempted
usually by changing parameter values and/or initial and boundary conditions. Calibration can
lead to inadequate results and/or meaningless solutions if the conceptual model is inappropriate.
Calibration can be done either by trial and error or
by using automatic parameter estimation algorithms. The last possibility is known as inverse modeling. After calibration it can be said that the numerical model is completed but not the modeling
process (Figure 1.2).
How can a numerical model be demonstrated? Scientifically speaking it is impossible to do it. This is
the reason why the term "validation" is broadly used
for models instead of "demonstration". Model validation has different meanings for different people.
Some proposed relevant definitions for model validation include:
a (...) "the process of obtaining assurance that a
model, as embodied in a computer code, is a
correct representation of the process or system
for which it is intended" (US Nuclear Regulatory Commission).
Q (...) "a process whose objective is to ascertain
that the code or model indeed reflects the behavior of the real word" (US Department of Energy).
•

(...) "the confirmation of that it (the model) provides a good representation of the actual processes ocurring in the real system" (International Atomic Energy Agency).

All these definitions are related to nuclear waste disposal. Grenthe & Puigdomenech (1997), from a
more scientific view point, state that "(...) validation
does not necessarily denote the establishment of
truth, but implies that the model does not contain
detectable flaws and errors of logic". In the scientific
community it is generally agreed that models, like
any other scientific hypotheses, cannot be validated
in an absolute sense. However, it is also agreed that
validation exercises are the only possibility to build
confidence in a model. Recent interesting discussion
about model validation can be consulted in Konikov
& Bredehoeft (1992), de Marsily et al. (1992),
McCombie & McKinley (1993), Leijnse & Hassanizadeh (1 994), Oreskes et al. (1 994) and Grenthe
& Puigdomenech (1997). A common practice to
validate a model is to compare model results to
data not used for calibration. Other possibilities include post-audit exercises (by checking model predictions performed previously) and benchmark exer-

cises (comparison of different models which use different approaches).
Numerical models present, at least, two main advantages with respect to any other scientific hypothesis. First of all, numerical models are quantitative
and reproducibles. Second, they provide the capability to easily perform sensitivity analyses. Oreskes
et al. (1994) define sensitivity analysis as the capability to explore "what if questions". A sensitivity
analysis that accounts for existent uncertainties allows one to quantify the model uncertainty or, in
other words, the confidence on model results.

1.3 State-of-the-art
1.3.1 Numerical modeling of groundwater
flow and solute transport
in fractured crystalline media
The literature related to the field of hydrogeological
aspects of fractured formations is vast. Over the two
last decades a huge amount of scientific work has
been published. First of all, developing fundamental
understanding of flow and transport processes in
fracture media was the main challenge for
hydrogeologists. In addition to that, standard characterization techniques for porous media are not
applicable to field research in crystalline fractured
formations. Research and development activities on
field techniques have been also a prolific scientific
subject.
Among several symposiums and scientific meetings
there are two main events that can be remarked in
relation with the state-of-the-art on flow and transport in fractured media. On July 13, 1989 a symposium on the Hydrogeology of Rocks of Low Permeability took place during the 28 th International
Geological Congress in Washington D.C. Neuman
& Neretnieks (1990) compiled a selection of invited
papers. The second main event took place in Oslo
(Norway) where the XXIVth Congress of the International Association of Hydrogeologists was celebrated on June-July, 1 993. This congress was exclusively devoted to Hydrogeology of Hard Rocks
(Banks & Banks, 1993).
Bear, Tsang & de Marsily (1993) edited the most
comprehensive and recent state-of-the-art on flow
and transport in fractured media. This work covers
fundamentals, modeling approaches and field tesf
methods. One year later, Berkowitz (1994) pub-

19

Testing and validation of numerical models ofgroundwater flow, solute transport and chemical reactions in fractured granites

lished a less exhaustive review but a very useful general introduction on the topic.
To conceptualize the wide variety of flow and transport problems in fracture media, several modeling
approaches have been developed. A review of these
approaches is included in Chapter 3 of this document.
Nowadays, scientific research of groundwater flow
and solute transport through fractured media is focused in the quantitative assessment of processes.
Questions such as "What are the most appropriate
modeling approaches?", "How can the effects of
scale and heterogeneity be quantified?" and "What
are the realistic expectations for models in fracture
media?" are the main unresolved uncertainties in
this field.
In parallel to site characterization for radioactive
waste emplacements a number of numerical modeling exercises have been performed recently.
Carrera et al. (1990) published a numerical model
for groundwater flow through fractured gneisses.
The numerical model was performed to simulate a
block-scale experiment in the Chalk River Nuclear
Laboratories (Canada). These authors used a quasithree-dimensional formulation with a hybrid modeling approach (see Chapter 3). They used an inverse
modeling methodology for groundwater flow.
Cacas et al. (1 990) showed the results of a numerical model of a large scale tracer experiment conducted in a granite uranium mine at Fanay-Augeres
(France). The numerical model accounts for groundwater flow and solute transport in a random discrete
fracture network (see Chapter 3). Moreover, they
assumed fracture flow concentrated along one-dimensional paths (channels). These authors conclude
that the model was capable of predicting flow properties (hydraulic conductivity) at different scales.
Measured data of tracer pikes arrivals were reproduced with the numerical model.
Neretnieks et al. (1990) and Neretnieks (1993),
published a compilation of the main insights gained
by means of the numerical modeling of the Stripa
Project (Sweden). The Stripa Project was a hundred
meter-scale field experiment where water flow and
tracer transport were monitored in a specially excavated drift in a granite mine (Stripa mine). The tracer
movement was analyzed by means of more than
1 60 breakthrough curves. Those tracer curves were
interpreted with traditional advection-dispersion numerical modeling approaches as well as with a
channel network approach (see Chapter 3). The
Stripa field experiment was the framework for devel-

20

oping fundamental understanding on processes
such as matrix diffusion (see Chapter 2) and fracture
channeling (see Chapter 3).
Carrera et al. (1 993) and Sanchez-Vila et al. (1993)
reported the main results and conclusions of the numerical modeling of El Cabril site (Spain). El Cabril
is the Spanish low and intermediate level radioactive
disposal site, located in gneisses and metaarkoses.
After intensive site characterization, two modeling
approaches were considered:
1) equivalent porous medium and,
2) hybrid approach (see Chapter 3).
By using automatic calibration, different sets of parameters were found able to reproduce observations.
Different models for groundwater flow provided similar computed results. However, transport simulations
obtained with different models were radically different. This finding posed a severe question mark on
solute transport modeling in fracture media.
Carrera et al. (1 996) and Garcia-Gutierrez et al.
(1997) summarized results of the numerical modeling performed in El Berrocal site (Spain). El Berrocal
Project was an international integrated exercise in
geological, geochemical and hydrogeological characterization, which aimed at improving understanding about radionuclide migration in fractured granitic environment. Guimera et al. (1996) reported
the numerical modeling of several pumping tests
performed at El Berrocal. After comparing the results obtained with simple (homogeneous) models to
those of a model accounting for dominant fractures,
they concluded that the latter is not only better but
the only realistic representation of the system.
Galarza et al (1996) performed fully three-dimensional numerical simulations of tracer tests at El
Berrocal. They showed that by using solute transport
hybrid approaches, it was possible to reproduce very
accurately both drawdowns and conservative species
breakthrough curves, in a multi-fracture system.
Fillion & Noyer (1996) presented the numerical
modeling of a long term (3 months) pumping test
(LPT2) at Aspo (Sweden). The site-scale numerical
model accounts for 22 fracture zones. Their main
conclusion dealt on the feasibility of modeling
groundwater flow in such a complex, three-dimensional fracture media. Automatic calibration provided flow parameter values within the range of field
measurements.
Svensson (1 997) performed a regional scale numerical modeling of the Aspo site. The numerical model
was performed under both natural undisturbed con-
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ditions and disturbed conditions after the construction of a tunnel. The regional-scale numerical model simulations were performed for steady state regime. This numerical model exercise provided important qualitative insight into the Aspo site hydrogeology.
Gylling et al. (1998) modeled the LPT2 (long-term
pumping test) at Aspo. A main difference with respect to other previous modeling was accounting for
solute transport processes. The numerical model
was approached by the channel network conceptualization (see Chapter 3). Forward predictive simulations for 6 breakthrough curves were performed.
However, numerical model predictions were only
partially successful. The authors hypothesized about
the role of existent uncertainties on flow rates at the
injection points, flow porosity values and interactions with rock matrix.

1.3.2 Numerical modeling of groundwater
flow and reactive transport
Although many researchers have been working on
development of reactive transport codes, the experience with these codes is still very limited in comparison with the experience obtained for hydro-geological or static hydrochemical modeling. Published
scientific work up-to-date is rather restricted to synthetic examples and column laboratory experiments.
Recent compilations of the state-of-the-art on numerical coupling of solute transport and chemical
reactions can be found in Saaltink (1999) and
Juncosa (1999).
Some studies on modeling reactive transport in fieldscale conditions have been published very recently,
all of them for granular-sedimentary environments
with simple hydrological settings. Remarkable examples are: Postma et al. (1991); Lensing et al. (1994);
Mac Nab & Narasimhan (1995); Van Capellen &
Gaillard (1996); Saaltink et al. (1998a), Xu et al.
(1 999) and Delgado et al. (1999).
Nor block neither site-scale study on modeling reactive transport in crystalline fractured rocks has been
found in the scientific literature.

1.4 Overview ofthe Aspo Hard Rock
Laboratory
The reference concept for a radioactive waste repository in Sweden is that the spent fuel will be en-

capsulated in copper canisters, which will be deposited in boreholes in a tunnel gallery at some 500 m
depth in a crystalline rock. The exact design and siting of the deep repository for spent nuclear fuel
have not yet been determined (SKB, 1 995).
The Aspo Hard Rock Laboratory (Aspo HRL) is a
prototype, full-scale underground facility launched
and operated by SKB (the Swedish Nuclear Waste
Management Company). Geological investigations
in the region around Aspo (S.E Sweden) began in
1 986. Aspo was selected as the site to construct an
underground laboratory in 1988 and construction
of the facility started in October 1 990 with the laboratory being completed in the summer of 1995. The
main aim of the Aspo HRL is to provide an opportunity for research, development and demonstration in
a realistic rock environment down to the depth
planned for the future deep repository (SKB, 1 996).
The specific goals for the Aspo HRL are to (SKB,
1996):
• Test and validate methods and technologies
before they are applied to a real site. This goal
includes site characterization technology, con-.
struction and handling methods and long term
pilot tests of several components of the repository.
Q Advance the geoscientific research from generic research to site specific understanding.
•

Broaden understanding, skill, know-how and
knowledge at a specific laboratory site, as an
alternative to continue with site specific investigations at several sites.

The Aspo HRL is located in the southeast part of
Sweden, 400 km south of Stockholm (geographical
location is shown in Chapter 4, Figure 4.1). The underground facility consists on a 3,600 m long tunnel which starts with an access ramp and runs in two
turns down to a depth of 450 m under the Aspo island (Figure 1.3-A). The Aspo Research Village with
offices, stores and hoist and ventilation building is located at the surface of the island (Figure 1.3-A,B).
Surface and underground facilities are connected by
a hoist shaft and two ventilation shafts (Figure 1.3-A).
The Aspo Hard Rock Laboratory Project involves
participants from other countries with similar research and development programs. An important
stage goal for the Aspo HRL project is to test models
of groundwater flow and radionuclide migration. In
order to meet this challenge a modeling Task Force
was Attached to the Aspo HRL. The Aspo Task Force
on Modeling Groundwater Flow and Transport of
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B)

fiipe 7.3. A) General layout of the Aspo HRL The total length of the tunnel is 3,600 m. The spiral part of the underground excavation
is connected to the Asp'6 Research Village hy a hoist shaft and two ventilation shafts. B) Bird's-eye view of the Aspo Research Village,
containing offices, stores and hoist and ventilation buildings (After Rhen et al, 1997 b).

Solutes was initiated in 1992. The Task Force is a
forum for the organizations to interact in the area of
conceptual, mathematical and numerical modeling
of groundwater flow and solute transport in fractured rock. The group consists on Delegates (of the
agencies involved in the Task) and Scientists (representatives for these agencies).
The Task Force # 5 Project was initiated in February
1 997 with the aim to compare and ultimately integrate hydrochemical and • hydrogeological models.
The Hydrogeology Group of the University of A
Corufia participates in the Aspo Task Force # 5 as
scientific representative of ENRESA. The present work
has been performed within the framework of the
Task Force # 5 , as a result of the ENRESA-SKB collaborative agreement.
The Task # 5 framework provided a unique opportunity to attempt the objectives of the present dissertation, which are enumerated below.

1.5 Objectives
Groundwater chemical composition is essential to
understand nuclide migration. Just as an example,
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some radionuclides such as Technetium and the
actinides form low-solubility solid phases under reducing conditions but are highly soluble under oxic
conditions. The composition and evolution of the
groundwater chemistry at a repository level will depend mainly on:
1) groundwater flow,
2) solute transport and,
3) homogeneous (solute-solute) and heterogeneous (solute-mineral) chemical reactions.
Therefore, it is of obvious interest to combine the
study of groundwater flow, solute transport and
chemistry. However, to study coupled groundwater
flow, solute transport and hydrochemistry is difficult
for several reasons. First of all, setting up a fully
coupled groundwater flow and reactive transport
model requires solid hydrogeological and hydrochemical conceptual models. Integration of hydrogeology and hydrochemistry requires accounting for
a wide range of physical and chemical processes.
On the other hand, a quantitative study of such a
system involves the partial differential equations of
groundwater flow and solute transport as well as
non-linear algebraic equations of chemical pro-
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cesses (hydrochemistry). The simultaneous solution
of water flow, solute transport and chemical equations requires computational efforts which are orders of magnitude greater than those required for
modeling conservative solute transport or static water hydrochemistry, separately.
The main goal of this document is to study quantitatively the impact of the construction of an underground nuclear waste repository on the hydrogeology and hydrochemistry of a natural fractured granitic massif. This objective will be attempted through
identification, understanding an eventual numerical
modeling of the main physical and chemical processes involved in the problem.
A second goal deals with testing the ability of current numerical tools to cope simultaneously with the
complex hydrogeological and hydrochemical settings, which are expected to take place in actual nuclear waste underground repositories constructed in
crystalline fractured bedrocks. This goal aims at
sheding light into key issues pertaining to flow and
contaminant transport in fractured media, such as
that stated by Berkowitz (1994): "(...) what are realistic expectations for models of fracture media?"
Both main goals are tacked by following several
stages which include:
Q Seting up groundwater flow, solute transport
and reactive transport numerical models for the
Aspo site (on kilometric scale) with special emphasis to the transient state caused by tunnel
construction.
Q Calibration and validation (to the possible
extent) of performed numerical models, as well
as quantification of the uncertainty of the numerical models by means of sensitivity analyses.
Q Checking the validity of current conceptual
models of groundwater flow, solute transport
and hydrochemical evolution of the Aspo site,
as well as proposing alternative possibilities.
•

Proposal of a quantitatively-based framework
for coupling hydrogeology and hydrochemistry
of the Aspo site.

1.6 Scope
Chapter 2 deals with the phenomenological background of the the most relevant physical (hydrodynamic) and chemical processes affecting natural
groundwaters. Special emphasis is given to peculiarities of crystalline fractured rocks. The Chapter
includes the mathematical formulation of coupled
groundwater flow and reactive transport.
Several approaches to conceptualize hydrogeology
in fractured rocks have been proposed, a review of
which is introduced in Chapter 3.
Modeling reactive transport entails modeling simultaneously groundwater flow, solute transport and
hydrochemical reactions. A sound reactive transport
model requires as a starting point to have a solid
solute transport model. In the same way, a reliable
solute transport model must be constructed on the
basis of a sound groundwater flow model. For these
reasons, modeling coupled groundwater flow and
reactive transport in the Aspo system was pursued in
several stages, starting with the groundwater flow
model which is presented in Chapter 4. The impact
of tunnel construction on the hydrogeology is studied with special attention to the simulation of the
tunnel advance dynamics.
The influence of the construction of the tunnel on
the hydrochemistry is addressed in Chapter 5. Mass
transfer processes are included into the groundwater
flow numerical model in order to study the behavior
of conservative specie:;. A consistency analysis with
an independent hydrochemical mixing model is introduced in Chapter 6. This consistency analysis
looks for an additional validation of the hydrodynamic model as well as for a first evaluation of the
chemical reactions role.
Coupled groundwater flow and reactive transport
modeling is presented in Chapter 7. Processes understanding and identification was the first step prior
to seting up the coupled groundwater flow and reactive transport models.
Finally, this work ends with a compilation of the main
general and site-specific conclusions regarding flow
and reactive transport modeling in fractured granites,
as well as a proposal for future works.
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Chapter summary

—
dt

Coping with coupled groundwater flow, solute
transport and hydrochemistry requires solid hydrogeological and hydrochemical conceptual models.
Then, integration of hydrogeology and hydrochemistry needs accounting for a wide range of
physical and chemical processes. This chapter provides a background of the most relevant physical
(hydrodynamic) and chemical processes affecting
natural groundwater systems emphasizing some of
the peculiarities of crystalline fractured rocks. The
chapter includes a review on mathematical formulation of groundwater flow, solute transport and hydrochemical reactions, as well as coupled groundwater flow and reactive solute transport. Even
though this provides with the theoretical framework
of the models presented later, skipping this chapter
should not make it difficult for the reader to follow
the remainder of the work.

where V • () is the divergence operator, w represents
fluid sink/sources per unit volume of medium and Ss
is the specific storage coefficient, defined as the volume of water delivered per unit time and unit volume of medium in response to a unit change of hydraulic head.
The equation of groundwater flow through aquifers
can be derived from the groundwater flow equation
by its integrated along aquifer thickness b. The resulting equation is:
(2.6)
where T is the transsrrissivity tensor, which is the integration of the hydraulic conductivity along the
aquifer thickness and, S is the storativity which results from the same integration but for the specific
storage coefficient. Thus:
= Kb

2.1. Groundwater flow

S=S.b

2.1.1 Groundwater flow equation
Water flow through porous media is governed by
Darcy's Law which in its most general form relates
water flux q to the gradient of water pressure p and
elevation z through:
q=

(Vp + pg)

(2.1)

where p and /u are water density (mass per unit volume) and dynamic viscosity, k is the intrinsic permeability vector and g is a vertical vector pointing
downwards of modulus equal to gravity acceleration. When density changes are negligible, Darcy's
Law can be written in terms of hydraulic head h as:
q = -KVh

(2.5)

(2.7)
(2.8)

In Equations 2.7 and 2.8 the over-lined K_ and Ss
represent the vertically averaged values of hydraulic
conductivity and specific storage coefficient, respectively. The r term in Equation 2.6 represents the
sink/sources of water per surface unit.
Initial conditions for groundwater flow consist on initial values of hydraulic head (ho) which must be
known or could correspond to the steady state.
Equation 2.6 for the steady state is:

V-(IVho)+r =0

(2.9)

On the boundary F of the domain R either the head
or its gradient (water flux) are known. Possible conditions include;

(2.2)

1) Dirichlet condition:

(2.3)

2) Neumann condition:

where
K=

TVb • n\r = Q

(2.11)

and
3) Mixed condition:
(2.4)

pg

TVh • n|r3 = a{H - h)

(2.12)

Here K is the hydraulic conductivity tensor. By combining Darcy's Law and the mass balance equation
one has (Samper,l 994; Juanes, 1997; Samper et
al., 1998a,b):

where H and Q are specified head and flux, a is a
leakage coefficient (LT"1) and n is a unitary vector
perpendicular to the boundary and pointing outwards.
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2.1.2 Groundwater flow through fractured
media
Hydraulic properties of fractured rocks mainly depend on (Berkowitz, 1994):
1) Fracture properties such as: aperture, frequency, length, orientation, roughness, fracture fillings and connectivity.
2) Rock matrix properties, mainly porosity and
permeability.

2.1.2.1 Hydraulic conductivity of an isolated
fracture
Flow through individual fractures is often assumed to
be like flow between two parallel and smooth plates.
This kind of flow behavior has been studied since the
XIX century. The average flow velocity along the x direction, q x , is given by (Bear & Berkowitz, 1 987):

pg_tf_dh_
"a"T2"dx"

(2.13)

metrical arguments. There are many evidences
about the non-parallel geometry of the fracture
boundary planes. On the contrary, they show extraordinarily variable apertures (Carrera, 1987).

2.1.2.2 Hydraulic conductivity of fracture
systems
The parallel plate model for a single fracture can be
extended to various types of multiple fracture systems, by considering regular families of parallel regular fractures (constant aperture), oriented parallel
to the flow direction. If the fractures are of varying
apertures, b; ( i = l , 2,..., m), as shown in Figure
2.1-A, the total, Q, and specific discharge, q, are
given by:

12
where J denotes the hydraulic gradient along the
flow direction. Thus, the hydraulic conductivity of the
system is given by:

where h = h(x) is the average hydraulic head at a
point x in the fracture. This equation can be rewritten as:

where Kf is the fracture conductivity, which is defined
as:
(2.15)

12

Total discharge per unit length of fracture, Qf, is
given by:
pg b3 dh
u 12 ax

dh
dx

,„

''

(2.19)

12'

where <j>{ is the porosity of the fractured rock. It is
obvious that assuming a constant fracture aperture,
equation (2.1 9) will be strongly simplified.
Considering a network composed of two orthogonal
families of parallel fractures (Figure 2.1-B) the total
discharge and the hydraulic conductivity can be determined by superpostion
(2.20)

,.
and:

where,

_pgb

3

_

(2.17)

denotes the transmissivity of a fracture. Equation
(2.17) is known as the Cubic Law for an isolated
fracture. The Cubic Law has been tested experimentally for fresh fractures in granites (Witherspoon et
al., 1980), however, a number of critical works
against the validity of the cubic law have been
publised (Iway, 1976; Tsang & Witherspoon, 1985;
Gentier, 1986; Carrera, 1987). Most of the critical
comments against the cubic law are based in geo-
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12L u ^

(2.14)

' dx

Kf =

IV

I

(2.21)
H

Hydraulic conductivity tensors for more complex
scenario than those explained above can be developed. For instance, Snow (1969) calculates an
equivalent hydraulic conductivity tensor, which accounts for the aperture and orientation of every single fracture of the system. Hsieh & Neuman (1985
a,b) and Oda et al. (1987) develop more general
expressions for anisotropic hydraulic conductivity
systems.

2. description of main processes in natural gwundwaters
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Figure 2.1. A) A family ofparaiiei fractures. B) Two perpendicular families ofparaiiei fractures (modified from Bear & Berkowitz, 1987).

2.2 Transport of solutes
2.2.1 Solute transport processes
Dissolved species in saturated media are subject to
various physical processes. The main transport processes are:
1) advection,

water velocity, v, is related with the specific discharge and the porosity as follows:

v=i

(2.22)

The advective mass flow, FA, per surface and time
unit is:
FA = qc or FA = v<pc
(2.23)
where c denotes the concentration of a given solute.

2) molecular diffusion and
3) mechanical dispersion.
Each of these processes produces a solute mass flux
F (mass of solute crossing a unit surface area of medium per unit time).

2.2.1.1 Advection
This is the most intuitive of all transport processes
and it refers to the mobility of dissolved species due
to the fluid motion itself. In other words, advection is
a mass transport process due to water convection
(or conduction) through the aquifer.
An important point is that the actual water velocity is
not the same that the Darcy's velocity (which is not
really a velocity but a specific discharge). This is due
to the fact that groundwater does not circulate
through the whole aquifer volume but only through
the void volume (porosity). Thus, the actual ground-

2.2.1.2 Mechanical dispersion
The motion of a fluid through an aquifer takes place
into a complex geometric framework. When water
moves through the aquifer, dissolved species are
dispersed mainly due to two factors:
1) Each dissolved particle migrates through different paths (pores and/or fractures) which
have different lengths and,
2) Each path will have a different transverse area
so, actual water velocities will be also different. The overall effect of these two factors is
known as mechanical dispersion. Figure 2.2
illustrates schematically the mechanical dispersion effects.
In fact, it can be said that mechanical dispersion is
not a physical process itself, but it is the result of the
macroscopic observation of a microscopic process
(the solute migration through pores). Experimental
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Inyection point

Water average transport

—

1 Flux
direction
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Figure 2.2. Mechanical dispersion of a tracer in a porous media. A) Longitudinal and transverse dispersion.
B) Tetraedrical space in a porous media formed by spheres and a scheme of the equivalent paths. C) A random path
for a given particle moving through a porous media. (After Custodio, 1983a).

observations show strong evidences about the scale
dependence of the mechanical dispersion. Laboratory and field experiments indicate that this phenomenon can be described by Fick's Law, so that the
dispersive fluxFH can be described as:

FH = -<pDhVc

(2.24)

where D_h is the mechanical dispersion tensor. Its
principal directions coincide with the flow direction
and its normals. The component along the flow direction D|_ is the largest and is given by:
DL = a L

(2.25)

while the smallest components Dj occurs along the
transverse directions and are given by:
DT = c T |v|

(2.26)

where |v| is the modulus of the water velocity vector,
and ai and <xj are the longitudinal and transverse
dispersivities, which are characteristic parameters of
the medium having dimensions of length and reflect
the scale of the spatial heterogeneity.
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2.2.1.3 Molecular diffusion
Molecular diffusion is a transport mechanism related to the continuous Brownian motion of solute
and fluid molecules (Crank, 1975). For pure water,
molecular diffusion produces a mixing effect that
obeys Fick's Law. This law states that the diffusive
solute flux FD is proportional to the concentration
gradient Vc:
FD =

-D0Vc

(2.27)

where Do is the molecular diffusion coefficient in
water.
When dissolved chemical species diffuse through a
porous or fractured media they find irregular paths
and collide against micro-channel walls. Then, diffusion within a saturated geological media will be
slower than within pure water. The conceptualization
of this fact is usually performed by using the porosity, the pore size distribution (constrictivity term), and
the tortuosity of the paths.

2. Description of main processes in natural groundwaters

The effective diffusion coefficient (De) is defined as
the diffusion coefficient of a non retarded (conservative) specie which migrates through a geological
media, and it is related with the diffusion coefficient
in pure water as follows:

methods to derive the solute transport equations
(Juanes, 1 997). The classical procedure leads to the
general equation (Samper,l 994; Juanes, 1997;
Samper et al., 1998a,b):
D V c ) - qVc + r(c' -

(2.28)
s

2

where % ' the constrictivity and the factor fe/r ) is
known as the geometric factor. Some authors use a
different diffusion coefficient called the diffusion coefficient in pore-water (Dp). The effective diffusion
coefficient is a characteristic parameter for the
whole system: the solid phase, the pore-water and
the considered chemical species.
The tortuosity (T) is defined as the ratio of the length
of the actual path between two points (L) to the linear distance between them (X):
r=->l

(2-29)

= <j>— (2.32)
dt

Due to the fact that both mechanical dispersion and
molecular diffusion processes are explained by the
same Fick's Law, for practical purposes both processes are usually lumped together in a single dispersion tensor D which takes the form:
0D == D m I[ + <pD_h

where i is the identity tensor, c* is the concentration
of sink/source water and R is the sink/source of
mass due to chemical reactions.
If the equation 2.32 is integrated along the aquifer
width the results is the transport equation through
aquifers:

V • (<pbDVc)- bqVc + r(c'-c)+
It is very difficult to obtain experimental data to
characterize the tortuosity of natural geological media and, simple geometrical models indicate a
value of 1.41 as the characteristic tortuosity of a porous media. In order to reduce the number of parameters some authors combine constrictivity and
tortuosity in a single parameter (geometric factor).
Usually, the geometric factor is denoted with the
greek character t which can produce a confusion
with the tortuosity. When using the geometric factor,
the equation 2.28 leads to:
De = 4>rD0

(2.30)

(2.33)

b(f)R =

-•=b<p—

(2.34)

The solution of the transport equation requires
knowing:
1) Transport parameters, which include: porosity,
molecular diffussion coefficient and dispersivities.
2) Sink/sources.
3) Initial conditions: co(x,y,z) at t=t0.
4) Boundary conditions.

but in this case the parameter r is always less than 1.
In the most general case, the diffusive flux in porous
media is given by:
FD = -DeVc

(2.31)

2.2.2 Solute transport equation
The equation governing solute transport through
porous media is derived from the principle of mass
conservation. This principle states that for any reference 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 (pc. Considering the three mass
transfer processes exposed above there are several

The initial condition is: either known or may correspond to the solution of a steady state problem, by
using the equation (2.32) but with the right term
equal to zero.
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 or prescribed concentration
at the boundary F,:
= c

(2.35)

where c* is a prescribed concentration.
2) Neuman condition or prescribed mass flux at
the boundary F2. Let n to be the unit vector
normal to F2 that is the part of F at which the
dispersive flux is known:
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• n\r = F*

(2.36)

where F" is the prescribed mass flux.
3) Cauchy mixed condition. Some parts of the
boundary T3 may have a condition in terms of
the total mass flux:
{-(j>Dyc + qc) • n|r3 = /?(c* - c) + F;

(2.37)

where Fp is the prescribed dispersive mass flux,
c* is the outer concentration and /? is a mass
transfer coefficient.

2.2.3 Solute transport through fractured
media
There are a number of particularities which produce
clear differences in the behavior of dissolved species
migrating through fractured media in comparison
with pure porous media. In fractured media, the
transmissivity of the main fracture networks use to
be much higher (several orders of magnitude) than
the matrix transmissivity and then, solute migration
will be expected to be faster along fractures than

through the rock matrix. However, the possibility of
the occurrence of low connectivities among fractures may produce slower migration rates than those
predicted by using measured transmissivities. The
strong contrast that usually exist among hydraulic
conductivities of fracture networks and rock matrix
can lead to the fact that the actual direction of a
contaminant plume does not correspond to the theoretically predicted direction based on the measured groundwater heads. This is in fact a tremendous anisotropy effect which use to be characteristic
of fractured media. Figure 2.3 illustrate this kind of
situations.

2.2.3.1 Matrix diffusion
Most of rocks, including dense crystalline rocks,
contain micro-fractures. These micro-fractures form
interconnected systems filled with water. Skagius &
Neretnieks (1986) show that Precambrian granites
and gneises from Sweden contain continuous m i cro-fracture networks with a resulting porosity between 0 . 0 6 a n d 0 . 1 % .
Therefore, chemical species dissolved within the
groundwater flowing through the main fracture zones

Theoretical direction

Pollution source

Groundwater head isolines

Figure 2.3. Schematic representation of the fracture network effect over the actual groundwater flow direction.
(Modified from Davis 8, De West, 1966).
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can diffuse into the rock matrix through these micro-fracture systems. The inner surface into the rock
matrix is orders of magnitude larger than the surface
in the water conducting fractures so the total water
volume into the rock matrix can be much higher
than the mobile volume within the fracture zones.
Therefore, molecular diffusion towards the rock matrix can have an important role in solute, transport
through fractured media.
One of the most recent definitions of the matrix diffusion process was proposed by Carrera et al.
(1998) as: the transport mechanism by which solutes transfer from the water-flowing portions of permeable media to the non-flowing portions (matrix)
and vice versa through molecular diffusion.

The larger the matrix porosity the more important
the effects of matrix diffusion. Due to the fact that
dissolved species of the flowing water can enter to a
fraction of the matrix porosity, these solutes will
show an apparent retardation with respect to a conservative tracer not entering the matrix. On the other
hand, solutes entering the matrix will reach more
sorption sites in addition to those existing into the
water conducting fractures, which will cause a further retardation.

1) a portion of the system through which the water can flow (with mobile or kinematic porosity)
and,

Cathles et al. (1974) were among the first to study
the effects of matrix diffusion. These authors reported that in a field tracer test, chloride arrival to
the observation point was retarded with respect to
the arrival of silica colloidal particles also used as a
tracer in the same experiment. They interpreted
these results as an evidence of the occurrence of
matrix diffusion, which explain the retardation of
chloride with respect to the larger size colloidal particles, which are physically unable to enter the matrix. Later, a number of works showing evidences of
matrix diffusion effects into natural groundwater systems can be found in the literature such as those by
Neretnieks (1980), Maloszewski & Zuber (1985)
and Maloszewski & Zuber (1 993) among others.

2) a portion of the system in which the water remains stagnant so that solutes can only migrate through them by molecular diffusion.

Matrix diffusion is not a physical process itself different that molecular diffusion in porous media. In fact
matrix diffusion is a particularity of molecular cliffu-

Figure 2.4 shows an illustrative scheme of the matrix
diffusion mechanism.
The concept of matrix diffusion is strongly related
with the double-porosity or dual-porosity models.
Dual porosity models are those which assume that a
system can be divided into two different parts:

WATER
CONDUCTING

FRACTURE

Figure 2.4. Conceptualization of a double porosity media and the matrix diffusion mechanism.
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sion when solute transport through fracture media is
studied. Carrera et al. (1998) perform a revision of
the existing formulations to implement matrix diffusion into the solute transport equation and they find
that it can be made by using three different approaches:
1) spatial discretization approach (numerical),
2) hybrid approach (numerical-analytical) and,

2.3.1 Homogeneous reactions
Homogeneous reactions are those which are produced among chemical species in the same phase.
Homogeneous reactions include aqueous complexation, acid-base and redox reactions.
For aqueous complexation reactions, concentrations
of the primary species, Q, can be obtained as
(Samper at al., 1998a):

3) Laplace transform appproach.
Juanes & Samper (2000 a,b) propose an efficient
numerical formulation for matrix diffusion problems
and demonstrate that representing fractures with elements of lower dimension that the modeled domain leads to more accurate and numerically efficient solutions.
A very relevant fact related to the occurrence of matrix diffusion was pointed by Carrera et al. (1998).
These authors reveal that matrix diffusion cause retardation effects which cannot be distinguished to
the effects of other processes such as heterogeneity
or kinetic adsorption, and experimental breakthrough curves can be equally fitted by using models which account for different processes. Carrera et
al. (1998) illustrated that the behavior of solutes in
problems dominated by matrix diffusion depends on
the parameter </>2RD/L2 for early times whereas for
later times depends only on 0R (porosity times retardation factor) and not on matrix diffusion coefficient
(D) or block size (L).

2.3 Chemical reactions
A chemical species is a chemical entity different to
the rest of the species because both, chemical composition and phase. A chemical system is defined by
knowing the concentrations of the primary basis
species (defined as components in Appendix 2).
Chemical equations relate the rest of the species
with primary species of a system so, concentrations
of these primary species are needed in order to define a chemical system. In addition to primary species, a chemical system can contain aqueous complexes (secondary species), gas phases, minerals,
exchangeable cations and adsorbed species. The
number of secondary species must be equal to the
number of chemical reactions. Secondary species
are defined as a linear combination of primary species and, concentrations of secondary species can
be derived from concentrations of primary species
and equi ibrium constants.
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(2.38)
where q is the molal concentration of the i-th primary species, Xj is the molal concentration of the j-th
secondary species related with the i-th primary species, v., is the stoichiometric coefficient of the i-th
primary species related with the j-th secondary species, Nx is the number of secondary species and, Q
is the total (molal) concentration of the i-th primary
species. By using the Mass Action Law (Appendix 2)
with the dissociation of the j-th aqueous complexes
it is obtained (Samper & Ayora, 1 993):
(2.39)
where N c is the number of primary species and Kj is
the equilibrium constant of the reaction. The activity
of the i-th species is written as the product of an activity coefficient y-,, times the actual (molal) concentration, C\.
For the acid-base reactions, the total concentration
of protons within the liquid phase is defined by
(Samper & Ayora, 1993):
u+X;

(2.40)

H

where cMt is the free-protons concentration and v
n

'

t
in

are the proton's stoichiometric coefficients in the
acid-base reactions of the secondary species. The
total concentration of protons CH+ is the net balance
of protons accounting for all the acid-base reactions. Then, CH+ can adopt both positive and negative values.
To describe redox reactions it is usual to consider
the occurrence of a fictitious concentration of electrons. In this manner, redox reactions can be described as the other aqueous chemical reactions
(Samper & Ayora, 1 993; Xu, 1 996):
v. _x.

(2.41)
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where ce_ is the "free" electrons concentration, and
r.e_ is the stoichiometric coefficient of the electron in
the j-th redox reaction. Activity coefficient if the electron it is assumed to be equal to unity.

Combination of equations (2.43) and (2.44), taking
into account the activity as a function of the concentrations, leads to (Samper et al., 1 998):

Alternative formulations to describe mathematically
redox processes have been proposed by Plummer et
al. (1988) and Liu & Narasimham (1989) by means
of imposing a constant net balance of electrons.
Nordstrom & Muhoz (1986) treat the redox reactions awarding the oxidant potential to dissolved oxygen. Samper et al. (1 999a) found that to solve numerically redox equations, using the dissolved
oxygen as primary species leads to a better convergence than using other approaches (electrons or
gas oxygen as primary species).

(2.45)

By definition of equivalent fraction it is true that:

(2.46)
Solving /?j in Equation (2.45) and substituting in
Equation (2.46) leads to:

H=l

2.3.2 Heterogeneous reactions
Main heterogeneous reactions related with natural
groundwaters include cation exchange, adsorption
and mineral dissolution-precipitation.
Equilibrium constants for cation exchange reactions
depend on the ionic strength of the solution. The
general expression for cation exchange reactions as
proposed by Appelo & Postma (1 993) is:

- S, + - (Xv - S,) o ~ (Xv. - S,) + - Sf (2.42)
where v. and v. are the stoichiometric coefficients
(valence) of dissolved cations, S, and Sj, and (Xv,.-Sj)
and (XVj-Sj) are the exchangeable cations within the
solid pahse. By applying the Mass Action Law (Appendix 2) the equilibrium equation leads to:

<o<X.'a.K,'

(2.43)

where K* is the equilibrium constant, usually known
as exchange or selectivity coefficient, a, is the activity
of the j-th dissolved species and a>\ is the activity of
the i-th exchangeable cation which is supposed to
be equal to its equivalent fraction /3;. Thus:
NT

(2.44)

where w, is the concentration of the i-th exchangeable cation (equivalents per mass unity of solid) and
N w is the number of exchangeable cations. The sum
of all the exchangeable cation concentrations is
termed as the Cation Exchange Capacity (CEC).

(2.47)

It must be noticed that the order of the Equation
(2.47) will depend on the stoichiometry of the reactions.
Adsorption processes can be modeled as a set of
chemical reactions among the aqueous species and
the XOH groups of the solid surfaces. Thus, the adsorption reaction of a metal M z + being attached to
a hydroxide can be standardized as:
XOM + M z + o XOM(z~1)+ + H +

(2.48)

By applying the Mass Action Law (Appendix 2) to
equation (2.48), it is obtained that:
|XOA4(2
[XOH]aMZt

(2.49)

where K,nt is the intrinsic equilibrium constant of the
chemical reaction (Dzomback & Morel, 1990).
Adsorption processes are related with electrostatic
forces at the solid-water interface and then, equation (2.49) must be corrected by an electrostatic
term. Samper at al. (1998a) proposed the following
expression:

K 0 * = « int e

RT

(2.50)

where R is the gas constant, T is the absolute temperature, Az is the variation in charge produced in
the adsorbed species, F is the Faraday constant and
Wo is the electrical potential on the surface (volts).
Kacis is termed as the apparent equilibrium constant
of the adsorption reaction. The electrostatic correction introduces a new unknown into the adsorption
equilibrium reactions: the electrical potential of the
surface, WQ. Then o new equation will be needed.
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The electric double layer theory (see Appendix 2)
provides the basis for several models which relates
the electrical potential with the charge density on a
mineral surface. An excellent compilation of those
models can be found in Langmuir (1997).
A much simplified mathematical model to treat adsorption problems can be performed by using the Kj
(distribution coefficient) approach as described in
Appendix 2.
For mineral dissolution-precipitation reactions, if
chemical equilibrium is achieved, Mass Action Law
(Appendix 2) leads to (Samper & Ayora, 1993):

"y."

(2.5i)

where Xm is the molar fraction of the m-th mineral
phase, §m is the activity coefficient, q and y, are the
concentrations and activity coefficients of the i-th dissolved species, respectively, vpm! is the stoichiometric
coefficient of the i-th species in the dissolution reaction of the mineral m, and Km is the equilibrium
constant of the reaction. For pure phase minerals
Xm and § m are equal to unity.
Some minerals not present at the beginning could
appear depending on the chemical evolution of the
system. The change in free energy (G) associated
with the advance of a reaction (/m) is given by:
— =2.303 RT log Qm

(2.52)

d

Xm

where Q m is the saturation index of the m-th mineral. The saturation index is defined as:
Mr

(2.53)

Equation (2.52) says that chemical equilibrium is
achieved when Q m is equal to unity. When the saturation index is greater than one the mineral phase
tends to precipitate. On the contrary,.when the saturation index is less than one the mineral phase tends
to be dissolved.
For reactions involving aqueous and gaseous phases
the Mass Action Law states that (Samper & Ayora,
1993):
PfA

Y,

(2.54)

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
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i-th dissolved primary species, respectively, vf! is the
stoichiometric coefficient of the i-th species and Kf is
the equilibrium constant of the reaction. For low
pressures (in the range of atmospheric pressure), the
gaseous phase behaves like an ideal mixture. Under
these conditions, the activity coeficient Ff is equal to
unity and the partial pressure pf is in turn equal to
the total pressure times the molar fraction Xf. The
partial pressure pf can also be computed as Xf = (f)RT,
where (f) is the molar concentration of the species in
the gaseous phase.

2.4 Transport of reactive solutes
Modeling reactive transport requires coupling hydrodynamics (groundwater flow and solute transport
equations) and hydrogeochemistry (local equilibrium
and/or chemical kinetics equations). Mathematical
formulation for coupling chemical reactions and
mass transport in groundwaters have been proposed
by a number of authors (Rubin, 1983; Lichtner,
1988; Liu & Narasinham, 1989; Yeh & Tripathi,
1991, Steefel 1993, Samper & Ayora, 1993; Steefel
& Lasaga, 1994; Xu, 1996 and Samper et al.,
1998a among others). Saaltink et al. (1998b) and
Saaltink (1999) shows six different mathematical
formulations that differ from each other by number
and types of unknowns. Samper et al. (1999a) and
Juncosa, (1999) propose a general formulation for
coupled multiphase and variable saturated groundwater flow and reactive transport. In order to maintain consistency with the numerical tools, the mathematical model describing the transport of reactive
solutes through saturated geological media will be
established following Samper et al. (1999a) and
Juncosa (1999).

2.4.1 Chemical term of the solute
transport equation
2.4.1.1 Mobile species
As was reported in the previous chapter (see also
Appendix 2) a chemical system can be described by
the number of primary species, N c . The rest of the
species (Nx secondary species) are obtained by using the primary species and the chemical equilibrium equations. Primary species must be mobile
species, and then, the transport equation for such
species is similar to that shown at equation (2.32).
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Secondary species S* can be derived from primary
species, Sj, as a lineal combination (Samper et a
1995):
(2.55)
where S; is the concentration of the i-th secondary
species and v^ is the stoichiometric coefficient of the
specie Sj. The amount of secondary species (mole)
dissociated per time and volume unity, rx, is equal
to the amount of primary species that disappear
(Samper et al, 1 999a), and the equation is:

2.4.1.2 Immobile species
Immobile species are those which are not submitted
to the hydrodynamic transport. However, chemical
equilibrium equations are also used to compute its
concentrations (Xu, 1996). Immobile species include
minerals, exchangeable ions and adsorbed species.
The dissolution reaction for the i-th mineral phase,
Sf, can be expressed in terms of the aqueous primary species as (Samper et al., 1995):
S p *>

(2.62)
H

dt

(2.56)

dt

where Nx is the number of aqueous complexation
reactions, x, is the molal concentration of the secondary species i, and q is the concentration of the
primary species j . The j-th primary species can be
formed from the dissociation of several species.
Thus, the amount of mole of primary species per
time and volume unity can be obtained by (Samper
etal., 1998a):
(2.57)

where vp is the stoichiometric coefficient of the j-th
aqueous species related with the i-th precipitated
phase. If the reaction progress is consistent with the
stoichiometric coefficients, the dissolution of one
mole of Sp will release v p mole of Sj to the solution.
The produced amount of Sf species per time and
volume unity is:

where p; is the molal concentration of Sf. Thus, the
variation in the amount of the j-th aqueous species
due to dissolution-precipitation is given by:

If there are heterogeneous reactions in the system,
then the geochemical term is decomposed into:
R.; = R* + RP + RJ + Ry

(2.64)
dt

(2.58)

where R* is the geochemical term accounting for
homogeneous reactions (Equation 2.57), Rf is the
term accounting for dissolution-precipitation reactions, R" is the term accounting for ion exchange
and, R[ is the term accounting for adsorption. All
these terms represent the variation per time and volume unity due to the different kind of reactions:
Rp =

(2.63)

dt

(2.59)

By substituting of Equation (2.63) into equation (2.64)
it is obtained:

dt

+ v[

dt

^=0

(2.65)

On the other hand, by applying the Mass Action
Law (Appendix 2) to the dissolution-precipitation reaction (Equation 2.62) one has:

dt

(2.66)
(2.60)

(2.61)

where N p , N w , and Ny are the number of mineral
phases, exchangeable species and adsorbed species related with the j-th primary species, respectively.

where Kp is the equilibrium constant.
Formulation of mass balance equation for ion exchange is similar that for mineral dissolution-precipitation. Ion exchange reactions involve the exchange
of a dissolved ion (Sj) with an ion which forms part
of the exchange complex (XVj-Sj). General details on
exchange processes can be consulted in Appendix
2. The amount of Si species exchanged with (XVj-Sj)
species per time and volume unity is (Samper et al.,
1999a):
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d((pw.

—v- dt

— —v- dt

and multiplying times Vj and adding it is obtained:
=

—V-

dt

741

74)

(2.67)

dt

From the last equation, it is deduced that the total
concentration of the exchangeable species is:

where Wj and w, are the concentrations of the j-th
and i-th exchanged species, respectively. If N w is the
number of exchangeable species, then each species
will be able to be exchanged with the other Nw-1
species. Thus, the total number of exchanged mole
of the j-th exchange complex (XVj-Sj) per time and
volume unity will be equal to the total sum of all the
exchanged mole of the Nw-1 reactions (Samper et
al., 1999a):
dt

dt

(2.68)

(2.75)

and this concentration will remain constant, which is
the same to state that the exchange capacity is constant.
On the other hand, by applying the Mass Action
Law (Appendix 2) to the ion exchange reaction (Appendix 2) it is obtained:

And taking into account Equation (2.67) it is obtained that:

W,

(2.76)

(2.69)

where f(* is the selectivity coefficient (or exchange
coefficient) which depends on the species concentration and could not be constant.

In the same manner, the j-th dissolved species Sj
can be exchanged with all the exchange complexes
except with the j-th. Thus, the concentration of a given
species due to all the exchange processes will be:

Finally, the attachment of the adsorbed species Sf to
a surface can be modeled following the adsorption
reaction:

dt

(2.77)

Sf
= y ^

(2.70)

By using Equations (2.69) and (2.70) it is deduced
that:

/=!
where S-OH represents the adsorption surface. The
amount of mole per time and volume unity which
go to the solution from the i-th adsorbed species is:

(2.71)

^

dt
The number of possible exchange reactions is [N w
(N w -l)]/2. Not all the possible exchange reactions
are independent but some of them can be expressed as a linear combination of other existent reactions. When such a possibility happens, the
amount of exchanged mole can also be expressed
as a linear combination of the number of mole of
the exchangeable species. Thus, for instance, in the
(j,i)-th reaction it is possible to deduce the number
of exchanged mole per time and volume unity as:
r,, = r,, - u,
So it is possible to re-write Equation (2.69) as:

dt
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= -f

(2-78)

where y, is the concentration of the adsorbed species.
Several adsorption reactions can be formed involving several adsorption surfaces and different dissolved species. The total amount of mole able to be
adsorbed by time and volume unity is (Samper et
al., 1999a):
(2.79)
dt

dt

(2.72)
(2.80)
dt

where si is the molal concentration of the adsorbed
species and N y is the number of adsorbed species.
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On the other hand, by applying the Mass Action
Law (Appendix 2) to the adsorption reaction (Equation 2.77) it is found that (Samper et al., 1999a):
(2.81)

where K, is the equilibrium constant, Ns is the number of primary species involved within asorption reactions and, vsn is the stoichiometric coefficient of
the j-th adsorption species in the desorption reaction of the i-th surface complex.

2.4.2 Reactive solute transport equation
Rewriting the general transport Equation (2.32) for
the j-th primary species leads to:
V-(. 0DVc,)- qV c, + r,(c;- C / )

p

~d7

(2

.82)

where sj is the total concentration of adsorbed solutes.
Then, there are so many mass balance equations as
chemical species present in the system, which includes Nc primary species, Nx secondary species, N p
precipitated minerals, N w exchanged species, Ny
adsorbed species and one more equation for the
adsorption surface. In addition to this set of equations, all those equations provided by the Mass Action Law must be added.
Taking into account equations (2.85), (2.86), (2.87)
and (2.88), and by elimination of the terms r*, r/3, r,"
and r?, then Equation (2.84) leads to (assuming that
porosity remains constant in time):
dC
—L
dt

dW.
dY.
— L + Y0 — = L{C,)
dt
dt
'

dP.
dt

+ r;(C* - C.)

and, defining the L() operator as:

= V-(0DV(-))-qV(-)

(2.89)

(2 .83)

the transport equation for the j-th primary species
with chemical reactions is:

(2.90)

where j = 1,2,...,NC and Cj, P,, Wj and Y, are the total dissolved, precipitated, exchanged and adsorbed
concentrations of the j-th species, respectively, which
are defined as:

dc
(2.91)

P,=
For the secondary species:

W; = w|.

^^-=L(x,)+r ; (x*-x,)-r j > ;
dt

(2.92)

(2.93)

(2.85)
(2.94)

In the case of immobile species there are N p equations of mineral dissolution, N w equations of ion exchange and Ny equations of adsorption,

where x,, p,, Wj, y, can be obtained from equations
(2.39), (2.66), (2.76) and (2.81). From these equations it is possible to derive the terms

(2.86)
dP,
dWdY.
<h — , (A
and <b —
dt
dt
dt
3t

dt

i = I,.. Nw

(2-87)
after the reactive transport equation (2.90).

i = I,... N y

(2.88)

And an additional equation for adsorption conservation:

The mathematical formulation presented above has
been derived assuming all chemical processes at
equilibrium. However, if some reactions are not fast
enough to be assumed at equilibrium, they must be
considered as kineticolly controlled.
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Some geochemical processes (such as dissolution-precipitation of some minerals and some redox
reactions) are known to progress so slowly that they
never reach equilibrium. In this case a kinetic formulation is required. Details on kinetic laws and formulations are presented in Appendix 2. In the most
general case, for the dissolution of the m-th mineral, the source term of the reactive transport equation (2.90)
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<3PQf'
must be replaced by (Samper et al., 1995):
v? jl _ y y p
*
lVm

WV
dt

+ yP

rp

(2.95)

where r^ will be a known function (see Apendix 2).
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Chapter summary
This chapter contains basic definitions related with
hard rock hydrogeology which are useful in order
to understand the rest of the document. Several
approaches to conceptualize hydrogeology in
fractured rocks have been proposed in the scientific literature over the last decades. Nowadays
there is not yet a total agreement within the scientific community about the most appropriate modeling approach. This chapter contains a brief
summary of proposed approaches which serves as
a reference for discussions about the models presented in following chapters. Readers already familiar with hard rock hydrogeology can go directly
to next chapter.

3.1 Basic definitions
A fracture is part of the void space of a porous medium domain that has a special configuration: one
of its dimensions (the aperture) is much smaller than
the other two ones (Bear, 1993). Following Berkowitz (1994), in the present work the term fracture
refers to all cracks, fissures, joints, and faults that
may be present in a formation. Fractures are produced under a variety of geological and environmental processes, including tectonic movement,
secondary stresses, weathering and chemical actions, and shrinkage cracks among others. Due to
the various causes of fracturing, and the different
properties of rocks, fractures can occur in a variety
of patterns, from polygonal arrangements to apparently random distributions.
Geologically, a fracture set is a group of fractures
that lie more or less parallel to each other and, a
fracture system is composed of two or more fracture
sets that intersect at a more or less constant angle.
Fracture sets and systems use to be geometrically
described by means of parameters such as aperture,
spacing, length, orientation and density. On the
other hand, a fracture zone is a region containing a
cluster of fractures that usually coincides with regional (cartographic scale) tectonic faults. Classical
works on the topic of geometrical description of
fracture patterns include Segall and Pollard (1983),
Rouleau and Gale (1985), Reches (1986), Kulatilake (1988), Dersowitz and Einstein (1988) and
Balbergetal. (1991).
The rock space among fractures is termed rock matrix and in the case of igneous and metamorphic

terrain shows very low porosity and hydraulic conductivity. The void space in crystalline rock matrix is
the result of micro-frocture networks which can result in typical porosity values between 0.06 and
0.1% (Skagius and Neretnieks, 1 986).
From a hydrogeological point of view, a fracture is
a water-conducting feature, and the hydraulic properties of the fractured rock will mainly depend on
the density and connectivity of the fracture network.
Fracture zones can be reliably characterized (geologic and hydraulically) to be treated in a deterministic manner, while meso and micro scale fracturing
use to be better represented stochastically.
A critical step in hydrogeological modeling of fractured media arrives at the moment of establishing
the conceptual basis of the hydrogeology from the
available geological knowledge of the zone. Geological site characterization provides the spatial location of fracture zones and lithological domains
containing small fracturing. Fracture zones use to
be divided into 'major' and 'minor' according to
the width of the features, and lithological domains
use to be separated according with petrographical
criteria.
Figure 3.1 shows a schematic description of the two
main components of the geological model, as defined by Rhen et al (1 997 b) for the Aspo site.
By combining the geological model and the hydrogeological knowledge it is possible to define a conceptual model for the hydrogeology of a fractured
massif which can be constructed on the basis of two
main concepts:
a) Hydraulic Conductors Domains (HCD), which
are large two-dimensional features with hydraulic properties different from the surrounding rock. They are generally coincident with
the major fracture zones but in some cases
they can be defined by interpretation of results
from hydraulic interference testing.
b) Hydraulic Rock Domains (HRD), which are
geometrically defined volumes in space with
properties different from surrounding domains
(rock mass or conductors). They may either be
defined by lithological domains or purely by
interpretation of hydraulic tests.
Figure 3.2 shows the schematic description of the
two hydrogeological concepts as proposed by Rhen
et al. (1997 b) for the Aspo site.
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Lithological domains
1-3 main rock types)

Major fracture zones
( > 5 m wide) |

Minor fracture zones
(<5mwide)

Small scale fracturing
in the rock mass
between fracture zones

1000 m

Figure 3.1. Schematic description of two main components of the geological model. One (lithological domains) is for the description
oflithology andthe other one (fracture zones) for the description of discontinuities. Rhenetal. (1997 b).

Hydraulic rock
mass domain
(defined by lithology)

Hydraulic conductor I
domains

Hydraulic rock
mass domain
(bounded by hydraulic
conductor domains)

1000 m

Figure 3.2. Schematic description of two main hydrogeological concepts. Hydraulic conductor domains:
2-D features and hydraulic rock mass domains: 3-D features (after Rhen et al, 1997 b).
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3.2 Modeling approaches

a) The volume of the REV should be uniform in
magnitude and shape throughout the domain.

In order to deal with the wide variety of flow and
transport problems in fractured media, a number of
modelling approaches have been developed. Several classifications for these conceptual models of
flow and transport through fractured media can be
found in the scientific literature (Carrera et al.,
1990; Bear, 1993 and Berkowitz 1994). Mainly,
there are three categories of approaches:

b) The resulting averaged parameter values should
be independent of the size, shape and orientation of the REV.
c) The size of the REV must be much lower than
the characteristic length of the modeled domain and much larger than the scale of the
heterogeneity.
Continuum models are generally applicable when
the system allows enough interaction between
fractures and porous blocks to reach local equilibrium.

1) Continuum or Equivalent Porous Media models.
• 2) Discrete Fracture models.
3) Hybrid models.

In fractured crystalline media the scale of the heterogeneity is the distance between fractures so, if the
domain is large enough a REV could be probably
found. Figure 3.3 shows schematically the concept
of a REV, and the difference between a porous and
a fractured media.

3.2.1 Continuum models
This approach is valid as long as it is possible to define a Representative Elementary Volume (REV) for
the problem of interest. The REV is considered adequate when no matter where we place it within the
domain it always contain a persistent solid and void
volume. In addition to that, in order to use an
Equivalent Porous Media approach the following
conditions must be fulfilled (Bear, 1993):

In Figure 3.3, U represents the volume, U o the volume of the REV and the subscripts v, pm and fr indicate the void space, the poruos media and the fractures, respectively.

1.0
Range for U0for fractured
porous medium

Rjange for U0for porous
medium alone

Uv

Range for Uofor
fractures alone

u

min,fi

Figure 3.3. Definition of representative elementary volumes for a network of fractures and porous blocks (after Bear and Bachmat, 1990).
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3.2.2 Discrete fracture network models
Discrete Fracture Network (DFN) models consider
flow and transport processes within isolated (and
normally connected) fractures. Analysis of problems with this approach has provided fundamental
understanding of behaviour of relevant processes
(Berkowitz, 1994). The main problem of this approach is the geometrical definition of the system.
Applications of this approach to real situations are
scarce and have only met a limited success (Carrera
et al., 1 990). In terms of the fracture network generation, a number of methods have been proposed,
including mainly:

plane. A very close approach has been proposed
as well by Dershowitz and Fidelibus (1 999), termed
the Equivalent Pipe Networks. This approach uses
a numerical method to derive conductances of
equivalent pipe networks from the transformation
of 3-D fracture networks. Pipe Networks Models
have the potential to significantly improve the
scope for practical applications (mainly because it
allows a significant reduction of computer requirements) but, up to date, the applicability of this approach has been only demonstrated for steady
state flow problems.

1) orthogonal networks (Schwartz and Smith,

3.2.3 Hybrid

2) random networks (Long and Billaux, 1 987),

Hybrid models are in the middle of the two approaches described above. This approach combines
continuum representation of the whole domain with
a discrete representation of the major fractures in
the formation, allowing interaction between discrete
fractures and the equivalent porous media.

3) 3-D disk networks (Dershowitz et al., 1991)
and
4) networks based on fractal algorithms (Acuna
and Yortsos, 1991).
Figure 3.4 shows an example of a 3-D fracture disk
network.
Channel networks models (Moreno et al., 1988)
are a particular type of DFN approaches based on
the idea that most of the mass flux takes place
through a relatively small portion of the fracture

Juanes and Samper (2000 a,b) adopt this approach
to simulate flow and solute transport in several synthetic examples, showing that representing embedded fractures with elements of lower dimension than
the domain leads to more accurate and numerically
efficient solutions.

Figure 3.4. Example of three-dimensional fracture disk model (after Dershowitz etal, 1991).
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Figure 3.5 shows an example of a hybrid approach
model, including a vertical fracture embedded into
a 3D domain.

tionarily, while geology points to clear trends a n d
sharp changes in the flow a n d transport parameters
(faults, fractured zones, formation contacts) that are
difficult to incorporate into these models (Samper &
Carrera, 1995).

3.3 Parameter assignment

All the combinations a m o n g modeling approaches
and parameter assignment methods are possible,
but the most typical are shown in Figure 3 . 6 .

Independently of the model a p p r o a c h , groundwater
flow a n d solute transport parameters can be assigned both, deterministic o r stochastically. Stochastic models c a n incorporate both random fields of
parameters ('black b o x ' models) a n d / o r statistical
distributions. These models were developed originally for heterogeneous porous media, but they
have been broadly used in densely fractured formations. Stochastic models are based on treating the
parameter field as a regionalized variable. These
models have been found useful for explaining some
of the limitations of the traditional transport equation. They have been used also in conjunction with
numerical models t o simulate realistic conditions
(Clifton & N e u m a n , 1982).
However, their application record is much more l i m ited than deterministic models, probably because
stochastic models are not well suited for incorporating the kind of information provided by the geology
(Samper & Carrera, 1995). In their current f o r m ,
most stochastic models require some form of sta-

Discrete Fracture Networks models are usually
linked to stochastically generated both, fracture networks a n d parameter fields. Continuum models can
incorporate heterogeneity effects by means of stochastic parameter assignment, while Hybrid models
allow to combine easily both types of assignment
methods: heterogeneous a n d deterministic for the
main discrete features a n d stochastic for the equivalent porous media. Up to date, there is not a c o n clusive agreement within the scientific community as
for the best conceptualization of hydrogeology in
fractured media.
The selected approach a n d parameter assignment
method will be always determined by:
1) the a m o u n t of available field information,
2) the scale of the problem,
3) the fracture system characteristics a n d
4) the objectives of the model.

Vertical fracture

Equivalent porous medium

figure 3.5. finite elements mesh to represent a vertical fracture embedded into a porous 3-D domain (after Juanes and Samper,
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MODELING APPROACHES
Hibrid Discrete-Continuum

Stochastic continuum

Discrete Fracture Network

NATURAL FRACTURED BLOCK

Figure 3.6. Schematic description of the three most typical approaches to modeling hydrogeology in fractured media.
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Chapter summary
A numerical model carried out to simulate the impact of tunnel construction on the groundwater system of the Aspo Island is presented in this Chapter.
The tunnel was constructed as part of an underground laboratory within the framework of research
programs on radioactive waste disposal. Apart from
the obvious interest related with the performance assessment of a Deep Geological Repository, studying
the impact of a tunnel construction on the
hydrogeology can be relevant for many other aspects, such as safety hazards in tunneling works as
well as geotechnical and environmental impact assessments. The large amount of available data provides an excellent opportunity to test current numerical models of groundwater flow through fractured
media. The numerical model is able to incorporate
inner time-varying boundary conditions, which allows one to accurately simulate the tunnel construction dynamics. After numerical model calibration
both, validation exercises and comprehensive sensitivity analyses are made.

4.1 Introduction
Apart from the obvious interest related with the performance assessment of deep geological repositories for hazardous and nuclear waste storage, studying the impact of tunnel construction on the
hydrogeology can be relevant for many other aspects. Groundwater inflows into tunnels may constitute a potential hazard, as well as an important factor controlling the rate of advancement in driving a
tunnel. Experience indicates that an important part
of the difficulties associated with tunnel construction
is related with groundwater (E. Alonso, Curse of
Tunnels of the Civil Eng. School of the Universidad
Politecnica de Cataluna). Jansson (1979) shows the
drastic economic increase of tunnel driving activities
in fractured granites related with the occurrence of
high permeability zones.
On the other hand, drawdowns produced by tunnel
construction may also induce geotechnical problems (mainly related with land subsidence) and
environmental impacts (such as affectations to rivers,
groundwater exploitations and wetlands, for instance).
For an ideal homogeneous and infinite aquifer, the
unitary flow-rate (q) drained into a tunnel can be
obtained by means of the solution proposed by
Goodman et al. (1 965):

q =

2nKHn

2,3log(2H0/r)

(4.1)

where K is the hydraulic conductivity, r is the tunnel
radius and Ho is the depth from the water table to
the center of the tunnel. Equation 4.1 is known in
the scientific literature as the "large well formula"
(Galperin et al., 1993). Using Equation 4.1 Galperi n et al. (1 993) derive a set of solutions to compute tunnel infiltration in a number of scenarios with
defined boundaries (both constant head and impervious boundaries).
The drawdown produced at a given length (L) of a
drain with a radius (ry) much shorter than its length
can be computed with (Custodio, 1983 b) :
s=

-^-In

sen "Hi

(4.2)

where q is the total flow rate (coming from both
parts of the drain), b is the aquifer thickness and ai
is the distance from the drain to the aquifer bottom.
To compute unsteady discharges into tunnels an analytical solution shown in Custodio (1983 b) can be
applied:
1 / 2(KW)

qlf)=H0

6W

(4.3)

where t represents time and W is the source due to
water recharge (LT"1). Equation 4.3 was derived for
a tunnel located over an aquifer-aquiclude interface. This equation can be generalized to other scenarios (see Bear et al., 1968 and Custodio, 1983 b).
Assumptions related with analitical solutions are
usually hard to fulfill in fractured crystalline massifs,
mainly because groundwater flow in such media use
to be concentrated through preferential paths (fractures and fracture zones) which show complex geometries. An alternative to study groundwater flow
in fractured media is to look for approximate solutions by means of numerical computations. In this
chapter, the impact of the Aspo HRL tunnel construction on the hydrogeology of the Aspo island is
studied by numerical modeling.

4.2 Site description
The Aspo island is situated in the southeast part of
Sweden, 400 km south of Stockholm, and geographically is a granitic coastal island in the Baltic
Sea, separated from the mainland and several other
islands by shallow estuaries (Figure 4.1).
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Karrsvik

Figure 4.1. Location of the Aspo Hard Rock Laboratory and 3D view of the underground facilities (tunnel & eievator).
Modified after Rhen etal. (1997 a).

The Aspo HRL facilities consist on a 3,600 m long
tunnel with a tunnel ramp coming from the
Simpevarp peninsula, and an spiral part under the
Aspo island (Figure 4.1). The tunnel goes down
more than 450 m depth. On the Aspo island surface, the Research Village of the laboratory is connected with the underground facility by means of an
elevator (Figure 4.1)
The rocks of the area are predominantly granitoids,
belonging to the Transscandinavian Igneous Belt.
These rocks together with some volcanic others were
emplaced and extruded during several pulses of
Precambrian magmatism (Larson & Berglund, 1992).
These granitoids have a range of mineralogical
composition between true granites, which occur on
Avro island and the Southern part of Aspo, to
granodioritic to dioritic composition, which is most
common on the northern part of Aspo (Kornfalt &
Wikman, 1 988). U-Pb isotopic studies relate these
granites with intrusion ages between 1760-1840
million years (Banwart et al., 1 999).
Emerged lands of the Aspo site are usually covered
by a soil layer of about 0.2 m thick. This soil overlies a zone of re-worked sand and gravel (of about
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0.3 m), below which a layer of glacial clay extends
to a depth of about 1 m. Between the granite base
and the glacial clay layer, moraine sediments use to
be found. On the Halo island (Figure 4.1) moraine
sediments show thickness up to 4 m (Banwart el at.,
1995& 1999).

4.3 Hydrogeological background
The huge amount of research efforts done during
the pre-investigation and construction phases (years
1 986-1 995) at the Aspo site have provided a strong
knowledge about geology (litology and structure),
hydrogeology and hydrochemistry. An excellent
compilation of these topics can be found in Rhen et
al. (1 997b). In order to introduce some of the information needed to set up the numerical model, a
brief summary is presented below. Most data have
been found in Rhen et al. (1 997 a,b).

4.3.1 Surface hydrology
The land surface of Aspo is slightly undulating, with
a maximum height of 14 m. There are no perennial
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streams on the island, and the surface water is
drained to the sea by the peatlands, sediments or
directly to the sea.
The mean precipitation in the area is about 675
mm/year and about 18% falls as snow. The calculated actual evapo-franspiration (ET) is 490 mm/
year and the potential ET is 616 mm/year. Run off
for the area around Aspo is estimated to be between 150 and 200 mm/year. The annual mean
temperature (presently) is around 6.5 °C.
Knutson & Morfeldt (1 993) suggest a value of 1 0%
of the total precipitation for groundwater recharge
to outcrop-moraine areas (which correspond to
55-68 mm/year). Previous modelling of the groundwater flow at Aspo suggest that 10% to 20% of the
total amount available for run-off and recharge actually infiltrates to the deeper rock, which correspond to 5-35 mm/year (Banwart et al., 1 999).

4.3.2 Water table
The groundwater level under natural conditions
ranges between 0-4 m above mean sea level and
approximately follows the topography. Due to the
drawdown caused by the inflow to the tunnel, the elevation of the water table decreased during its construction. The minimum water table elevation in
1995 was about 100 m below sea level and measured piezometric heads are more or less stable
since the excavation was ended in February 1 995
(Stanfors et al., 1999).

4.3.3 Temperature and salinity
The salinity of the Baltic Sea around Aspo is approximately 6 g/L, but varies with location and time of
sampling. There is a clear depth dependence of the
salinity in the groundwater of the Aspo site. The
fresh water lens below Aspo has a thickness of
1 00-200 m under natural conditions and below this
level, the salinity increases to reach a value about
20 g/L at a depth of 800 m. The temperature gradient is more or less 15 °C/km (Ahlbom et al, 1 995).

4.3.4 Hydrogeological domains
In general, the major fractures and fracture zones
control recharge, discharge and groundwater flow
through the Aspo island (Smellie et al., 1995).
Using the concepts defined in Chapter 3, two types
of hydrological domains will be distinguished: Hy-

draulic Conductor Domains (HCD), and Rock Mass
Domains (RMD). The exact location and the hydrogeological parameters of each domain can be
found in Rhen et al. (1997 b). Figure 4.2 shows a
map of the hydraulic conductor domains of the
Aspo site.

4.4 Conceptual model
4.4.1 Modeling approach
Methodologically, the numerical model was started
as a continuum model (see Chapter 3) before including deterministicaliy the 2-D conductor domains. However, preliminary results obtained with
the numerical continuum model indicated the need
to account for discrete fractures. Finally, a discrete
fracture network approach was adopted, neglecting
the rock mass domains. This decision was taken because:
1) Performed scoping calculations showed that
computed steady-state flow rate into the tunnel using the continuum model was less than
7 % of the measured inflow, even with an
equivalent hydraulic conductivity of rock domains larger than the median of measured
values.
2) The analysis of the measured flow rates indicates that tunnel sections containing no hydraulic conductor domains contribute very little to the total measured flow rate.

4.4.2 Geometry
The modeled domain consists in a three dimensional block of 2 x 2 km on the upper surface and 1
km depth (Figure 4.3). Inside this volume a fracture
network with the major hydraulic conductor domains (HCD) detected at the Aspo site has been
considered (Figure 4.3). On the other hand, 11 out
of the 20 HCD are crossed by the Aspo HRL tunnel
and elevator, but the spiral part of the tunnel
crosses more than once to several fracture zones
(Figure 4.3).

4.4.3 Main assumptions
Groundwater flow is assumed to be saturated and
governed by the aquifer flow equation (Equation
2.6) which assumes Darcy's law as valid. Hautojarvi
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Regional structure
Certain conductive structure
Probable conductive structure

Figure 4.2. Hydraulic conductor domains defined at the kpb site. After Rhen et al. (1997 b).

Figure 4.3. Model domain geometry including 20 major hydraulic conductor domains, the Aspd HRL tunnel and the elevator.
Points represent the intersections between tunnel (and elevator shaft) and the hydraulic conductor domains.
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et al. (1994) showed that density effects (due to
salinity changes) are negligible compared to that
of hydraulic gradients induced by tunnel construction, so water density changes due to variations in
salinity are not considered into the groundwater
flow equation.
The contribution of the rock mass domains to the
groundwater flow are neglected, assuming that fracture zones control the hydrogeology of the site during the modeled time. A constant width is assigned
to each fracture zone, and flow parameters are also
assumed to be constant and deterministic within
each HCD.

4.4.4 Parameters
The evaluated transmissivities for the hydraulic
conductors domains are generally within the range
1O 6 - TO"4 m 2 /s with a median about 10" 5 m 2 /s
(Table 4.1). The maximum transmissivity is 3x1 CH
m 2 /s for the hydraulic conductor domain N E - 1 . For
rock mass domains the hydraulic conductivity takes
values around 3 x 10~ 10 m/s. Considering that the
thickness of the fracture zones ranges between 1 0
and 50 m it can be stated that hydraulic conductor
domains show hydraulic condutivity values 3-5 orders of magnitude larger than rock mass domains.

Table 4.1
Hydraulic conductivity of the major fracture zones. Data collected from Rhen et al. (1997 b).

Hydraulic conductor
domain

Width
(m)

Geometric mean of the measured
hydraulic conductivity
(m/day)

Confidence limit
(2.5%)
(m/day)

Confidence limit
Sample size
(97.5%)
(N°)
(m/day)

EW-1N

30.00

4.32E-03

4.32E-06

5.18E-01

4

EW-1S

30.00

6.34E-02

4.90E-04

2.53E+00

4

EW-3

15.00

1.38E-01

1.38E-02

6.91E-01

4

EW-7

10.00

5.88E-01

8.64E-05

I.81E+02

3

NE-1

30.00

8.64E-01

3.46E-01

1.21E+00

16

NE-2

5.00

7.08E-03

9.46E-05

4.84E-02

12

NE-3

50.00

5.01E-01

2.42E-01

1.24E+00

9

NE-4N

40.00

6.48E-02

1.47E-02

3.02E-01

8

NE-4S

40.00

6.48E-02

1.47E-02

3.02E-01

8

NNW-1

20.00

4.75E-02

3.24E-03

1.06E-01

7

NNW-2

20.00

2.42E-01

5.62E-04

1.90E+01

4

NNW-4

10.00

1.30E+00

1.56E-02

5.18E+00

8

SFZ-11

20.00

NW-1

10.00

1.47E-03

2.85E-04

4.23E+00

3

NNW-5

20.00

8.64E-03

2.72E-03

3.84E-01

3

NNW-6

20.00

NNW-7

20.00

2.07E-02

1.77E-02

7.78E-02

5

NNW-8

20.00

4.32E-02

3.63E-06

8.64E-01

3

NNW-3

20.00
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There are a few interference tests at the Aspo site
that are judged to be useful for evaluation of the
storage coefficient because it is difficult to assume
the radial flow condition in a fractured media. However it was possible to assume the radial flow condition in some tests, mainly within the vicinity of a
subplanar feature highly conductive. The evaluated
specific storage coeffients are listed in Table 4.2.

the most interesting point, these elements do not
need to have the same dimensions (they can be either 1-D, 2-D or 3-D). This capability allows one to
simulate, for example, 1 -D objects (wells, tunnels,...)
and 2-D objects (such as fracture networks) in a
general 3-D equivalent porous medium. Numerical
integration through the elements and element faces
is taken into account, using Gauss quadrature in
any dimension varying from 1 to 3, and order of integration between 1 and 4 for any kind of element.

4.5 Numerical set up

A technical description of the program is presentend
in Appendix 3.

4.5.1. Numerical tools
4.5.2 Spatial and time discretization

GEOSTAR v. 2.0 (Structural Research & Analysis Corporation) was used for pre-processing the numerical
model. GEOSTAR is a three dimensional interactive,
CAD-like geometric modeller, mesh generator and
a powerful tool for Finite Element Analysis pre-processing (see Appendix 3).

The finite elements mesh generated for the numerical model consists on 12,847 nodes and 14,273
elements. Most of the elements are 2-D quadrilateral and triangular elements for hydraulic conductor
domains but, there are also 1-D linear elements to
represent intersections between HCD and between
conductor domains and the external boundaries.
The Aspo HRL tunnel and elevator have been also
discretized by means of 1 -D linear elements.

The code used to solve the numerical model was
TRANMEF-3 (Juanes, 1997; Juanes & Samper,
2000a; Juanes et al., 2000) which was enterely developed in the Hydrogeology Group of the University of A Coruna.
TRANMEF-3 is a general numerical code for solving
groundwater flow, multicomponent weakly-reactive
solute transport and heat transfer in heterogeneous
(fractured) formations.

Figures 4 . 4 , 4.5 and 4.6 show details on the spatial
discretization performed for the numerical model.
The numerical model starts on J u n e / 2 7 / 1 9 9 1 , because this is the date when the tunnel crossed the
first Hydraulic Conductor Domain (EW-7). The final
time for the model is J a n u a r y / 0 1 / 1 9 9 7 . Therefore,
the numerical model covers a period of 2 0 1 3
days.

TRANMEF-3 solves water flow, solute transport and
heat transfer simultaneously, or any of then separately. The Finite Element Method is used for discretization of space while a general Finite Difference
scheme is used for time discretization.
The program performs an "exact" treatment of the
boundary conditions, by fully integrating along
boundaries. TRANMEF-3 handles 6 different types
of elements, that can be used arbitrarily together in
any simulation problem. Moreover, and here stays

For time discretization, time steps (At) are set equal
to 1 day, except for the dates when the tunnel
crossed a HCD when At is refined to 0.1 days. This
time discretization criterion leads to a total of 2275
time steps.

Table 4.2
Specific storage coefficients available for some fracture zones. Data collected from Rhen et al. (1997 b).
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Hydraulic conductor domain

Width
(m)

Measured specific storage coefficient
(m-1)

NE-1

30.00

8.66E-07

NNW-1

20.00

2.50E-07

NNW-2

20.00

l.OOE-07
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Figure 4.4. l-D finite elements representing the HRL tunnel and elevator (left), and hydraulic conductor domains intersections (right).

Figure 4.5. Spatial discretization used for the hydraulic conductor domains using 2B (quadrilateral and triangular) finite elements.

4.5.3 Initial and boundary conditions
An initial hydrostatic condition was assigned into the
whole domain, which means that once the tunnel
crosses the first fracture zone induced drawdowns
are large enough to assume that the tunnel constitutes the only groundwater sink of the system. By
convenience for numerical pre-processing, the coordinates origin was placed 1,000 m below the sea
level (on the bottom of the model domain). Then,
the initial field of pressure heads adopts a homogeneous value for the whole domain equals to 1,000
m (Figure 4.7).Selected boundary conditions for the
numerical model were (Figure 4.7):

1) Side boundaries: Dirichlet condition with a
pressure head of 1,000 m.
2) Bottom boundary: Neumann condition (impervious boundary, Q = 0).
3) Upper boundary I (Baltic sea): Dirichlet condition with a pressure head of 1,000 m.
4) Upper boundary II (lands): Prescribed recharge to the aquifer, R = 5 mm/year.
5) Inner Boundaries (tunnel and elevator): Mixed
condition with an external pressure head
equivalent to assume atmospheric pressure.
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Figure4.6. Geological mapping of the major fracture zones of the Aspb site (left) and ID elements used to represent intersections
between HCD and the upper boundary of the model (right).

BOUNDARY CONDITIONS

INITIAL CONDITIONS
H = 1000m

Recharge=5mm/year
H=1000m

H=1000m

0=0.

Figure 4.7. Sketch of the numerical model initial and boundary conditions.

4.5.4 Dynamic simulation of the tunnel
construction
A key point of the model was the simulation of the
tunnel construction process. There are two decisions
to be taken concerning with this issue:
1) How many stages must be considered to simulate de tunnel front movement.
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2) How to represent the tunnel advance in the
numerical model.
To simulate the tunnel advance there are two possibilities:
1) to simulate each stage with a single computer
run, using as initial conditions the results computed by the previous run and,
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2) to simulate the whole tunnel construction (all
the stages) within a single run. A single run for
the whole tunnel construction is a time-saving
option which avoids reading and writing intermediate computed results. In addition, this is
a more convenient option in order to prevent
possible mistakes. However, to model the entire construction in a single run the code must
be capable to change the type of boundary
condition along the time on the elements representing the tunnel.
In the present numerical model a mixed condition
(Equation 2.12) was adopted for the tunnel inner
boundary. Using this kind of boundary condition, a
minor change in the numerical code was done in
order to be able to model the whole process of the
tunnel advance using just a single computer run.
The change consists on implement the capability of
handle with leakage coefficients values variable in
time. In this way, the leakage coefficient of a given
node can adopt a zero value (no boundary condition) for the time before the tunnel arrive to the
node and it can take a non-zero value after this
time. It mus be noted that Dirichlet and Neumann
boundary conditions are just particular types of a
mixed condition (see Equations 2.10, 2.11 and
2.12). When the leakage coefficient tends to infinite, the mixed condition becomes a Dirichlet condition, while, on the contrary, when the leakage coef-

£

ficient tends to cero the mixed condition becomes a
Neumann condition. Ely using step-wise time functions associted with leakage coeffients, the user is
able to change the boundary conditions at every selected node and at any time. One can think of the
time functions as Heaviside functions, with the step
located at a different time for each node on the tunnel. This capability constitutes an important difference of TRANMEF-3 with respect to other available
software for groundwater modeling.
Finally, the tunnel front movement was simulated by
means of 29 stages, one stage for each time that
the tunnel crossed a hydraulic conductor domain.
Figure 4.8 compares the real advance of the tunnel
front with the 29 stages considered in the numerical
model.

4.6 Model calibration
4.6.1 Previous steady-state calculations
A steady-state groundwater flow numerical model
was the first attempt tc calibrate the hydraulic conductivity field. The starting values of the hydraulic
conductivity field were shown in Table 4.1 and correspond to the geometric mean of the measured
values (Rhen et al., 1997 b).

2500-

Figure 4.8. Representation of the actual runnel front advance (points) and model stages used to simulate the tunnel construction (solid line).
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One of the important points extracted from the
steady-state model results is the role of transmissivities of the intersections between Hydraulic
Conductors Domains. A sensitivity analysis of this
parameter was done, and the main results can be
seen in Figure 4.9. This figure shows a comparison
of measured flow rates into the tunnel and computed results with Run_2a and RunJ2b. Transmissivities used in both runs coincide with those values
provided by (Rhen etal., 1997 b), but the difference
arrives in the values used for the intersections. In
Run_2a the transmissivities of the intersections were
set equal to the arithmetic mean values of the intersected domains, while in Run_2b they were set
equal to 1,000 m2/day for each intersection.

data files, and specially for checking the behaviour of
the intersections between HCD. Figure 4.10-A shows
the computed drawdowns on HCD NE-1, NNW-3
and NNW-7. It must be noted that the three domains
are crossed by the tunnel. Figure 4.10-B shows the
computed drawdowns on the HCD NNW-4 and
EW-1S. The important point in the last figure is that
only the NNW-4 HCD is crossed by the tunnel and
then, the computed drawdowns on EW-1S are exclusively due to the connection with other domains.
In Figure 4.1 0 it is possible to see the expected pattern of pressure head around the intersections, indicating that they were properly defined within the finite elements mesh.

Figure 4.9 illustrates that the model is not sensitive
to the value of the transmissivities of these intersections, at least in terms of flow rates into the tunnel.

4.6.2 Flow rates into the tunnel
Transient calculations constituted the next step in the
groundwater flow numerical model. It must be recalled that flow rates into the tunnel are computed
by the model and not prescribed as a boundary
condition. Thus, measured flow rates into the tunnel
can be compared to computed values. In terms of
flow rates all tunnel sections crossing at least one

Due to the relatively small computational requirements needed to solve for steady-state flow (in comparison with transient flow), steady-state computations were used to debug and check the numerical
model, looking for anomalies, mistakes in input

I

I measured flow rates (Derember-1996)
computed flow-rates (steady state)
computed flow-rates (turn 2b)

350

50

400 450

Tunnel depth (m)

Figure 4.9. Results of Run_2a (dots) and Run_2h (crosses). Sensitivity analyses with respect to the intersections of transmissivity.
Computed inflows into the tunnel are not sensitive with respect to the transmissivity of the intersections
between Hydraulic Conductor Domains.
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-

NNW-4

EW-1S (not crossed by the tunnel)

Figure 4.10. A) Computed steady-state pressure heads on HCD NE-I, NNW-3 and NNW-7.
B) Computed steady-state pressure heads on HCD NNW-4 and EW-IS. Notice that EW-IS domain is not crossed by the runnel.

Figure 4.1 8 shows the time evolution of the cumulative amount of water flowing into the whole length
of the tunnel.

HCD were selected as control points to compare
with model results (Appendix 4).
Figures 4.11 to 4.1 7 show the comparison between
measured and computed flow rates into the tunnel
at all the observation points. These results correspond to the best solution reached after an intensive calibration process. The calibration was made
manually by trial and error, comparing both tunnel
inflows and drawdowns at boreholes. Analysis of the
results indicates that there is an excellent agreement
between computed and measured inflows into the
tunnel. The main discrepancy can be found in section MA3179G (Figure 4.17-A) where the model
underpredicts measured flow rates by about 70
L/min.

The model reproduces accurately the trends of measured data because they are controlled mainly by
the intersections between the tunnel and the fracture
zones. An accurate simulation of the tunnel front
advance is translated into an accurate numerical solution for trends in flow-rates time evolution. However, in spite of the excellent agreement found at all
control sections, model results underestimate the total amount of water that actually infiltrates into the
tunnel, especially for the transient stage between
day 800 to 1200, when a maximum discrepancy of
20% is observed (see Figure 4.1 8).
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figure 4.11. Computed and measured flow rates at tunnel section: A) MA 1030G, B) MA 1372G.
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Figure 4.12. Computed and measured flow rates at tunnel section: A) MA 1584G, B) MA 17456.
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Figure 4.13. Computed and measured flow rates at tunnel section: A) MA I883G, B) MA2028G.
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Figure 4.14. Computed and measured flow rates at tunnel section: A) MA2178G, B) MA2357G.
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Figure 4.18 Computed and measured cumulative water inflow into the tunnel.

Later, these discrepancies decrease and almost disappear (less than 5%) once the steady state is
reached, after day 1500. It should be noticed again
that the adopted conceptual approach does not account for the contribution of the rock blocks between the major fracture zones. Then, one should
expect that computed flow rates should always be
smaller than measured values.
Inasmuch numerical results match excellently measured data at all control sections crossed by major
fracture zones, the role of the rock blocks between
fracture zones can be evaluated from the comparison of computed and measured cumulative flow
rates on the whole tunnel length (Figure 4.18). It
can be stated that granite blocks between fracture
zones contribute approximately 20% of the total
amount of water flowing through the tunnel walls
during the transient stage. This contribution however gradually decreses to less than 5% at steady
state.
This analysis indicates that granite blocks at the
Aspo site show a noticeable storage capacity but a
much lower ability for water transmission. The water
storage capacity in a fractured rock mainly depends
on the fracture density while the transmissivity depends on the connectivity of the fracture networks.
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Meso-fracturing (metric scale) within rock blocks at
the Aspo site must be arranged in poorly connected
fracture networks.
Figure 4.19 shows the evolution of flow rate average residuals. The average residuals (dh) have been
computed by the equation:

dh= -*=

(4.4)

and the average of absolute value of residuals
(dh_abs):

(4.5)
where n is the number of points with measured data
to be compared against computed values; q is the
flow rate (L/min); the index m represents the measured value; the index c represents the computed
value.
All selected control points were taken into account
for computing residuals. In Figure 4.19 can be observed that the average of absolute value of residuals for the tunnel inflows, versus the time, take a
constant value around 40 L/min after 1,000 days,

4. Numerical modeling of groundwater flow: impact of a tunnel construction on the groundwater system of the kpo Island

Figure 4.19. Accuracy of the model: time evolution of average residuals (dh) and average of absolute value of residuals (dh_abs)
of the flow rates into the tunnel.

and it shows a maximum (lower than 70 L/min) during the transient period. No systematic errors have
been detected in the computed flow rates along the
time.

4.6.3 Groundwater heads and water table
Totally, 15 control points were selected to compare
computed and measured pressure heads, corresponding to those isolated sections of boreholes
KAS02 to KAS09, KAS12 and KAS14 crossed by, at
least, one HCD (Appendix 4).
After calibration of the transient groundwater flow
numerical model it was possible to obtain a solution
able to reproduce, in general, the pressure head
evolution at the 15 selected control points. This solution is also consistent with measured flow rates
into the tunnel as was shown previously. Figures
4.20, 4.21 and 4.22 show the groundwater pressure head distribution into the modelled domain after 133, 423 and 2013 days, respectively. Looking
at these 3 figures it is possible to visualize the transient evolution of pressure heads as a response of
the impact of the tunnel construction on the Aspo
groundwater system.

Figures 4.20, 4.21 and 4.22 approximately correspond to the contrary point of view of that used in
figures 4.3 and 4.4 so, the tunnel ramp starts from
the figure front and goes down towards the central
zone of the cube, where the tunnel spiral is located.
To help in the visualization, those figures have been
accompanied with the tunnel front possition at the
corresponding date.
As expected, the tunnel acts as a groundwater sink
and piezometric isolines show a more or less concentric pattern around the tunnel-fracture intersections (figures 4.20, 4.21 and 4.22). Piezometric
isolines become paralel to the side boundaries and
to the Baltic sea upper boundary, because a prescribed head condition was imposed over these
boundaries. On the contrary, on the bottom and
land (upper) boundaries the isolines pattern shows a
normal behaviour because a no flow and recharge
condition was adopted, respectively.
Figures 4.23 to 4.30 show the comparison between
computed and measured pressure heads at the 1 5
previously selected control points. These figures illustrate the achieved agreement between numerical
model results and measured drawdowns.
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Grou

Figure4.20.3-D view of computed drawdowns after i33days. The tunnel front was located at 992 m from the starting point.

Groi ' '

Figure 4.2). 3-D view of computed drawdowns after 423 days. The tunnel front was located at 1,531 m from the starting point.
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Figure 4.22.3-D view of computed drawdowns after 2013 days (two years ond three months after completion
of the tunnel construction). Jhis groundwater pressure head field corresponds to the new steady-state condition of the system.

Two main discrepancies between computed and
measured values have been found. The first, and
the most relevant one, can be observed in figure
4.26-B. This figure shows a drastic measured
drawdown around day 500 that the model does not
reproduce. Observation point 8 (figure 4.26-B) is
located on the fracture zone (HCD) NNW-1 which
was crossed by the tunnel construction during day

509. Nevertheless, there are other control points located on this HCD that show a good agreement
with measured data, in addition of the agreement
shown in the computed flow rates into the tunnel
sections connected with this HCD. A possible explanation for this main discrepancy can be found on
the possibility of the occurrence of heterogeneity inside an individual fracture zone. The existence of
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Figure 4.23. Computed and measured drawdowns at boreholes: A) KAS02 (346-799), B) KAS03 (107-252).
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Figure 4.24. Computed and measured drawdowns at boreholes: A) KAS03 (252-376), B) KAS04 (0-185).
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Figure 4.25. Computed and measured drawdowns at boreholes: A) KAS04 (288-331), B) KAS05 (440-550).
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Figure 4.26. Computed and measured drawdowns at boreholes: A) KAS06 (0-190), B) KAS06 (191-249).
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Figure 4.27. Computed and measured drawdowns at boreholes: A) KAS06 (331-390), B) KAS07 (191-290).
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Figure 4.28. Computed and measured drawdowns at boreholes: A) KAS07 (411-500), B) KAS07 (501-604).

0 -

0

0 -

-20 -

t*»*»—«~-

-20 -

—

1

-40 -

-40 CONTROL POINT #13
KAS08 (503-601)

-60 -80 -

©

O

Measured data (c Iteration)

•—

Computed results

X

Measured date (calibration)

1

250

500

X
1

750

-

-80 -

Measured data (v lidation) -

1

CONTROL POINT #14
KAS09 (0-115)

-60 -

1

1000 1250 1500
Time (days)

1

Measured data (validation)

100 -

1

1750 2000

Computed results

2250

750

1000 1250 1500
Time (days)

1750 2000

2250

Figure 4.29. Computed and measured drawdowns at boreholes: A) KAS08 (503-601), B) KAS09 (0-115).
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Figure 4.30. A) Computed and measured drawdowns at borehole KAS14 (0-130). B) Time evolution of the average of the absolute value
of residuals (for calibration and validation periods).

mistakes in the finite elements mesh (specially in the
fracture-tunnel connections) could also be responsible of the observed discrepancies but the numerical
preproccesing was extensively verified, and especially
for this fracture zone, so the last possibility is thought
as very unprobable.
The second main discrepancy between measured
and computed drawdowns can be found in Figure
4.24-A. The numerical model does not compute
any drawdown at this point, while measured data
indicates a maximum value around 20 m at the
stady-state. No major discrepancies are found in the
rest of the 1 5 selected control points, but a remarkable fact was detected at the observation point
number 1 (Figure 4.23-A). This observation point
corresponds to a packed borehole section crossed
by 2 HCD and, it can be noticed that the measured
data are in the middle of the computed values at
both fracture zones. This fact indicates that the
borehole section KAS02 (346-799) is probably behaving as an artificial connection between the fracture zones NE-2 and NNW-7.
Field database corresponding approximately to the
first 800 days where used to calibrate the numerical
model at all control points except at point number 6
(Figure 4.25-B), where almost no calibration was
done. Field data collected after this date were reserved to validate the numerical model. Figures
4.23 through 4.30 allow one to evaluate the performance of the numerical model out of the calibration
period. It can be stated that computed groundwater
heads predict reasonably good measured field data
for the validation stage. Measured groundwater
heads at boreholes KAS06 (331-390) and KAS07
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(411-500) (Figures 4.27-A and 4.28-A, respectively) show clear anomalous measurements which
are not reproductible with the numerical model. Of
special remark is the comparison between measured and computed drawdowns at borehole KAS05
(440- 550) (Figure 4.25-B) which was deliberately
not included into the calibration process.
Residuals between computed and measured groundwater heads have been also calculated by means of
equations 4.4 and 4.5, but using heads instead of
flow rates. Figure 4.30-B shows the time evolution
of the average of absolute value of residuals for
groundwater pressure heads, and Table 4.3 shows
the statistics of this evolution for calibration and validation periods. Both, figure 4.30-B and Table 4.3
allow one to notice that the numerical model keeps
the calibrated accuracy along the validation period.
Data corresponding to KAS06 (331-390) and
KAS07 (411-500) boreholes (which contain clear
anomalous data) where not taken into account to
compute the evolution of residuals. Average of residuals were computed for those days having at
least 4 measured data.
Figure 4.31 to 4.34 show a comparison between
measured and computed water table during the time
of the model. Both computed and measured data
were interpolated by kriging. Computed water table
evolution shows clearly the influence of the several
NNW fracture zones outcropping the Aspo island
(see Figure 4.2 for the location of fracture zones),
while this influence is not reflected so clearly at the
measured water table. This apparent discrepancy is
due to the fact that there are not boreholes on the
southeastern part of the Aspo island (Figure 4.35).
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Table 4.3
Statistics of the average of the absolute value of residuals for calibration and validation periods.
Calibration period

Validation period

Number of doys

799

335

Average

2.87122

5.284299

Standard deviation

1.471057

1.043373

Minimum

0.46

2.79

Maximum

6.86

7.08
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Computed Water Table (m.a.s.l.) 14/Dec/1992
Tunnel front= 1900 m ; Z= -257 m

Measured Water Table (m.a.s.l.) 14/Dec/1992
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Figure 4.31. Computed (A) and measured (B) water table on the Aspo island when the tunnel front was at 1900 m
(December-14-1992). A plan view of the tunnel front position is included with the computed results.
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Figure 4.32. Computed (A) and measured (B) water table on the kpo island when the tunnel front was at 2300 m
(April-02-1993). A plan view of the tunnel front position is included with the computed results.
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Figure 4.33. Computed (A) and measured (B) water table on the Aspo island when the tunnel front was at 2880 m
(knuary-27-1994). A plan view of the tunnel front position is included with the computed results.
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Figure 4.34. Computed (A) and measured (B) water table on the Aspo island when the tunnel front was at 3600 m
(December-30-1996). A plan view of the tunnel front position is included win) the computed results.
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Figure 4.35. A) Nodes of the Finite Element Mesh on the model surface (points used to interpolate computed water table).
B) Location of the boreholes on the Aspo island (distribution of values used to interpolate measured water table).
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Both measured data and computed results indicate
that drawdowns are almost negligible on the northwest part of the island, further on EW-1 HCD, where
does not exist outcropping fracture zones. Apart
from the computed results at the southeastern part
of the island (the zone without boreholes) the agreement between computed and measured water table
is almost perfect, which allows one to state that the
actual water table on the Aspo island is likely more
irregular than that inferred by interpolation of available measured data. Maximum measured an computed steady drawdowns once completed the tunnel, are both around 1 00 m.
Concerning to the calibration process, it is worth
noting that calibrated values of hydraulic conductivity and specific storativity lie on the range of uncertainty of the values obtained by means of
hydrogeologic characterization. Figure 4.36 shows
a comparison between calibrated values of hydraulic conductivity and field estimated values for each
fracture zone. All calibrated values are within the
range of field determinations, except for NE-1 and
NNW-7 (fracture zones number 5 and 15, respectively) which have calibrated values just a little lower
than those measured (Figure 4.36). Details on the
model parameters can be found in Appendix 4.

4.7 Sensitivity analyses
As was shown previously, the flow model of the
Aspo site was thoroughly calibrated by comparison
between computed results and measured values.
Calibration results indicate that the achieved solution provides a good representation of the hydrogeology of the site. A model always entails q simplification of the real system. Computed results depend on the assumptions, boundary and initial conditions and model parameters all of which contain
uncertainty. In order to know the confidence of the
numerical model these uncertainties must be quantified, and that can be done by sensitivity analyses.
Finding out the main assumptions, the different
plausible boundary and initial conditions as well as
the variation ranges of the main parameters is the
first stage of a sensitivity analysis. Identified uncertainties must be evaluated and eventually considered in the predictions and/or conclusions derived
from the numerical model.
A model is said to be sensitive with respect to a
given parameter or condition if reasonable variations of those factors lead to significant changes in
computed results.
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°
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Geometric meon of measured volues
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Figure 4.36. Calibrated values of hydraulic conductivity and values obtained by hydrogeologic characterization.
Jhe starting values for the numerical model were the geometric mean values of field estimations.
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A main source of uncertainty regarding to groundwater flow arises from boundary and initial conditions of groundwater heads. This uncertainty is
mainly due to the fact that the model geometry does
not coincide exactly with natural hydrogeological
boundaries of the system and, therefore, some assumptions were needed to set up the numerical
model (see Chapter 4.4 and 4.5). The calibrated
reference flow model was based on assuming hydrostatic initial heads and constant prescribed
heads along the boundaries, except for the bottom
boundary which was assumed impervious. These assumptions about initial and boundary conditions,
however, may not hold at the Aspo site. An alternative and attractive assumption for initial and boundary conditions consists on using the results of a regional steady-state groundwater flow model proposed by Svensson (1997). In addition to boundary
and initial conditions, other sources of uncertainty
arise from flow parameters. Fracture zone transmissivities and storativities are expected to have a
strong influence on model results.

4.7.1 Initial and boundary conditions
Several runs of the numerical model were performed with different initial and boundary conditions
(see Table 4.4).
To evaluate the sensitivity of the model with respect
to initial and boundary conditions, a comparison of
computed flow rates into the tunnel and groundwater heads at the control points was made. In fact,
the comparison was made in terms of the average
absolute value of residuals between computed and
measured data (equation 4.5). In this manner, in
addition to evaluate the sensitivity of the model, it is

possible to evaluate whether the results of different
runs improve or get worse compared to the reference calibrated model.
Sensitivity analyses results have been always displayed against the calibrated base run results (in
terms of the average absolute values of residuals).
Figures 4.37 to 4.41 show the comparison between
the sensitivity runs with respect to the initial and
boundary conditions. In these graphics, the X-axis
represents the base run and the Y-axis represents the
sensitivity run. Thus, symbols along the 45° slope line
mean no variation of the model results (in this case
the model would not be sensitive with respect to the
performed variation made in the sensitivity run). If
the model is sensitive to a given variation, symbols
will move outside of the 45° slope line. A displacement of the symbols below the line indicates an improvement of the new computed results, with respect
to the base run, and vice versa.
A remarkable conclusion is that computed flow rates
into the tunnel are not sensitive at all with respect to
the boundary and initial conditions used in the numerical model (Figure 4.37).
In terms of groundwater heads, the model lacks
sensitivity to the selected boundary conditions (Figure 4.38) but, on the contrary, it is a little more sensitive with respect to the initial values of groundwater heads (figures 4.39 to 4.41). However, computed head differences due to changes in initial
conditions are important at initial times but reduce
rapidly towards zero along the simulated period
(Figure 4.41).
Observed differences between runs 2 and 3 (figures
4.39 and 4.40) are due to the variation of the lower
boundary condition, so it can be stated that the nu-

Table 4.4
Model runs for sensitivity analyisis with respect to the groundwater flow boundary and initial conditions.
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Name of the run

Characteristics

Flujo-0

Calibrated base reference run.

Flujo-1

Boundary conditions were interpolated linearly based on the results of the steady-state regional model
(Svensson, 1997), both prior and after tunnel construction.

Flujo-2

Same as Flujo-1, but with initial conditions from the Regional Model prior to tunnel construction.
Initial and boundary beads were corrected for salinity.

Flujo-3

Same as Flujo-2 with impervious bottom boundary.

Flujo-4

Same as Flujo-3 without salinity corrections in groundwater heads.
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Figure 4.41. Absolute errors in computed groundwater heads. Sensitivity analysis with respect to the initial
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merical model is relatively sensitive to the type of the
selected bottom boundary condition.
Accounting for the salinity correction in initial,,
groundwater heads does not reflect an improvement
of computed results.

4.7.2 Transmissivity
1 9 hydraulic conductor domains were considered in
the numerical model, in addition to all existent intersections between them. Table 4.5 shows the characteristics of performed model runs to evaluate the
sensitivity with respect to the transmissivities.
Main results of the sensitivity runs with respect to the
transmissivity values are shown in Figures 4.42
through 4.49.
Figures 4.42 and 4.43 illustrate that the hydraulic
conductivity of intersections between hydraulic conductor domains have just a small influence on the
computed groundwater heads. In terms of the flow
rates into the tunnel, the numerical model is not
sensitive at all with respect to this parameter, which
is consistent with the steady-state computed results
shown previously (see Figure 4.9).

Looking at figures 4.44 through 4.49 it is possible
to notice that as expected, the numerical model is
highly sensitive with respect to the transsmissivities of
conductor domains. The best global solution (heads
and inflows) is obtained with the calibrated reference run (Run Flujo-0). There are some runs in
which groundwater heads do not show variations,
but this is because there are not available observation points at the fracture zones where the
transmissivity values were changed (Figures 4.45
and 4.47).
Figure 4.48 illustrates that an improvement in computed flow rates was achieved with run Flujo-1 1 but,
by the contrary, residuals of groundwater heads increase importantly. Run Flujo-12 was the unique
sensitivity run in which an improvement of computed
groundwater heads was; reached (Figure 4.49-A). In
this run transmissivity values for NE-1 and NNW-7
were changed to be within the range of the field
measurements.
One can observe at Figure 4.49-B that in spite of
computed groundwater heads show a noticeable
improvement, computed flow rates into the tunnel
get worse importantly.
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Table 4.5
Model runs for sensitivity analyisis with respect to the transmissivities.
Name of the run

Characteristics

Flujo-0

Calibrated base run

Fluio-5

Transmissivity of all the intersections between HCD reduced in 1 order of magnitude

Flujo-6

Transmissivity of all the intersections between HCD reduced in 1 order of magnitude, except for 2 intersections
which are located close to some control (observation) points

Flujo-7

Transmissivity of EW-7, NE-4S, NNW-4, NNW-5 and NE-3 equals to the minimum measured values

Flujo-8

Transmissivity of N E-4N equals to the minimum measured va ue

Flujo-9

Transmissivity of NE-1 equals to the minimum measured value

Flujo-lO

Transmissivity of EW-1N equals to the minimum measured value

Flujo-11

Transmissivity of EW-1 S equals to the minimum measured value

Flujo-12

Tronsmissivity of NE-1 and NNW-7 equals to the minimum measured value
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Figure 4.42. Absolute errors in computed groundwoter heads. Comparison of the reference run (Flujo-O), run Flujo-5 (A) and run Flujo-6 (
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Figure 4.45. Absolute errors in computed groundwater heads (A) and flow rates into the tunnel (B).
Comparison of the reference run (Flujo-0) and run Flujo-8.
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Figure 4.46. Absolute errors in computed groundwater heads (A) and flow rates into the tunnel (B).
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Comparison of the reference run (Flujo-0) and run Flujo-10.

©

Absolut Errors in
Groundwater Heads (m)

O
0.00

2.00

4.00
Flujo-0

Absolut Errors in
Flow Rates (l/min)

Flujo-0

——

Flujo-0

FIujo-11

O

Flujo-11

6.00

8.00

30.00

40.00

50-00
Flujo-0

60.00

70.00

Figure 4.48. Absolute errors in computed groundwater heads (A) and flow rates into the tunnel (B).
Comparison of the reference run (Flujo-0) and run Flujo-11.

0
0°
70.00 -

60.00

-

50.00

-

40.00

-

°o°
o

©°

Absolut Errors in
Groundwater Heads (m)
Flujo-0

O

2.00

4.00
Flujo-0

/

o

Absolut Errors in
Flow Rates (l/min)

'

Flujo-0

Flujo-12
30.00

0.00

6.00

°

8.00

-

O

/

30-00

'

I
40.01

1

1

50.00
Flujo-O

'

Flujo-12
1

60.00

70.00

Figure 4.49. Absolute errors in computed groundwater heads (A) and flow rates into the tunnel (B).
Comparison of the reference run (Fluio-0) and run Flujo-12.

4. Numerical modeling of groundwater flow: impact of a tunnel construction on the groundwater system of the Aspo Island

4.7.3 Storage coefficient

magnitude for the storativities used in the calibrated
model is nearly optimum, and it can not be higher.

Finally, several runs were performed in order to
evaluate the sensitivity of the numerical model with
respect to the storativity. Table 4.6 summarizes the
characteristics of these sensitivity runs.

In summary, sensitivity analysis indicate that the proposed numerical model is sensitive with respect to
flow parameters of the fracture zones (transmissivity
and storativity). However, it is almost not sensitive at
all with respect to parameters of the intersections
between these hydraulic conductor domains.

For the sensitivity analyses with respect to the
storativity, base run values (Appendix 4) were modified in 1 and 2 orders of magnitude (Table 4.6).
Figures 4.50 through 4.53 show the computed results for the sensitivity analyses with respect to the
storativity values.
Figures 4.50 and 4.52 show that increasing storage
coefficients of conductor domains leads to an increase in the computed residuals for both groundwater heads and flow rates into the tunnel. On the
contrary, the numerical model is not sensitive to reductions of the storage coefficients (figures 4.51
and 4.53). It can be concluded that the order of

On the other hand, the numerical model lacks sensitivity with respect to initial and boundary conditions, except for the bottom boundary. The numerical model has been found relatively sensitive with
respect to the type of condition used on the bottom
of the model domain.
None of the 1 6 sensitivity runs improves base run
computed results. Provided that calibrated parameters of the base run lie within field estimations
range, it can be stated that the groundwater flow
numerical model does not contains relevant sources
of uncertainty.
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Figure 4.50. Absolute errors in computed groundwater heads (A) and flow rates into the tunnel (B).
Comparison of the reference run (Flujo-O) and run Flujo-13.
Table 4.6
Model runs for sensitivity analyses with respect to the storativity.
Name of the rum

Characteristics

Flujo-0

Base calibrated run

Flujo-13

Storativity of all the hydraulic conductor domains increased in 1 order of magnitude

Flujo-14

Storativity of all the hydraulic conductor domains decreased in 1 order of magnitude

Flujo-15

Storativity of all the hydraulic conductor domains increased in 2 orders of magnitude

Flujo-16

Storativity of all the hydraulic conductor domains decreased in 2 orders of magnitude

81

Testing and validation of numerical models of groundwater flow, solute transport and chemical reactions in fractured granites

©

o

Absolut Errors in
Flow Rates (l/min)
6.00

-

Flujo-0
O

4.00

FIHO.14

-

s
2.00

Absolut Errors in
Groundwater Heads (m)

-

i-i

O

/
0.00

-

1

0.00

2.00

'

]
4.00
Flujo-0

•

n

Flujo-14
'

I

'
30.00

40.00

50.00
Flujo-0

60.00

70.00

Figure 4.51. Absolute errors in computed groundwater heads (A) and flow rates into the tunnel (B).
Comparison of the reference run (Flujo-0) and run Flujo-14.

Absolut Errors in
Groundwater Heads (m) .

2.00

4.00
Flujo-0

6.00

8.00

30.00

50.00

40,00

60.00

Flujo-0

Figure 4.52. Absolute errors in computed groundwater heads (A) and flow rates into the tunnel (B).
Comparison of the reference run (Flujo-0) and run Flujo-15.

8.00 -

o
Absolut Errors in
Groundwater Heads (m)

6.00 -

rinin o

O

A*
'$

Flujo-16

Absolut Errors in
Flow Rates (l/min)

'£•;"

Flujo-0

JT?

4.00 -

2.00 -

0.00

/

w

0.00

2.00

4.00

Flujo-0

40.00

50.00
Flujo-0

60.00

70.00

Figure 4.53. Absolute errors in computed groundwater beads (A) and flow rates into the tunnel (B).
Comparison of the reference run (Flujo-0) and run Flujo-16.
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4.8 Chapter conclusions
A three-dimensional numerical model for groundwater flow of the Aspo site has been presented
which is able to simulate dynamically the tunnel
construction process. The numerical model accounts
for the major hydraulic conductor domains detected
during site characterization. The numerical model is
able to reproduce accurately both measured tunne
inflows and groundwater hydrography at 30 control
points. The average of the absolute value of residuals, along the time, reaches a constant value of
about 40 L/min for tunnel inflows and 5 m for
groundwater heads.
A procedure for dynamic simulation of tunnel front
advance has been developed and incorporated
within TRANMEF-3. This methodology can be easily
implemented in any other hydrogeological numerical code, by using step-wise time functions associated with leakage coefficients of Cauchy boundary
conditions. In this manner, it is possible to define
the tunnel front advance by changing the type of
boundary condition along the time. This methodology provides a powerful tool to simulate inner-moving boundaries, avoiding either a set of concatenated computer runs or mobile numerical grids.
In spite of the good agreement found for tunnel inflows at control points, some discrepancies were detected for cumulative flow rates computed during
the transient stage along the whole tunnel length.
Once steady state is reached these discrepancies almost disappear. This fact allows one io conclude

that granite blocks between the major fracture zones
of the Aspo site show a noticeable storage capacity
and a much lower ability for water transmission,
which is interpreted as a result of poor connectivity
of fracture networks within these rock blocks.
The validation exercise made by comparing model
predictions and field data not used for calibration
showed that the numerical model predicts reasonably well measured field data during the validation
period. Computed residuals between model results
and measured values during the validation period
are similar to those of the calibration stage. Calibrated values of hydraulic conductivity and storativity of most fracture zones lie on the range of field
values. A slightly lower hydraulic conductivity was
calibrated for 2 of the 20 fracture zones.
Comprehensive sensitivity analyses reveal that the
numerical model is sensitive to fracture zones flow
parameters. However, the model is not sensitive at
all to parameters of the intersections between these
conductive features. On the other hand, the numerical model lacks sensitivity to initial and boundary
conditions. None of the 16 performed sensitivity
runs improve the results computed with the calibrated base run. Provided that calibrated parameters lie within field estimations it is concluded that
the groundwater flow numerical model does not
contain major sources of parameter uncertainty.
The performed numerical model illustrates that it is
possible to simulate the behayior of complex natural
hydrogeological systems in fractured rocks, based
upon a comprehensive characterization of largescale conductive features (fracture zones).
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Chapter summary
A hydrodynamic numerical model for solute transport is carried out in order to study the impact of
tunnel construction on the hydrochemistry of the
Aspo site. The numerical model of groundwater flow
presented in the previous chapter is adopted to set
up the solute transport numerical model. Chloride
and 1 8 O are selected to study solute transport. Numerical model results are compared to measured
chemical evolutions at 15 control points located in
the tunnel surroundings. Solute transport numerical
model is not calibrated, because using available
field estimation of transport parameters leads to
good agreements between computed and measured
breakthrough curves at most of the control points.
Sensitivity analyses allows one to evaluate uncertainties in computed numerical results. A validation
exercise is done by predicting breakthrough curves
of conservative species at points, where chemical
analyses were not available. The validation exercise
was performed within the context of the international
Aspo Task Force Project. The numerical model is
post-audited after prediction release. Running the
numerical model with all major dissolved species allows one to perform a first evaluation about the role
of chemical reactions.

5.1 Introduction
As was shown in Chapter 4, tunnel construction
modified drastically the groundwater system at the
Aspo site and then, groundwater chemical composition will also be affected by the impact of the tunnel.
Groundwater chemical evolution of a hydrodynamic
system reflects the action of coupled physical and
chemical processes. In order to understand and characterize mass transfer processes in such systems it is
well known that attention must be focussed in conservative (non-reactive) chemical species behaviour.
Chloride is the most typical conservative solute in
groundwaters. At the beginning chloride, 1 8 O and
^H were selected as conservative species to study
solute transport phenomena. However, Tritium activities field data show a great scattering when measured breakthrough curves are displayed. There are
evidences of analitical measurement errors (P. Wikberg, personal communication) and, finally it was
decided to neglect tritium data in the present work.
A numerical hydrodynamic model of solute transport
has been carried out in order to study the impact of
the tunnel construction on the chemistry of the Aspo

site groundwaters. The hydrodynamic numerical
groundwater flow model presented in the previous
chapter was adopted to set up the solute transport
model. Then, details about the numerical tool,
pre-processing and time discretization can be consulted in Chapter 4 and Appendix 4.

5.2 Conceptual model
5.2.1 Main assumptions
Transport of solutes is assumed to be governed by
advection, mechanical dispersion and molecular
diffusion mechanisms, as were defined in Chapter
2. Then, the solute transport equation through aquifers (Equation 2. 34) is ossumed to be valid.
Advective and dispersive mass flux are dependent on
the groundwater velocity field, so adopted assuptions
for the groundwater numerical model (see Chapter
4.4.3) are inherents to solute transport model.
Similarly to the groundwater flow model, a constant
width is assigned to each hydraulic conductor domain (HCD), and transport parameters are also assumed to be constan within each HCD.
Due to it was assumed that fracture zones control
the hydrogeology of the site during the modeled
time, the contribution of the rock mass domains was
neglected. This last assumption has been found acceptable for groundwater flow, looking at model results shown in the previous chapter. However, neglecting rock blocks into the solute transport model
implies an additional assumption concerning to matrix diffusion. Molecular diffusion towards the rock
matrix can have an important role in solute transport through fractured media. Theoretical basis and
experimental evidences of matrix diffusion in crystalline fractured rocks have been discussed in Chapter
2. Neretnieks (1980) shows that matrix diffussion
could have an important role on the mobility of both
sorbing and nonsorbing tracers, depending mainly
on the contact time. For long contact times, the effect of matrix diffusion can be so relevant that the
groundwater velocity may even have a negligible
impact on the velocity of a solute (Rasmuson and
Neretnieks, 1980).
For all these reasons, before to proceed with the
discrete fracture model approach of the Aspo site,
an evaluation of the role of matrix diffusion must be
done.
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The equation describing one-dimensional diffusion
through porous media is:

dx'

(5.1)

dt

(5.5)

where C is the concentration, t is the time and D is
the difussion coefficient (efective diffusion coefficient
if one considers a nonsorbing species). Equation
5.1 can be written in a dimensionless manner as:
dCD

(5.2)

dtr,

where:
C
is a dimensionless concentration defined as —
is a dimensionless distance defined as —, and

(5.3)

is a dimensionless time defined as —

For dimensionless terms definition (equation 5.3) Co
and L are the initial concentration and a characteristic length, respectively. On the other hand, equation 5.1 can be solved analytically for a semiinfinite
domain (Crank, 1975):
C

(

—

= eirc\

Co

where erfc is the complementary error function.
Equation 5.4 can be also written in a dimensionless
manner as:

x

Figure 5.1 shows the results after solving Equation
5.5 for a dimensionaless distance (XQ) between 0
and 1.
Figure 5.1 shows that any perturbation of the system
will reach a dimensionless distance of 1 at a dimensionless time of about 0.1 (less than 3% of the
perturbation is transmmitted). The perturbation is almost completely transmmitted after dimensionless
times of about 1 0 (Figure 5.1).
Considering that the proposed numerical model for
the Aspo site extends over 6 years, and taken a
standard effective diffusion coefficient of 10~13 m2/s
(value proposed by Ohlsson & Neretnieks (1997),
for tritiated water through Swedish granites), it is
possible to evaluate the role of the matrix diffusion
in our model by using:

L=.

(5.6)

Solving Equation 5.6 with previously proposed values of D and t, leads to:

—7=

\24Dt
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Figure 5.1 Solution of the dimensionless diffusion equation for a dimensionless distance between 0 and 1.
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for tD = 0.1

fortD = 70.0

L = 0.013 m
• L = 0.0013 m

Therefore, considering the modeled period, perturbations due to matrix diffusion will influence distances between 1 millimeter and 1 centimeter. This
analysis indicates that neglecting rock blocks is not
a dramatic assumption for the transport model,
even more considering that fracture zone thickness
range between 10 and 50 m.

5.2.2 Parameters
Main material parameters needed to set up the numerical model of solute transport are kinematic porosity (<pe) and dispersivity (a). Solute transport parameters were collected from Holmquist & Andersson (1999) and Rhen et al. (1997 b). The final
set of parameters used in the numerical model is
shown in Appendix 4.

approach because it is possible to find in the data
grid two neighbour points having very different concentrations (thousand of times different for the case
of chlorides near the land-sea interface).
A better solution consists on using an interpolation
method based on the concentration values (ci) of
the 3-D data grid. One can calculate the solute concentration (C2) at any point of co-ordinates (x,y,z) as:
(5.9)

where Nj(x,y,z) are the interpolation functions of concentration.
The same shape functions used by the code
TRANMEF-3 (Juanes, 1997) have been used as interpolation functions.
The shape functions use local co-ordinates (Figure
5.2) so, it is needed to make a transformation:

A remarkable fact concerning transport parameters
was found in Rhen et al (1 997 b). These authors
show some empirical relationships for transport parameters which were very useful to derive values for
those conductive features with no field estimations.
Proposed empirical relationships are (Rhen et al.,
1997):
0 753

<pe = 34.87 K -

(5.7)

a, = 0.053 s' 2I0

(5.8)

Ax,
(5.10)

tZ2 ~

Z

c

Az,
here:
are local co-ordinates of the cube.

where <pe is the kinematic porosity, K is the hydraulic conductivity (m/s), ay is the longitudinal dispersivity (m) and s is the spatial scale (m). The spatial scale indicates the distance between the injection point and the sampling point for each field experiment used to obtain the relationship shown in
Equation 5.8.

5.3 Initial and boundary conditions
To define solute transport initial conditions, 32
chemical analysis collected prior to the tunnel construction were available. Using this field database
an interpolation to a regular grid of 1,000 points
was made by kriging. Later, it was needed to interpolate from the kriging generated data grid to the
nodes of the finite element mesh. For finding out the
values to use in the finite element mesh, the first
adopted solution (the easiest) was to find the closest
point of the data grid to each one of the nodes and
use that concentration value. This was a very poor

are global co-ordinates of the point
in which we want to calculate the solute concentration.
x

( c/ Yo

are global co-ordinates of the centre
of the cube.

(Ax,, Ay,, Az,) represent the length of the three sides
of the cube (distance between the
data grid points).
Knowing local co-ordinates of the interpolation
point, the values of the interpolation functions at
that point can be computed according to Equations
5.11. Using these interpolation functions (5.11) together with Equation (5.9) the solute concentration
at each node of the finite elements mesh can be obtained.
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Figure 5.2. Local coordinate system of the shape functions used as interpolation functions to generate solute transport initial conditions.

for these waters (Smellie et al., 1995). Smellie et
al. (1995) believe that the saline deep water is a
very old groundwater virtually stagnant and it has a
deep origin related with bedrock interaction. These
hypothesis are supported chemically and isotopically. Louvat et al. (1 999) state that Aspo deep saline groundwaters are, at least, 1.5 million years

old.
Generated initial conditions for chloride (Figure 5.3)
reproduce a fresh water lens under the Aspo island
of about 200 m deep and the salinity of the Baltic
Sea around the island. Chloride concentrations increase progressively in depth to reach the typical
value of deep saline waters (more than 20 g/L).
N 8 ( | , J / , S ) = ^ - ( l - | ) - ( l + >7)-(l + a (5.H)
Figure 5.3 shows the initial conditions used in the
numerical model for chloride concentrations. Initial
chloride concentrations range from almost 0 (shallow fresh groundwater) to 20 g/l (deep saline
groundwater) following a more or less stratified pattern (Figure 5.3).

The initial distribution of 6 1 8 O shows quite a different pattern in comparison with the initial distribution
of chlorides (Figure 5.4). Initial values of <518O show
a clear maximum (heaviest waters) located at a
depth of about 250 m (Figure 5.4). This maximum
of (518O are located under the Baltic Sea (see Figures 5.4 and 5.5).

Two major types of saline waters occur at Aspo
(Smellie et al., 1995); marine derived (0-500 m
depth) and deep saline waters (more than 800 m
deep). Deep brines at Aspo lack any significant
marine signature and dilution processes (within the
last 1 0,000 years) have not been a major influence

On the contrary, the most negative deviations (the
lightest sampled waters, up to -13%o) are located at
a depth of 300 m under the northeastern part of the
Aspo island (not possible to see from the viewpoint
of Figure 5.4). These lighter waters has been interpreted as the signature of old recharge under colder
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Figure 5.3. Initial chlorides distribution in the numerical model (mg/t).
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Figure 5.4. lnitialdls0 distribution in the numerical model (deviation SMOW).

91

Testing and validation of numerical models of groundwater flow, solute transport and chemical reactions in fractured granites
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Figure 5.5. Sketch of the boundory conditions of the solute transport model. On the upper boundary different conditions
are assumed for both islands and Balk Sea.

climatic conditions, probably dominated by glacial
melt waters (Smellie et al., 1995).
Selected boundary conditions for the transport
model were (Figure 5.5):
1) Side boundaries: Dirichlet condition with a
prescribed concentration equals to the initial
one.
2) Bottom boundary: No flux.
3) Upper boundary I (Baltic sea): Dirichlet condition with a prescribed concentration equals to
the measured Baltic sea water concentration.
4) Upper boundary II (Lands): Dirichlet condition
with a prescribed concentration equals to
measured shallow fresh water concentration.
5) Inner Boundaries (tunnel & elevator): Solute
flux associated to water inflows.

5.4 Solute transport model results
Contrary to the groundwater flow numerical model
almost no calibration was made for the solute trans-
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port model. 15 control points were selected to
compare measured and numerically computed concentrations. Selected control points correspond to
all available borehole sections crossing a fracture
zone with recorded chemical time series. These control points are listed in Appendix 4 and they are located within short boreholes drilled from the Aspo
tunnel walls.
Figure 5.6 shows the influence of the tunnel construction on the chloride concentration distribution
at the Aspo site. A comparison between initial (Figure 5.6-A) and final distribution of computed chloride concentrations (Figure 5.6-B) allows one to realize that shallow fresh and Baltic water flow from
the surface to the tunnel location, at the same time
that upconing of deeper saline groundwater is produced towards the tunnel (Figure 5.6).
Figure 5.7 shows the final computed distribution of
<518O after 2013 days (1997/01/01). The Aspo HRL
tunnel acts as a groundwater sink and by comparison of figures 5.7-A and 5.7-B one can see that waters flowing from the upper and lower boundaries
replace heavier waters intially located under the Baltic Sea. The contribution of water from islands (re-
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Figure 5.6. Initial chloride concentrations distribution (A) and computed chloride concentrations at the final time
of the numerical model (B). Final time corresponds to January/01/1997.
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Figure 5.7. Initial WO activities distribution (A) and computed 180 activities at the final time of the numerical model (B).
Activities are expresed as SMOW deviations.
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charge) and deeper parts is large enough to replace
most of the heavier water initially located in the tunnel surroundings under the Baltic Sea.
Light waters initially located under the Aspo Island
at a depth of 300 m (not possible to see from the
viewpoint of Figure 5.7) correspond to relict (fossil)
waters probably infiltrated during the last glaciation.
The heaviest waters which are located at the same
depth but under the Baltic Sea are probably reflecting a signature of ancient sea stages ((518O values
around -5%o). The replacement of these extreme
waters by fresh water coming from the islands (<518O
around -10.5%o) and present marine water (<518O
around -6.5%o), as well as by deeper saline waters
(<518O around -9%o) is responsible for computed
distribution of <518O at the end of the modeled period (Figure 5.7).
Figures 5.8 through 5.22 show measured and computed breakthrough curves of the considered conservative species at selected control points (see
Apendix 4 for control points location).
In general, a very good agreement exists between
model computations and measured values. This
kind of good agreement can be observed in most of
the control points (i.e figures 5.8, 5.9, 5.10, 5.1 1,
5.12, 5.13, 5.17, 5.18, 5.19 and 5.21), and it is
worth noting again that the numerical model use
available field estimations of transport parameters.
There are other control points showing a little worse
fitting between measured and computed values, but
with an acceptable behaviour of the model, getting

5000 -<
4500 4000 3500 = 3000 £.2500 O2000 1500 1000 500 -

trends of measured breakthrough curves (figures
5.16, 5.20 and 5.22).
Control points 7 and 8 (figures 5.14 and 5.15)
constitute the worse comparison between computed
and measured values. As in the rest of the control
points (located backwards and ahead these 2
points) the numerical model predicts a chloride dilution along the time, but measured values show a
very strong increase in chlorides concentrations.
Control point 8 (Figure 5.15) constitute a clear example of inadequate initial conditions.
The first available measured value shows a concentration of chloride less than 1,500 mg/L and, the
initial value used by the model, at the same point,
was more than 5,000 mg/L. It is difficult to think
about such a drastic dilution followed by an even
more spectacular concentration increase (at least
this kind of drastic behaviour has not been observed
at any other control point).
A very remarkable fact can be seen at control point
15 (borehole SA2783A, Figure 5.22). This point
corresponds to the unique available control point
recording a constant chloride increase. Although
numerical model underpredicts chloride concentrations it is able to reproduce the increasing trend. In
fact, borehole SA2783A is the last available control
point in the tunnel (the deepest one), and it is located at a depth of about 372 m. This point shows
a clear change in the chlorides behaviour, with respect to the previous 1 4 points. At this control point,
the arrival of deep saline water is probably high
enough to counteract the dilution due to the influence of both Baltic and fresh water coming from the
upper boundary.
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Figure 5.8. Measured and computed breakthrough curves of chlorides (A) and 180 (B) at SA0813B borehole.
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Figure 5.9. Measured and computed breakthrough curves of chlorides (A) and 180 (B) at SA0958B borehole.
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Figure 5.10. Measured and computed breakthrough curves of chlorides (A) and l80 (B) atSA1009B borehole.
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Figure 5.11. Measured and computed breakthrough curves of chlorides (A) and 1SO (B) atSA1210A borehole.
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Figure 5.12. Measured and computed breakthrough curves of chlorides (A) and 180 (B) at HA 1327B borehole.
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Figure 5.13. Measured and computed breakthrough curves of chlorides (A) and 180 (B) atSA1420A borehole.
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Figure 5.14. Measured and computed breakthrough curves of chlorides (A) and 180 (B) at SAT 614B borehole.
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Figure 5.15. Measured and computed breakthrough curves of chlorides (A) and 180 (B) atSA1696B borehole.
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Figure 5.16. Measured and computed breakthrough curves of chlorides (A) and 180 (B) ot SA 1828B borehole.
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Figure 5.17. Measured and computed breakthrough curves of chlorides (A) and >80 (B) at SA2074A borehole.
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Figure 5.18. Measured and computed breakthrough curves of chlorides (A) and l80 (B) at SA2074B borehole.
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Figure 5.19. Measured and computed breakthrough curves of chlorides (A) and 180 (B) at SA2273B borehole.

7000
6500
6000
5500
5000
^.4500
•5,4000
E3500
^3000
°2500
2000
1500
1000
500
0

©
-|

-2 A

. .

co -8 ^

-14

-

—^—

Computed values

-16 -

X

Measured values

-18 -

200 400 600 800 1000 1200 1400 1600 1800 2000
Time (days)

v

10

•D-12

0

-

0

CHEMICAL CONTROL POINT #13
SA2322A NNW-7
—

X

Computed values
Measured values

200 400 600 800 1000 1200 1400 1600 1800 2000

Time (days)

Figure 5.20. Measured and computed breakthrough curves of chlorides (A) and }80 (B) atSA2322A borehole.
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Figure 5.21 Measured and computed breakthrough curves of chlorides (A) ond]80 (B) atSA2600A borehole.
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Figure 5.22. Measured and computed breakthrough curves of chlorides (A) andw0 (B) atSA2783A borehole.

5.5 Sensitivity analyses
As has been shown, calibration of the numerical
model was not needed because available field estimations of transport parameters have been found as
very representatives of the Aspo site. No major uncertainties were detected concerning with those parameters. Observed discrepancies between measured and computed concentrations in some control
points can be attributed, a priori, to an unadequate
definition of the initial conditions of the system.
Similarly to the groundwater flow model (see Chapter 4) several posibilities and different scenarios can
be explored for setting up solute transport initial and
boundary conditions.

An attractive possibility to generate initial conditions
for the Aspo site-scale model is to use the results of
a previuos regional-scale numerical model (Svensson, 1997). The regional model performed by Svensson (1997) covers an area of 10 x 10 km and down
to a depth of 3 km. This model adopted a stochastic
continuum approach (see Chapter 3) and accounts
for the topography of the area, reaching natural hydrological boundaries.
The regional model was solved for two steady-state
simulations, one for natural undisturbed conditions
and the other one after the tunnel construcction.
Finally, three different scenarios have been considered for the sensitivity analysis of the transport
model with respect to inilial conditions:
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a) Interpolated initial chloride distribution as previously defined in the Section (5.3). These initial conditions correspond to those considered
in the base run.
b) To use outputs of the regional model of Svensson (1997a) to interpolate the initial conditions. This interpolation contains an intermediate step because the regional model outputs
are in terms of salinity. Then a conversion
from salinity to chloride concentrations was
performed by means of an empirical relationship proposed by Rhen et al. (1 997b).
c) An alternative generation of initial chloride
concentations. This new generation of initial
conditions was performed by interpolation of
32 available chemical samples collected prior
to the tunnel construction, as in the base run.
The difference of these alternative initial conditions arrives in the fact that, in addition to
measured values, a guess of the initial concentration at the 15 control point locations
were included as "measured data". Besides,
353 points were also included in order to gain
accuracy representing fresh and Baltic Sea
water concentrations near the upper boundary. Again, the kriging method was used to
generate the spatial interpolation of data. Actual kriging was performed with the program
GEOS (Samper, 1 990; see Appendix 3).
Table 5.1 shows a summary of performed runs for
evaluating the sensitivity of the solute transport numerical model.
Figure 5.23 shows a comparison between the three
different initial conditions considered in the sensitivity
analysis as defined above. One can observe in Figure 5.23-B that the alternative initial conditions generated by kriging interpolation are more dilute than
the initial conditions of the base run. On the other

hand, initial conditions generated by using regional
model outputs are both more diluted in some parts and
more concentrated in some others (figure 5.23-A).
Figures 5.24 through 5.28 show computed results
obtained with the 5 sensitivity runs of the numerical
model, as were defined in table 5.1. Computed results are compared against measured data at the
tunnel weirs in terms of electrical conductivity. The
date Feb/24/1 995 was selected to compare results
because it provides the highest number of avilable
measured data at different tunnel positions. These
figures illustrate that computed results are very sensitive with respect to the initial concentrations used
as initial conditions for solute transport. The best
agreement with measured data were obtained with
runs 0 and 4 (figures 5.24 and 5.28). Worse results
computed with runs 2 and 3 (figures 5.25 and
5.26) are due to the fact that these runs include regional model groundwater heads as initial and
boundary conditions for groundwater flow, so it can
be concluded that transport result of the numerical
model are sensitive to groundwater flow initial and
boundary conditions.
Run Transporte-1, as was defined in Table 5 . 1 , incorporates initial conditions interpolated from the
regional model outputs (Svensson, 1997a). It can
be noticed at Figure 5.25 that computed results using initial conditions derived from the regional
model reproduce measured trends, but concentration values are always underpredicted. Figure 5.29
shows a comparison between measured salinities
and regional model (Svensson, 1997a) results for
undisturbed conditions. It is possible to observe in
Figure 5.29 that regional model (Svensson, 1997a)
underpredicts measured salinities under the Aspo island at a depth between 0 and 700 m. Then, computed discrepancies with run Transporte-1 are due
to the fact that using regional model outputs leads
to underestimate the initial salinity field.

Table 5.1
Sensitivity runs for the solute transport numerical model.
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Name of the run

Characteristics

Transporte-0

Base run

Transporte-1

Initial chloride concentrations from regional model (Svensson, 1997a)

Transporfe-2

Same as Transporte-1 with regional model flow boundary conditions

Transporte-3

Regional model flow boundary conditions with the initial chloride concentrations from Transporte-0

Tronsporte-4

Base run flow model with an alternative generation of initial chloride concentrations (New kriging generation)
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Figure 5.23. A) Regional Model initial concentrations (x) versus base run initial concentrations (y).
B) The new kriging interpolation of initial chloride concentrations (x) versus base run initial concentrations (y).
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Figure 5.24. Measured and computed values (Run Tranporte-O) of electrical conductivity at the tunnel weirs.
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Figure 5.25. Measured and computed values (Run Tranporte-1) of electrical conductivity at the tunnel weirs.
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Figure 5.26. Measured and computed values (Run Tranporte-2) of electrical conductivity at the tunnel weirs.
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Figure 5.27. Measured and computed values (Run Tranporte-3) of electrical conductivity at the tunnel weirs.
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Figure 5.28. Measured and computed values (Run Tranporte-4) of electrical conductivity at the tunnel weirs.
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Figure 5.29. Salinity distribution predicted by the regional model and measured values for undisturbed conditions.
Regional model underpredicts the salinity between 0 and 700 m. After Svensson (1997a).

Run Transporte-4 (Figure 5.28) shows an excellent
agreement with measured data specially in the intermediate section of the tunnel (from 1 500 to 2500
m of the tunnel lenght). For this tunnel section, computed results using the new initial conditions generated by kriging improve base run results (Figure
5.24). This improvement is due to the fact that, as
was explained above, we use 15 additional "measured data" which were estimated by using the first
available concentration at each control point. In
spite that these additional data do not correspond
to the pre-investigation phase (undisturbed conditions), they were measured at the very early stages
of the construction phase, so they must probably remain still very similar to those values of undisturbed
conditions. However, for the rest of the tunnel (initial
and final parts) the first considered initial conditions
(base run) look like more adequate to represent the
Asp6 system.
Looking at figures 5.24 through 5.28 it was noticed
than runs 0 and 4 (figures 5.24 and 5.28) provide
the best agreements with measured data at tunnel
weirs, and exactly the same was observed when
computed and measured chlorides at the 15 selected boreholes were compared. In fact, base run
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results show better agreements with measured data
at some control points (Figure 5.30), while the new
interpolated initial conditions (run Transporte-4)
provide better results at some other observation
boreholes (Figure 5.31). A remarkable point is that
for most control points, measured data display in
the range provided by the results of both sensitivity
runs (Figure 5.32).
Looking at figures 5.30 through 5.32 a major source
of uncertainty is found related with the definition of
solute transport initial conditions. Using diferent interpolation criteria to generate initial conditions leads to
noticeable variations in the computed results. Then, it
can be stated that available data base at the Aspo
site is not complete enough to generate a sound
(representative) concentration field to represent undisturbed conditions. For predictive purposes, the accuracy of the numerical model must be defined, at
least, by the base run and run Transporte-4.

5.6 Model validation
As defined in Chapter 1, we understand as validation of a model to assess or evaluate if such model
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Figure 5.30. Sensitivity analysis to initial concentrations. Base run results show better agreements with measured data at some
of the selected control points. A) Control point 4: SAI21OA. B) Control point 6: SA1420A.
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Figure 5.31. Sensitivity analysis to initial concentrations. Results of run Jransporte-4 show better agreements with measured data at some
of the selected control points. A) Control point 13: SA2322A. B) Control point 10: SA2074A.

provides a correct representation of the system for
which it is intended. A model validation can be
made mainly by two methodologic approaches:
a) Prediction of the system behaviour, after the
calibration period, at the same control points
used for model calibration. In other words,
the simulated time is divided into two stages,
with a first stage in which measured data are
used to calibration and a second stage in
which model results are compared against
additional measured data not used during the
calibration.
b) Prediction of the system behaviour at different
points to those used for model calibration.

This methodology imply that field data are not
used at all in some model locations, so actual
parameters used by the model have been not
evaluated at those prediction zones.
The first methodology was used to validate the
groundwater flow model,, as shown in Chapter 4.
To validate solute transport model the second methodology was adopted, as it is explained below. It
must be said that solute transport model is highly
dependent of groundwater model results, as was
demonstrated in the performed sensitivity analyses
so, validation of the solute transport model also
constitutes an additiona1 validation exercise for the
groundwater flow model.
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Figure 5.32. Sensitivity analysis to initial concentrations. Measured data at most of the control points are into the range defined
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As was shown previously almost no calibration of
the solute transport numerical model was done because field estimations of transport parameters were
found appropiate for the model. On the other hand,
the sensitivity analyses shown in the previous chapter section led to conclude that the most important
uncertainty source was associated with the establishment of initial concentrations. In fact, it has been
shown that one of the performed sensitivity runs
(with an alternative interpolation of the initial concentration field) was able to compute as good results as those computed by the base run. In addition
to that, measured data at many of selected chemical control points were found to be within the range
of the computed results by the two sensitivity runs of
the numerical model (Figure 5.32). This finding allowed us to evaluate the confidence of the numerical model as defined by the range provided by base
and Transporte-4 run results. Following Samper et
al. (1995) after quatifying the uncertainty attached
to the model, performed predictions must contain
also the evaluated uncertainty, and that was the
reason because we include results of both runs into
the predictive numerical model.
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At the beginning of the present work it was decided
to calibrate the solute transport model only using
field data collected into the tunnel surroundings. In
addition to that, the tunnel was deliverately divided
into a calibration section (from the starting point of
the tunnel to a length of 2900 m) and a prediction
section (from 2900 m to the end of the tunnel at
3600 m).
Finally, 3 control points were selected to compare
model predictions and measured data. 2 of the
control points are located in the tunnel surroundings. They correspond to short boreholes drilled
from the prediction section of the tunnel (boreholes
KA3110A and KA3385A). The other prediction
point correspond to the deepest available drilled
borehole section with a recorded chemical time series (borehole KAS07 501-604).
Figure 5.33 shows a view of the control points location and details can be found in Appendix 4.
Figures 5.34, 5.35 and 5.36 show the comparison
between computed and measured chloride breakthrough curves at the 3 selected prediction points.
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Figure5.33. Control points location (at surface drilled boreholes and tunnel). A) 3-Dview.
B) 2-D projection showing calibration and prediction sections of the tunnel.
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Figure 5.34. Computed and measured breakthrough curves at the prediction point KA3110A.

In the same manner than was observed for most
control points located within the calibration section
of the tunnel, measured data in the prediction section are within the range of numerically computed
results (figures 5.34 through 5.35). The same is also
found at the prediction point located out of tunnel
surroundings (Figure 5.36). These results indicate
again that available database for undisturbed
hydrochemistry (prior to the tunnel construction) is

not complete enough to generate sound initial conditions for the numerical model.
The evaluation of the octual uncertainty associated
to the initial conditions generation allowed one to
estimate the accuracy of the numerical model. Predictions has been made succesfully as a confidence
range better than with a single computed breakthrough curve (figures 5.34, 5.35 and 5.36).
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Figure 5.35. Computed and measured breakthrough curves at the prediction point KA3385A.
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Figure 5.36. Computed and measured breakthrough curves at the prediction point KAS07(501-604).

5.7 Evaluating the role of chemical
reactions

duce the behaviour of the typical conservative spe-

Since the proposed groundwater flow and solute
transport numerical model has been able to repro-

cal processes which may influence groundwater
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cies (such as chloride and

18

O), the next step in the

present study goes towards identification of chemicomposition at the Aspo site.
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A possibility to evaluate the role of chemical reactions from a "hydro-geological point of view" was
to carry out a new multicomponent run of the proposed numerical model accounting for major, dissolved species. Provided that the numerical model
is able to reproduce conservative species behavior
then the observed discrepancies between computed and measured concentrations of other elements can be understood as a loss or gain with respect to the theoretical conservative pattern.
Eventually, the magnitude of those sinks and/or
sources could be evaluated and hypothetically associated with a given reaction or a set of coupled
chemical processes.
Solute transport modeling was also performed accounting for the major dissolved species and ignoring chemical reactions. The new groundwater flow
and multicomponent solute transport run was carry
out by using exactly the same model (geometry, parameters, boundary conditions, etc.) than those
used in the previous runs of conservative species.
Initial conditions of concentrations were generated
following the base run methodology, that is to say,
by interpolation of the available information of natural undisturbed conditions. Then, those control
points showing better agreements between measured conservative species and base run results
were selected to study the behavior of the other dissolved species. Finally, it was decided to select control points number 1, 3, 5, 6 and 11. The model
performance in terms of conservative species at
these control points was shown at figures 5.8, 5.10,
5.12, 5.13 and 5.1 8, respectively.

Numerical model results show important discrepancies for bicarbonate:; and sulfates and, although
in a lower degree, for calcium and sodium. Figures
5.37 through 5.41 show the comparison between
measured and computed concentrations of bicarbonates and sulfates at the 5 selected control
points.
For bicarbonates, the numerical model always computes lower concentrations than those measured at
the control points (figures 5.37 through 5.41). This
kind of deviation from the conservative behaviour
constitute an evidence of chemical sources for dissolved HCO3. Thermodynamic calculations carried
out show that shallow groundwaters at the Aspo site
are unsaturated with respect to calcite. Then dissolution of this mineral could be responsible, at least
in part, of detected sources o bicarbonates.
In spite of field data at all selected control points
show a positive deviation of HCO3 (with respect to
the conservative ideal behaviour), the evolution of
this component is not exactly equal at all control
points. Looking at measured brekthrough curves, it
is possible to notice that at SA0813B, SA1 009B and
HA1327B boreholes (figures 5.37, 5.38 and 5.39,
respectively), measured concentrations of bicarbonate show a clear dilution behavior, while at the
other two control points (SA1420A and SA2273A)
the behavior is just the opposite, that is to say, a
concentration pattern is observed (figures 5.40 and
5.41). This kind of opposite behavior can be noticed very clear by comparison of figures 5.37 and
5.40. Then, measured HCO3 show a qualitative different pattern at two of the control points , in addition to the quantitative detected source.
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Figure 5.37. Comparison between computed and measured concentrations ofHCOz (A),
and SO2'(B) at control point I: SA0813B borehole.
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Figure 5.38. Comparison between computed and measured concentrations of HCOi (A),
and SOI (B) at control point 3: SA1009B borehole.
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Figure 5.39. Comparison between computed and measured concentrations ofHCOz (A),
and S02~ (B) at control point 5:tth1327B borehole.
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Figure 5.41. Comparison between computed and measured concentrations ofHCOl (A),
and SO1'(B) at control point 11: SA2273A borehole.

An important difference found for the two groups of
observation points having different behaviour of bicarbonates was that the first three points (SA081 3A,
SA1009B and HA1327B) are located on the fracture zones NE-4N, NE-3 and NE-1, respectively.
These three fracture zones are intersected by the
tunnel under the Baltic Sea, while the other two remaining control points (SA1420A and SA2273A)
are located on the fracture zones EW-3 and
NNW-1, respectively, which are intersected by the
tunnel under the Aspo island (see Figure 4.2 for
fracture zone mapping). Banwart et al. (1999) and
Banwart (1 999) propose microbially mediated oxidation of dissolved organic matter through Fe(lll)
reduction as an explanation for the HCO3 increase recorded at the Aspo Redox Zone Experiment. The process proposed by these authors can
be resumed as:
4Fe(OH)3{s) + CH2O

7 H+

Should this be true, the availability of oxidized iron
minerals would probably be higher at the shallow
fresh water system of the Aspo Island (where
oxidazing conditions can be expected, or at least
less reducing) than at the bottom of the Baltic Sea.
This fact could be an explanation for the observed
differences at both groups of control points.
With respect to the sulphates behaviour, the numerical model predicts dilution patterns at all selected
control points, while measured data indicates concentration patterns (figures 5.37 through 5.41). So,
conservative transport modeling can not reproduce,
even qualitatively, measured SO ^" evolutions. Mea-

sured behaviour of SO4 is very similar to that described by Banwart et al. (1999) for the Redox Zone
Experiment. These authors did not found a conclusive explanation for sulfate behaviour at the Redox
Zone Experiment, but they point towards anion exchange due to adsorption competiton between sulfates and bicarbonates (Banwart, 1 997; Banwart et
al., 1999). However this hypothesis seems unconsistent with the expected amount of ferric minerals
into the fracture zones (Viani & Bruton, 1997).
Other possible source of sulphates can be related
with marine sediments located at the bottom of the
Baltic Sea.
Lower deviations with respect to the conservative behavior detected for calcium and sodium can be related with cation exchange processes. Significant
amounts of clay minerals are reported for the Aspo
fracture zones (Tullborg, 1995; Rhen et al., 1997 b).
All these (and others) hypothesis about the hydrochemistry of the Aspo site have been studied in detail. Performed hydrochemical as well as coupled
groundwater flow and reactive transport modeling
constitute the subject of following chapters.

5.8 Chapter conclusions
A three-dimensional numerical model of solute
transport has been presented which is able to simulate the impact of tunnel construction on the
hydrochemistry of the Aspo site. Dimensionless analysis of the transport equation showed that matrix diffusion is not a relevant process for the modeled time
horizon (a few years). The numerical model leads to
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very good agreements between calculated and
measured breakthrough curves for conservative dissolved species at most of the 15 control points.
Transport parameters derived from interpretation of
field experiments have been found as being very
representative of the Aspo site.
Analysis of the computed evolution of chlorides allows one to conclude that both shallow fresh water
and Baltic Sea water flow from the upper boundary
to the tunnel surroundings, at the same time that
upconing of deeper saline groundwater is produced
towards the tunnel location. On the other hand,
computed evolution of 1 8 O indicates that heavier
waters flowing from the upper and lower boundaries
replace lighter groundwaters initially located at an
intermediate depth. These lighter waters correspond
to relict groundwater probably infiltrated during the
last glaciation.
A comprehensive sensitivity analysis with respect to
the initial and boundary conditions of the numerical
model was performed. The sensitivity analysis reveals that the available chemical database prior to
tunnel construction is not complete enough to generate sound initial conditions for the numerical
model. Generating initial conditions with alternative
criteria leads to different computed results for
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hydrochemical evolution. These alternative possibilities were used to study the uncertainties of the numerical model caused by initial conditions. This
analysis allows one to quantify a confidence band
for numerically computed results.
Predictions of hydrochemical evolution were performed at several control points, including confidence limits related with the initial conditions uncertainty. A refereed post-audit exercise showed that
field measured breakthrough curves for conservative
species lied within the predicted confidence band.
The post-audit exercise of the numerical model is
proposed as a validation exercise that increases the
confidence on performed numerical models.
Solute transport modeling accounting for all dissolved species allows one to evaluate that the most
relevant deviations from the conservative behavior
become evident for dissolved bicarbonates and sulfates, and in a lower degree for calcium and sodium. Combining numerical model results, avai able previous studies and preliminary thermodynamic calculations, it is proposed that calcite and
pyrite dissolution/precipitation, microbially mediated
organic matter oxidation and cation exchange are
the most relevant chemical processes influencing the
hydrochemistry of the Aspo site.

6. Consistency
of hydrodynamic solute
transport and
hydrochemical mixing
models

6. Consistency of hydrodynamic solute
transport and hydrochemical mixing models

6. Consistency of hydrodynamic solute transport and hydrochemkal mixing models

Chapter summary
Hydrogeologic and hydrochemical. data are usually
analyzed and interpreted independently. Hydrogeologic data are often incorporated into groundwater
flow models, while hydrochemical information is
usually interpreted qualitatively or in some cases
quantitatively by means of chemical equilibrium
and/or mixing models. In this chapter a methodology is presented to check the consistency between
numerical hydrodynamic models and hydrochemical
mixing models. Consistency is evaluated in terms of
mixing fractions, which are derived from the statistical analysis of hydrochemical data. These mixing
fractions are then introduced into the numerical flow
and transport model. The ability of the hydrodynamic model to reproduce mixing fractions serves
as a measure of the consistency between hydrodynamic and hydrochemical models. The proposed
methodology has been used to compare the hydrodynamic numerical model presented in previous
chapters and a hydrochemical mixing model of the
Aspo Island (Laaksoharju et al., 1999a). Both models were performed in order to evaluate the impact
of tunnel construction on the hydrogeology and
hydrochemistry of the system. Results of the consistency assessment show a high level of coherence,
which constitutes an additional validation for both
models. This chapter also serves to illustrate the potential of this methodology for integrating hydrodynamic and hydrochemical data in regional aquifers.
Incorporating hydrochemical model results into the
hydrodynamic model allows one to quantify the
variations in hydrochemical facies induced by changes in flow patterns.

6.1 Introduction
A great effort of hydrochemical research has been
done at the Aspo site during the last 12 years. Main
achievements and conclusions concerning to the
hydrochemistry research are summarized in Rhen et
al. (1997 a, b) and Laaksoharju & Wallin (1997).
During pre-investigation and construction stages,
systematical sampling of groundwater was performed both in boreholes and tunnel walls. Chemical analyses of these samples in addition to mineralogical and bacteriological characterization constitute the background to establish a consistent conceptual model of the Aspo site hydrochemistry. It
was already introduced in previous chapters that
one of the remarkable hydrochemical features is the
ocurrence of a clear salinity gradient in depth. Un-

der natural undisturbed conditions, there was a
100-200 m thick fresh water lens below Aspo island
surface, follow by a progressive salinity increase,
reaching values of 20 g/L at a depth of about 800
m. Louvat et al. (1999) propose that these deep saline groundwaters are, at least, 1.5 million years old.
Different pre and postglacial events have affected
the groundwater composition at Aspo. However, the
effects from the last glaciation and the consequent
land uplift are the most recent important events
which are likely to affect importantly the measured
groundwater composition (Laaksoharju & Wallin.
1997). The latest glacial event (Weichsel) reached
its maximum approximately at about 18,000 to
20,000 years ago (Ehlers, 1996). The cyclic behavior in the climate during the Quaternary Period imply that different groundwaters in the basement must
have been modified and even replaced several
times (Rhen et al., 1997b). The extreme cold climate during the glacial events in the high latitudes
form waters with typical low isotopic signatures (2H
and 18 O), whereas the milder interglacials display a
different isotopic pattern. Hence, the wide range in
isotopic signatures provides a very usefool tool in
order to understand groundwater evolution at Aspo.
Keeping in mind that most probably the events after
the last glaciation have a dominant influence on the
actual groundwater system at Aspo, a working hypothesis and a conceptual model for this groundwater system was proposed by Laaksoharju & Wallin
(1997) and Laaksoharju et al. (1999a). This model
mainly focus on the post-glacial development of the
Baltic Shield.
When the continental ice was melting and retreating, glacial melt waters was injected into the
basement (Figure 6.1 -A). The depth to which the melt
water reached is largely unknown, mainly because
water pressure would be strongly dependent on the
thickness of the ice cap, which is beyond present
knowledge. The first stage of the Baltic Sea, known
as the Baltic Lake (Rhen et al., 1 997), started to form
about 13,000 years ago and, 10,000 years ago the
Baltic Lake still covered the Aspo area (Figure 6.1 -B).
During the next phase, 1 0,000-9,000 years before
present (BP), the Yoldia Sea covered the island. The
brackish-marine water could have affected the more
conductive upper parts of the basement to some extent by density-driven turnover (Rhen et al., 997;
Figure 6.2-A). From 9,000 to 7,000 BP the Ancylus
Lake, which was a fresh water lake, was formed.
The recharge and discharge at Laxemar would be
controlled by the topography (Figure 6.2-B).
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Figure 6.1 Main events affecting the hydrochemistry of the Asp'6 site during the Quaternary Period. A) Injection of Glacial melt-water
into the basement (> 13,000 BP). B) Baltic Ice Lake Stage (13,000-10,000 BP). After Laaksoharju & Walk, 1997.

Brackish/Non Saline

figure 6.2 Main events affecting the hydrochemistry of the Aspo site during the Quaternary Period. A) Yoldia Sea Stage
(10,000-9,000 BP). B) Ancylus Lake Stage (9,000-7,000 BP). After Laaksoharju & Wallin, 1997.

The following stage was dominated by the Litorina
Sea (7,000-2,000 BP) which most likely provided
saline waters which reached salt content of about 7
g/L of chloride (Rhen et al., 1997b). Density-driven
turnover is belived to be an important process during this period, and then, glacial water could have
been replaced and mixed with sea water (Figure
6.3-A).
Finally, the Aspo area rose above the sea level
about 4000 BP. Fresh water aquifers started to be
form which washed the sea water out of the more
shallow parts of the basement (Figure 6.3-B) until
reaching a steady-state corresponding to the undisturbed conditions prior to the tunnel construction.
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As a result of the sequence of events described
above, several kind of waters are expected to be
mixed in a complex manner at the Aspo hydrogeologic system.
Mixing models are broadly used for hydrochemical
analysis of groundwaters. The concentration of any
conservative element (X) in a binary mixture of A
and B depends on the concentrations of that element in components A and B and on the abundances of components A and B in the mixture.
Therefore, the concentration of the element X in a
mixture (M) of components A and B is:
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Figure 6.3 Main events affecting the hydrochemistry of the Aspo site during the Quaternary Period. A) Litorina Sea Stage
(7,000-2,000 BP). B) Baltic Sea Stage (2,000 BP-present time). After Laaksoharju & Walk, 1997.

where the parentheses mean concentration and fA
is termed the mixing factor, that is to say, the relative abundance of the component A in the mixture. Then, knowing the concentration of any conservative species in the end members and in the
mixture, it is very easy to compute the relative
abundance of each component in that mixture.
This kind of mixing models are useful to help in the
establishment of hydrogeologic conceptual models,
as well as, to evaluate the possible role of chemical
processes in groundwater compositions. Usually,
conservatively derived mixing factors are applied to
predict the ideal composition of the observations
(water samples). By means of comparison between
theoretical and actual compositions it is possible to
quantify sink and sources of each chemical species.
Positive deviations indicate the role of a probable
mass transfer from the solid to the groundwater,
and wee versa.
Simple two component mixing and mass balance
calculations were made by Laaksoharju (1990),
Banwart et al. (1992) and Smellie & Laaksoharju
(1992). These simple mixing calculations were made with the objective to differenciate between the influences of mixing (hydrodynamic influence) and
water/rock interactions (chemical influence) by using
a single variable such as chloride as a conservative
tracer. However, it was found that two component
mixing methods present clear limitations for the
Aspo site, which can show the influence of more
than two initial waters. Groundwaters which had a
similar chloride concentration could have a quite
different 1 8 O signatures and bromide concentrations which confirms the influence of several types of

water with different origins (Wikberg et al., 1991;
Smellie & Laaksoharju, 1992). In this case, more
variables than a single conservative tracer must be
analysed together in order to understand the system. The information gathered in many variables
can best be handled using multivariate techniques.
A new methodology named M3 (Multivariate
Mixing and Mass balance calculations) was deveoped with the aim to identify more accurately the
influence of hydrodynamics and chemistry in a given
groundwater system (Laaksoharju et al., 1995;
Laaksoharju & Wallin, 1997; Laaksoharju et al.,
1999 a; Laaksoharju et al., 1999 b). The proposed
methodology was applied to the Aspo system with
the purpose of decoding available hydrochemical
information.

6.2 The M3 model of the Aspo site
It is wanted to strongly remark that M3 itself is not
an original contribution of the present work. However, it will be used as an additional tool in the
present Chapter and that is the reason because a
summary of the M3 methodolgy is introduced
next. Interested readers on M3 are encouraged to
enjoy Laaksoharju et al. (1995), Laaksoharju &
Wallin (1997), Rhen et al. (1997b), Laaksoharju et
al. (1999 a), Laaksoharju et a (1999 b) and
Laaksoharju (1999).
M3 methodology contains the following steps:
a) A standard multivariate technique, called Principal Component Analysis (PCA) is used for
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cluster analyses of the data by using the major
groundwater constituents Cl~, Ca 2+ , Na + ,
Mg 2 + , K+, SC>4~ and HCO3 in combination
with the isotopes r32H, <5'8O and 3 H. The PCA
aims to describe as much of the information
from the 10 varibles as possible (Figure 6.4).
The outcome of the PCA can be visualized as
a scatter plot for the first 2 principal components. This plot is named the PCA plot (Figure
6.5-A) and is used to graphically depict patterns in order to identify extreme waters.
b) In the PCA plot, the position of each groundwater sample is determined by the analitical
composition. Samples with a similar groundwater composition plot close to each other
and far from samples with a significantly different groundwater composition (Figure 6.5-B).
Extreme waters on the PCA plot can be defined as reference waters or end-members
(Figure 6.5-B). Rhen et al. (1997b) define a
reference water as a well-sampled groundwater which resembles an assumed or modelled
end-member. In other words Laaksoharju et
al. (1999 b) define an end-member as an ex-

Sample No.

Variable 1

Variable 2

Variable 3

1

8500

45.5

19300

2.12

14.1

2

613

2.4

162

21

61

3

1960

9.5

93.7

234

90

4

11.5

2.3

15.4

1.9

63

5

2140

35.1

504

195

760

6

3020

7.3

4380

49.5

11

7

0

0

0

0

3

8

3179.8

154.1

152.0

379.6

146.0

9

0

0

0

2

7

10

2144

91.8

103

258

793

11

2320

26

818

217

227

12

2250

28

741

244

219

13

335

14

80

36

235

14

336

12

87

39

235

15

228

4

27

4

373

treme water of the system while a reference
water is any groundwater sample used in the
model to describe other observations. Figure
6.5-B shows a PCA plot of the Aspo site
groundwater samples, in which some of the
possible end-members and reference waters
have been labeled. For instance, Figure 6.5-B
shows the PCA location of a measured sample
assumed as a Glacial reference water which
end member is supossed to be ancient glacial
melt-waters. The same can be observed for a
meteoric reference water (very shallow fresh
groundwater sample) which hypothetical endmember is assumed to be 1 960's rain water.
M3, as all models, entails assumptions. The
most relevant assumptions of M3 methodology arrive in the reference waters and/or
end-members definition. Figure 6.6-A shows
two possible models for the Aspo site. The first
model (called "Selected Model" and represented with a solid line in Figure 6.6-A) is defined in terms of measured reference water
while an alternative model (dashed line at Figure 6.6-A) is defined in terms of assumed
end-members.

Variable 4 Variable 5

Figure 6.4. Data table containing measured groundwater compositions and a sketch of the basis for principal component
analysis (PCA). 7 groundwater samples and their locations in the multivariate space (VAR1-VAR5) and their projection
on the first principal component (PCI). After Laaksoharju (1999).
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Figure 6.5. A) PCA plot of kpd groundwater samples showing principal components I and 2. B) Selection of extreme waters.
Some of them correspond to measured reference waters and some others are assumed or modeled end-members
such as Glacial melt-water or Litorina Sea). After laaksoharju et al. (1999a).
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Figure 6.6. A) Selection of the model: different models can be adopted depending on the extreme waters. Mixing proportions
are computed with respect to the selected extreme waters. B) Mass balance calculations: Sources and sinks of each element
are computed for each sample to evaluate the role of chemical reactions. After Laaksoharju et al. (1999 a).

c) Mixing calculations are done to compute the
proportions of the selected extreme waters (be
that as it may in terms of reference waters or
end-members) in each observation. Mixing
calculations are non-statistical calculations

performed to set up the ideal mixing model.
Figure 6.6-A shows the theoretical proportions
of meteoric water in the considered example.
The mixing fractions are proportional to the
trigonometrical distance to the selected ex-
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treme water in the plot. The mixing proportions describe the ideal contribution of each
extreme water to each measured sample.
d) Finally, mass balance calculations are done to
evaluate sources or sinks at each sample.
Once known mixing fractions, the theoretical
concentration for each element on each
groundwater sample can be computed. No
deviation from the measured concentration
means that mixing can explain the element behavior. Detected sources and sinks can be associated to chemical processes. Figure 6.6-B
shows computed deviations for bicarbonates.
It can be noted that there is a clear cluster
showing positive deviations of bicarbonates
(sources) and another one for negative deviations (sinks).
Using the M3 method, Laaksoharju et al. (1999 b)
show that Aspo groundwater samples can be represented as a mixture of 5 reference groundwater
types: Baltic Sea, altered marine, brine, glacial and
meteoric waters (Figure 6.6). These authors conclude that mixing is the most important process affecting groundwater chemistry at Aspo. By means of
mass balance analyses Laaksoharju et al. (1999 b)
propose that the most relevant chemical processes
are calcite dissolution and precipitation, redox reactions and biological process.

6.3 Why a consistency assessment
between mixing
and hydrodynamic models
As was defined in Chapter 1, several kind of models
and methodologies can be used to represent a system. For complex natural systems each model focus
on those aspects of "reality" which are most relevant
for the modeler (Grenthe & Puigdomenech, 1997).
However, the same aspect of the "reality" can be
studied by means of models which use totally different approaches. If different kind of models are used
to represent the same system theirs results must be,
at least, consistents. Consistency assessment exercises are also known as benchmark validation tests.
It is generally agreed that models can not be validated in an absolute sense. Konikov & Bredehoeft
(1992) state that they can only be invalidated. A
sucessful validation test (can be also seen as failed
invalidation attempt) is the way to build confidence
in a model. Validation exercises for the groundwater
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flow and solute transport numerical model have been
shown in chapters 4 and 5. In the present chapter, a
new validation possibility is explored by means of the
consistency analysis between the M3 model and the
proposed hydrodynamic numerical model.
Mixing models entail a subjective part due to the
definition or selection of the extreme waters and
even more if some of these extreme waters correspond to relict (fossil) waters. On the other hand,
hydrodynamic models require using a set of parameters and assumptions which could derive into great
uncertainties when a model of a complex natural
system is attempted.
Once calibrated the hydrodynamic groundwater
flow and solute transport numerical model, it has
been shown that it is able to reproduce the impact
of the tunnel construction on the groundwater system of the Aspo Island. Comparison between measured data and computed results showed very good
agreements in terms of inflows into the tunnel,
groundwater head at packed borehole sections and
breakthrough curves of conservative species. If the
hydrodynamic numerical model is properly constructed (in terms of it is really able to reproduce the
natural hydrodynamic system) and, if the hydrochemical evolution of the system can be really idealized
as the mixing of several reference waters (as proposed by the M3 model), then computed results using both models must agree.
Comparison between the M3 model and the hydrodynamic numerical model is not an intuitive task to
be made directly. First of all, it is worth noting that
the M3 model includes only chemical information
(as inputs) and no space or time constraints are involved in the calculations.

6.4 Consistency assessment
methodology
Based on the M3 model of the Aspo site shown by
Laaksoharju et al. (1995), Laaksoharju & Wallin
(1997) and Rhen et al. (1997b), a new mixing
model was performed by Gurban et al. (1998). The
new M3 model accounts for 4 extreme waters, neglecting the altered marine reference water. The 4
extreme waters considered by Gurban et al (1998)
are (Figure 6.7):
1) Meteoric (recharge groundwater),
2) Baltic water,
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Figure 6.7. The M3 model of the Aspo site proposed by Gurban etal (1998) (solid line) and a comparison
with respect to the M3 model of Laaksoharju etal. (1995, 1999b) (dashed line).

3) Glacial water and,
4) Brine water.
Gurban et al. (1998) studied the influence of the
tunnel construction on the hydrochemistry of the Aspo
system by means of mixing proportions evolution.
These authors compute mixing proportions evolution
at availbale observation boreholes with chemical
time series and they conclude that, in terms of
reference waters, the most relevant patterns into the
tunnel surroundings are (Gurban et al., 1 998):
a) An important increase of the Meteoric water.
b) An important decrease of Baltic and Glacial
waters.
c) A slight increase of Brine water.
In order to quantitatively assess the consistency between hydrodynamic and mixing models, a new
multicomponent run of the hydrodynamic numerical
model was performed accounting for mixing fractions as dissolved species. Gurban et al. (1998)
provided mixing proportions at the 32 available
sampling points for undisturbed conditions (prior
tunnel construction) at the Aspo site. Then, these

mixing fractions were interpolated to the finite elements mesh by means of the same procedure
explained in Chapter 5, and initial conditions were
generated as for chemical species.
Figure 6.8 shows an example of the generated initial conditions for Glacial water. Initial conditions
for the other 3 extreme waters were generated similarly. Figure 6.8 shows the initial distrubution of
Glacial water on the fracture zone EW-1S. In this
figure it is possible to visualize the maximum of Glacial water initially located at a depth of 300 m under the Aspo island.
Extreme water initial distributions were generated
separately and each one range between 0 and
100%. However, the interpolation methodology
does not maintain 100% for the total sum of the 4
members at each node of the finite elements mesh.
Statistical analysis of the generated initial conditions
allows one to quantify the error due to the interpolation as about + / - 8%. Apart from the initial conditions, the rest of the hydrodynamic numerical model
features were maintained exactly equal to those of
the base run (shown in Chapter 4 and 5 for flow
and solute transport, respectively).
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INITIAL CONDITIONS FOR GLACIAL WATER
ALL FRACTURE ZONES

figure 5.5. A) Initial conditions of Glacial water used in the hydrodynamk model. B) A view of the initial conditions of Glacial water on the
fracture zone EW-IS. One can see the maximum of Glacial water fractions at a depth of 300 m under the Aspo island.
Initial conditions have been generated by interpolation ofM3 model results computed with groundwater
samples corresponding to undisturbed conditions.

6.5 Results
Assumptions adopted to set up both hydrodynamic
and mixing models are inherents to the present consistency assessment exercise. In addition to that, a
new hypothesis arrives in the fact that mixing proportions are assumed to behave as conservative
tracers during tunnel construction.
A very good agreement was found between results
of hydrodynamic and mixing approaches. A remarkable feature of the hydrodynamic numerical model
is that the better the agreement with measured conservative species the better the agreement with M3
model results. Of course, a better agreement for
mixing fractions than for measured conservative
species at a given control point would make no
sense within the actual approach used to assess the
consistency. Then, control points in which a better
agreement was achieved for conservative species
were selected to compare with mixing proportions.
These control points correspond to the same points
used in the previous chapter to evaluate the role of
chemical reactions. Figures 6.9 through 6.13 show
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the comparison between both hydrodynamic and
M3 computed mixing proportions.
Looking at figures 6.9 through 6.13 the existent
agreement between hydrodynamically computed mixing fractions and hydrochemical mixing model results can be checked. In fact, the agrement is even
better if the accuracy of the M3 model is taken into
account. Laaksoharju & Wallin (1997) evaluate the
uncertainty of the M3 model as been about 10% of
a mixing fraction.
The best agreements between both models have
been achieved for those control points which shown
also the best agreements for conservative species.
At these control points (figures 6.9 through 6.13) we
have the minimum uncertainties related with the hydrodynamic model. It is found that M3 mixing proportions behave as conservative species. Incorporating initial distribution of mixing proportions into
the hydrodynamic numerical model leads to numerically computed breakthrough curves which are totally consistent with hydrochemical mixing model results at these control points.
On the other hand, it was shown in Chapter 5 that
the main source of uncertainty related with the hy-
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drodynamic model was associated to the initial conditions. This uncertainty led to higher discrepancies
between model results and measured concentrations at some control points differents to those
shown in figures 6.9 through 6.13. Figure 6.14
shows a comparison between hydrodynamic and
mixing model results along the tunnel. The comparison was made for June 1 994 because that was the
date with a higher number of field measurements
collected at observation points in the tunnel surroundings. Results computed at 14 selected control
points are included in Figure 6.14.

Quantitative discrepancies between models are always within the uncertainty range. It must be recalled that the accuracy of M3 and hydrodynamic
models model has been estimated as about +/10% for each model separately. In terms of mean
values, the impact of the tunnel construction on the
groundwater system at Aspo is shown in Figure
6.15. Again, it can be seen that both models show
high consistency predicting a very important increase of the Meteoric water influence associated
with a decrease of the Glacial and Baltic waters as
a result of the tunnel impact.

It is possible to observe in Figure 6.14 that hydrodynamic and mixing approaches are also highly consistent using computed data at all observation boreholes. By comparing with undisturbed conditions,
both models predict an important increase of Meteoric water and a decrease of Baltic and Glacial waters within the tunnel surroundings.

Results of the consistency assessment exercise presented in this chapter constitute an additional validation exercise for the hydrodynamic groundwater
flow and solute transport numerical model of the
Aspo site, as well as for the M3 model of Gurban et
al. (1998).

Qualitatively, hydrodynamic and mixing models
agree totally, predicting a maximum of Meteoric
water at a depth of 200 m, and two maximums of
Glacial water at a depth of 230 m and 365 m, respectively.

6.6 Chapter conclusions
Hydrochemical mixing models (M3 model) allow
one to interprete large hydrochemical databases.
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UNDISTURBED CONDITIONS

Tunnel depth (m)

Tunnel depth (m)

.14. Comparison between hydrodynamic (left) and mixing (right) model results along the tunnel on June, 1994.
The impact due to the tunnel construction at the hp'6 groundwater system can be evaluated by comparing
with undisturbed conditions (upper figure).

UNDISTURBED CONDITIONS

JUNE-1994
(HYDRODYNAMIC MODEL)
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Figure 6.15. Mean values of computed mixing proportions in tunnel inflows. A comparison of hydrodynamic and mixing model
is shown forJune-1994 (it was the date with more available field measurements at the selected control points).
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Combining multivariate statistical tools together with
hydrochemical knowledge allows one to formulate
quantitatively-based hypotheses to explain groundwater origin. The hydrochemical mixing model helps
to explain WHY groundwater samples are as they
are, from a genetic viewpoint. However, this model
is unable to explain WHAT and HOW it happens
because it does not account implicitly for physical
processes of the system. Besides, hydrochemical
mixing model does not include time constraints so it
lacks predictive capacity (they cannot explain WHEN
it happens).
Limitations of the mixing model can be overcome
with the groundwater flow and solute transport numerical model, which is based on the governing hydrodynamic processes. By using the hydrodynamic
numerical model it is possible to understand WHAT
it is happening (a hydrogeological disturbance of a
system) and HOW it is happening (mass transfer associated to the hydrogeologic disturbance), as well
as to predict WHEN it will happen.
However, the hydrodynamic numerical model is a
representation of a previous qualitative conceptual
model, which is not able to explain itself details
about groundwater origin. Because both kinds of
models use totally independent methodologies, they
also have different sources of uncertainty.
The mixing model is constructed by using statistical
tools it accuracy being highly dependent on the
available database. It also requires going through

the interpretative step of choosing the proper endmembers.
On the other hand, hydrodynamic numerical model
requires geometry, boundary and initial conditions
and a set of parameters which, in most cases, have
been calibrated.
In the present chapter it has been shown that computed results with both types of models are highly
consistent for the Aspo site. This is considered as an
additional validation exercise for both models. This
exercise corroborates the hypothesis about the origin of the Aspo groundwater samples as being
mainly the result of the mixing of several waters during the last 20,000 years.
On the other hand, the hydrodynamic numerical
model is able to reproduce mixing fraction evolutions as nicely as breakthrough curves of conservative species, without additional calibration.
Methodologically, hydrochemical models based on
multivariate statistical tools can- provide conceptua
models quantitatively supported. Later, these conceptual models can be incorporated into hydrodynamic numerical models to simulate system behavior.
In this manner, hydrodynamic numerical models can
provide predictive capacity to hydrochemical mixing
model results. By incorporating mixing fractions into
hydrodynamic numerical models it is possible studying quantitatively the evolution of the hydrochemical
facies as a result of a given hydrological disturbance.
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Chapter summary

7.1 Introduction

The Redox Zone Experiment of the Aspo HRL was
launched in order to evaluate the effect of the tunnel construction on the hydrochemistry of a deep
granitic formation. The Redox Zone constitutes the
first fracture zone crossed by the Aspo Laboratory
tunnel. The availability of a large amount of hydrochemical information in this experiment was the
main reason to select it for coupled groundwater
flow and reactive solute transport modeling. While it
was simple to construct a groundwater flow model
which reproduced observed drawdowns at boreholes, the same was not true for a flow and solute
transport model able to explain simultaneously
drawdowns and salinities measured at the tunnel and
boreholes. For this reason the conceptual model was
reviewed, and a new conceptual model for the Redox Zone hydrogeology was formulated which provides a plausible explanation for both measured
groundwater heads and salinities. Once calibrated,
the flow and solute transport model is used to perform reactive transport simulations accounting for
aqueous complexation, acid base reactions, redox
processes, cation exchange and minerals dissolution/precipitation. This coupled groundwater flow
and reactive transport model is able to accurately
reproduce the observed behavior of most dissolved
species. However, some discrepancies are found for
dissolved bicarbonates and sulfates. The reactive
transport numerical model has been useful also for
testing quantitatively alternative hydrochemical hypotheses such as: a) leaching of alkaline sulfate-rich
waters from a nearby rock landfill and b) leaching
of seafloor sediment porewaters.

On March 13th, 1991 the access tunnel of the Aspo
HRL intersected a vertical fracture zone at a depth of
70 m below sea level. Prior to tunnel intersection, a
borehole was drilled and sampled in order to know
undisturbed conditions of groundwater at the tunnel
position. These samples provided a reference state
against for comparing the evolution of groundwater
conditions. This vertical fracture zone is known within
the context of the Aspo HRL as the Redox Zone.

Simpevarp

The Redox Zone outcrops on the little island of
Halo, which is located among the mainland coastline, and the Aspo island (Figures 7.1 and 7.2). The
outcrop of the Redox Zone on the Halo island appears as a small topographic depression 1 0 m wide
and 2-3 m deep.
The island of Halo has a slightly undulating topography of well exposed rock, with topographic maxima around 10 m.a.s.l. The geology is characterized by a red to gray porphyritic granite-granodiorite
known locally as "Smaland granite", which belongs
to the vast Transcandinavian Granite-Porphyry Belt
(Banwart et al., 1 999). U-Pb isotopical studies relate
these granites with intrusion ages between 1 7601 840 million years (Banwart et al., 1 999).
Within the depression of the fracture zone outcrop,
directly above the tunnel, there is a 0.2 m deep
layer of soil. This soil overlies a zone of re-worked
sand and gravel extending to 0.5 m, below which a
layer of glacial clay extends to a depth of 1 m. A
percussion borehole drilled from the surface found
a granite base at a depth of 5 m. Between the gran-

Halo

Figure 7.1. Section view showing the entrance of the tunnel to the HRL and the fracture zone under the island of Halo.
Site plan with Halo and Aspo islands and the tunnel projection on surface (Gustafsson et al., 1994).
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Figure 7.2. Three-dimensional view of the tunnel and the Redox Fracture Zone. The access ramp to the HRL intersects
the fracture zone at a depth of 70 m (figure provided by INTERA-Duke Engeneering & Services Company).

ite base and the glacial clay a layer of moraine sediments was found (Banwart et al., 1995 & 1999).
The fracture zone is approximately vertical and is
clearly visible from the access tunnel as a band of
water-bearing fractured rock, with a nominal width
of 1 m (Figure 7.3). Figure 7.3 shows a section and
a plan view of the fracture zone, and the location of
the sampling points and boreholes.
For the purpose of this dissertation, the Redox Zone
Experiment of the Aspo HRL was selected for reactive transport modeling mainly because this experiment provides the most complete chemical database of the Aspo area, in adition to a comprehensive mineralogical characterization.

7.2 Description of the RedoxZone
experiment
The SKB concept for disposal of high level nuclear
waste includes isolation of spent fuel in copper canisters buried several hundred meters in granite bedrock. The repository safety will depend first of all on
the canisters and engineered barriers. Safety assessment must consider eventual failure of these barriers
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and, in such a case, the arrival of long-lived
radionuclides to the biosphere will depend on
hydrogeology and hydrochemistry of the host rock
(natural or geological barrier). Of special concern
are the long-lived isotopes of Neptunium, Plutonium, Technetium, Iodine and Cesium. Among
them, Technetium and the actinides form low solubility solid phases under reducing conditions but are
highly soluble under oxic conditions.
All the considerations exposed above help to understand the importance of the knowledge of the chemical conditions in the surroundings of a Deep Geological Repository. Performance assessment issues
related to groundwater redox chemistry are (Banwart
etal., 1995):
1. The presence and fate of molecular oxygen,
which can corrode copper metal, in the deep
environment at the time of repository closure.
2. Production of hydrogen sulfide, which can corrode copper metal, in the deep environment
after repository closure.
3. Migration of dissolved oxygen from the surface to the repository during construction and
operation stages of the underground facilities.
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figure 7.3. Section and plan views of the tunnel, fracture zone and sampling boreholes of the Redox lone Experiment (Gustafsson et al.,
1994). A) Section view with the location of boreholes drilled from the surface (HBHO I, HBH02 and HBH05). B) Plan view
with the location of boreholes drilled from the tunnel at a depth of70m.o.s.l. (KR0012B, KR0013B andKR0015B).

The Redox Zone Experiment carried out at the Aspo
Hard Rock Laboratory provides an excellent opportunity to test the redox behavior, and the hydrochemistry in general, when an isolated vertical fracture zone is disturbed by a tunnel construction.
The Redox Zone Experiment constitutes a long term
in situ experiment with a large and detailed chemical database at several control points.
The summarized schedule of the main events and
experimental activities of the Redox Zone Experiment
includes (Banwart et al., 1 995):
1. February 20-21, 1991: Drilling of surface
boreholes HBH01 and HBH02 (percussiondrilled).
2. March 9-10, 1991: Sampling of native groundwater at a depth of 70 m.
3. March 12-13, 1991: Tunnel intersects the
fracture zone and sampling starts. Since that
time, March 13th, 1991 is adopted as the
start of the experiment (day 0).
4.

Beginning of the experiment.

8.

Days 93-114; 149-159: Core drilled borehole nearest to the tunnel (KR0012B) opened
with a continuous discharge of 0.3 L/min.

9.

Day 159: Borehole nearest to the tunnel
(KR0012B) closed and the second borehole
from the tunnel (KR0013B) was opened with
a continuous discharge of 8-10 L/min.

10. Day 226: Packers for surface boreholes lowered for single hole hydraulic testing.
11. Day 480: Surface borehole HBH05 percussion drilled and packed off at 5 m depth.
12. Days 792-820: Soil and sediments sampling.
13. Days 836-839: Pressure build-up testing.
14. Days 883-913: G<as sampling in boreholes.
15. Day 983: Fracture minerals sampling by
hand from the access tunnel wall. Precipitates
sampling from packed off borehole sections.
16. End of the experiment (November 11 th , 1993).
Tracer tests were started on January 12th,
1994.

5. Days 26-27: Side tunnel blasting.

7.3 Background

6. Days 47-53: Three boreholes core drilled
into fracture zone from the side of the tunnel (Boreholes KR0012B, KR0013B and
KR0015B).

7.3.1 Hydrogeology

7. Day 93: Mobile laboratory moved into the
tunnel.

The topography along the fracture zone defines a
catchment area on Halo itself of 10,000 m 2 . Con-
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sidering an average annual rainfall between 500
and 675 mm and an actual annual evapotranspiration of about 500 mm, leaves 50-1 75 mm/year for
runoff and groundwater recharge (Banwart et al.,
1995). There are not experimental studies about infiltration and groundwater recharge in the Aspo island but runoff for the Laxemar area (very near the
Aspo island) is estimated to be between 150 and
200 mm/year (Rhen et al., 1997). Knutson &
Morfeldt (1993) suggest a value of 10% of total
precipitation for groundwater recharge to outcrop-moraine areas, giving a recharge of 55-68
mm/year at this site. Previous modelling of groundwater flow at the Aspo site indicate that groundwater recharge should be from 1 0% to 20% of the total amount available for runoff and recharge
(Banwart et al., 1999). These values provide the
best available prior information for recharge rates in
the fracture zones of the Aspo site which should be
within the range from 5 to 35 mm/year.
Recharge-discharge and groundwater flow through
the Aspo area are mainly controlled by the major
tectonic fracture zones and discontinuities (Smellie
et al., 1 995). The Redox Zone constitutes one of the
hydraulic conductors domains defined in the hydrogeological conceptual model of the Aspo area
(Rhen et al., 1997). These conductor domains have
hydraulic conductivity values much larger (several
orders of magnitude) than the conductivity of the
adjacent rock domains (fresh granites). Therefore,
hydrogeologically the Redox Zone can be idealized
as a two dimensional system in the plane defined by
the fracture zone. Under natural (undisturbed) con-

ditions, groundwater flow through the fracture zone
is topographically driven from the highest points to
the discharge areas (mainly the Baltic Sea, and
some swamp areas). When the access tunnel of the
Aspo HRL intersected the fracture zone, the hydraulic conditions were drastically modified, acting the
tunnel and open boreholes as groundwater sinks.
Figure 7.4 shows the hydrogeological conceptual
model of the Redox Zone under natural conditions,
proposed by Banwart et al. (1995 & 1999). Figure
7.4 also shows the location of the tunnel and boreholes on the ideal fracture plane.
Observation of drill cores taken from the surface
boreholes at the site shows that the fracture zone
becomes narrower with depth (Banwart et al.,
1999). These authors reported a nominal width of
1 0 m from 0-3 m depth, 5 m from 3-7 m depth, 2
m from 7-15 m depth and 1 m below 15 m depth.
Gustafsson et al. (1 994) performed a number of hydraulic interference tests. They report transmissivity
values of 1.4 x 10"5 m2/s at 70 m depth and 4.2 x
10"5 m2/s at 45 m depth. Estimated values of
storativity range between 1 0~5 and 1 0' 7 m"'.
Gustafsson et al. (1994) also report the results of
the tracer tests performed in the Redox Zone. These
tracer tests were made under similar conditions to
those prevailing during the Redox Experiment
(KR0013B borehole and tunnel as discharge points).
Three conservative tracers were injected in the surface boreholes at 5, 15 and 45 m depth. Results of
the tracer tests verified the actual occurrence of hydraulic connection among injection and discharge

HALO ISLAND - Vertical
150(m)

Figure 7.4. Conceptual model of hydrogeology for undisturbed (natural) conditions (Banwart et al., 1999).
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points. These authors report travel times of 5 days
between 45 and 70 m depth, and 30 days between
15 and 70 m depth. By means of breakthrough
curves interpretation, a dispersivity of 1 5 - 20 m was
proposed by Gustafsson et al. (1994) for the 45 70 m depth interval. Assuming radial flow,
Gustafsson et al. (1994) deduced a value of flow
porosity from 0.5% to 1.0%.
Immediately prior to the intersection of the tunnel,
the water table above the tunnel position was approximately 0.5 m below the surface (1.5 m above
sea level approximately). Although there was some
drawdown in the water table during the experiment,
Banwart et al. (1994) reported that almost all the
zone remained hydraulically saturated.
Hautojarvi et al. (1994) performed a hydraulic
model of the Redox Zoe Experiment. This work was
made within the framework of the Redox Zone Project itself in order to support the interpretation of
hydrochemical data.
A homogeneous domain was assumed in the model
due to the lack of data about hydrogeological parameters. The numerical model accounted for variable water density.

One of the most remarkable results of Hautojarvi et
al. (1994) model was that the salinity has a minor
effect in groundwater flow in this fracture zone. This
was expected near the tunnel area, where the sink
dominates the flow field. In addition, they showed
that density variations due to salinity distribution
have almost no measurable effects in the computed
pressure distribution, even at a distance of 600 m
from the tunnel (Figure 7.5).
Hautojarvi et al. (1 994) also present a simple transport model with 3 different arriving dispersion fronts.
The purpose of this modeling exercise was to give
an idea about the explanation for the salinity of the
inflowing water as a function of time. They did not
present a comparison of measured data and computed results.

7.3.2 Hydrochemistry
Systematic sampling of groundwater was done in
the boreholes and tunnel wall during the Redox
Zone Experiment. The main results of the Redox
Zone Experiment are reported in Banwart et al.
(1 995) and an excellent summary of the experiment
can be found in Banwart et al. (1 999).
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figure 7.5. Computed pressure field with and wihut density variations at 70 and 280 m depth (Hautojarvi et al. 1994).
Solid line: coupled with density variations. Dashed line: non-coupled with density variations.
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Three weeks after the start of the experiment a sharp
dilution front arrived to the access tunnel. This appeared as a dramatic decrease in Cl~ and cation
concentrations, and an increase in HCO3 concentration in the groundwater flowing from the roof of
the tunnel. A short time later, dissolved Fe concentrations in the tunnel inflows decreased to near zero
for a period of a few weeks. This could be taken as
an indication of the arrival of an oxidation front to
the tunnel position (Banwart et al., 1 999).
Figure 7.6 shows the time evolution of dissolved Cl~
and Fe(tot) concentrations measured in the tunnel.
After the initial dilution, the fracture zone at 70 m
depth became increasingly saline. In day 159 the
discharge borehole was opened for continuous discharge. Some time later, another dilution stage, less
pronounced than the first one, is observed at some
boreholes (very clearly at KR0013B and KR0012B).
Figure 7.7 shows the Cl~ concentrations measured
at boreholes KR0012B and KR0015B. One can see
in this figure the measured dilution at a depth of 70
m. According to Banwart et al. (1999), after 50
days both the significant dissolved Fe concentrations
at all sample locations and the stable and continuously measured redox potentials (within the range
-150 < Eh < -100) indicate that anoxic conditions
prevail in the fracture zone. pH remained constant
near a value of 8 through out the experiment
(Banwart ertal., 1999).
HCO3 and SC>4~ concentrations increase significantly during the experiment at the sampling points
located at 70 m depth (Figure 7.8). During the last
part of the experiment the concentration of most sol-

utes remains relatively constant (Figures 7.7 and
7.8). Banwart et al. (1 999) interpret the stabilization
of concentrations as an indication of steady conditions for transport and chemical processes in the
area of the experiment.
The overall results and interpretation of the Redox
Zone Project were reported by Banwart et al. (1995).
This report includes the methodology and the results
of the mineralogical, isotopic, microbiological and
hydrochemical studies. Later, Banwart et al. (1 999)
presented a summary of the hydroche- mistry of the
Redox Zone Experiment.
Dilution of the saline native groundwater by fresh
recharge water is the dominant process controlling
the hydrochemistry evolution during the experiment
(Banwart et al., 1995). From chloride data, Banwart
et al. (1995, 1999) calculated mixing fractions of
recharge fresh water and native saline water for water samples collected at the three boreholes located
at 70 m depth.
These mixing factors were used to predict 1 8 O values of groundwater samples. In general, a very
good agreement was found with measured values.
Later, they used the mixing model to predict the
concentration of other solutes, in order to assess the
role of chemical reactions.
Chloride dilution was greater in boreholes KR001 2B
and KR0015B, located 10 m on each side of the
discharge borehole (KR0013B). Assuming constant
chlorinity for the native saline groundwater during
the experiment, Banwart et al. (1999) computed an
average dilution on each borehole of 83%.
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Figure 7.6. Chloride and dissolved Fe concentration evolution measured at the tunnel wall.
There are no available chemical data for the tunnel after 400 days.
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Figure 7.7. Chloride concentration evolution measured at A) KR0012B borehole and, B) KR0015B borehole.
A strong dilution is recorded during the experiment at tunnel depth (70 m).
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Figure 7.8. Bicarbonate and sulphate concentrations evolution measured at KR0012B and KR0015B boreholes.
These boreholes are located at both sides of the open borehole KROO13B (see figure 7.4 for location).

When the mixing modeling was extended to the rest
of solutes, significant sources for HCO3, SO^~ and
Na + were found. On the other hand, a less relevant
sink for Ca 2 + was identified.
Viani & Bruton (1997) demonstrate that the behavior of Na + and Ca 2 + is consistent with cation exchange, with preferential exchange of dissolved
Ca 2 + and displacement of exchanged Na + during
the dilution of saline groundwater.
Isotopic (Banwart et al., 1995 & 1996) and microbiological (Pedersen et al., 1995) studies conclusively ruled out SO;;" reduction during the experi-

ment, and provide significant evidence supporting
Fe(lll) reduction as respiration pathway for oxidation
of organic C in the fracture zone. Results reported
by Tullborg & Gustaffson (1999) illustrate the large
increase in 14C activity measured in both dissolved
organic and inorganic C during the experiment,
providing evidence for a source of young organic C
oxidizing into the groundwater. Significant amounts
of dissolved CH4 were also found in the fracture
zone (Banwart et al., 1 996).
Bruton & Viani (1997) propose that anion exchange
due to adsorption competition between HCO3 and

137

Testing and validation of numerical models of groundwater flow, solute transport and chemical reactions in fractured granites

SO4 may occur, with HCO 3 dominating the surfaces almost completely at the near neutral pH.
However, they also conclude that the total adsorption capacity expected for the fracture zone, is likely
to be too small for anion exchange to have a significant impact on dissolved SO^~. Banwart (1 997) carried out calculations of the adsorption equilibrium
and concluded that if anion exchange occurs, the
adsorption capacity would have to be on the order
of 0.2 mol/L to explain the increase of SO^" concentrations observed during the experiment.

al. (1 999) argue that this groundwater source would
then have [Mg2+]/[CI-] and [K+]/[CI-] ratios that
must be the same as the native saline groundwater,
in order to be consistent with the behavior of these
ions during the experiment.
In spite of the fact that isotopic studies ruled out the
dissolution of calcite as being the main process responsible for the increase in HCO3 concentrations
(Wallin et al., 1995), thermodynamic calculations
show that shallow groundwater (0-15 m) is unsaturated with respect to calcite (Banwart et al., 1999).
Then, dissolution of this mineral could be expected
to take place during the experiment.

There is no conclusive explanation for the increase
in dissolved S O f (Banwart et al., 1999). Sulfur isotope data (Wallin, 1995) show that SO;;" originating from either sea water, deeper groundwater or
atmospheric deposition would not be consistent with
the isotopic signature of dissolved SOj" at sampled
boreholes. Banwart et al. (1999) state that the hypothesis of anion exchange is an attractive explanation, mainly because any change in the isotopic
composition would be reflected identically for ions
in solution or those adsorbed.

Figure 7.9 shows the scheme of the hydrochemical
conceptual model for the Redox Zone Experiment as
proposed by Banwart et al. (1 999).

7.3.3 Mineralogy
Tullborg (1995) reports the main results of the mineralogical and geochemical studies of the Redox
Zone Experiment. Figure 7.10 shows a summary of
the fracture zone mineralogy and the Fe(ll) content
of host rock and fracture minerals, based on characterization of drillcores coming from the three
boreholes in the side tunnel.

Pitkanen et al. (1999) suggest that an unknown
source of groundwater with high SO4~ concentration is entering the fracture zone during the experiment, which may explain the observed increase in
SO!" concentration. On the other hand, Banwart et

Hydrofogic dola
Total discharge
5260 mVyeor
Recharge
4050 mVyear
Residence time
8 months
Flow volume
2700 m 1

HALO ISLAND - Vertical
-50

150 (m)

0

Cation Exchange
t
2 R J o * + Co"

Carbon Respiration
with iron R edoction
CH,0 - > HCO,
Fe (OH),.,. > F e "

Biogenic Methane Production
2 C H 0 - K O , , + CK,..

Competitive Anion Adsorption
sFe,S04" + HCO, • =fe,HCO, + So,'
Calcite Dissolotion ond Precipitation
Co'" + HCO,•• CoCO,.,, + H"

Figure 7.9. Conceptual models of the hydrogeology and the hydrochemistry for the Redox lone under disturbed conditions
(Banwart etai, 1999).
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Figure 7.10. Mineralogy (A) and iron availability (B) in a profile from the fresh granite to the fracture zone (Tullborg, 1995).

The fresh host granite is a typical monzogranite according to the rock classification of Streckeisen
(1976). The main rock-forming minerals are plagioclase, K-feldspars, quartz and biotite. The dominant
accesoryc minerals are epidote, sphene, magnetite
and less frecuently zircon, apatite, pyrite and calcite.
Between the fresh rock granite and the fracture zone
there is an altered transition zone. This altered band
shows obvious signs of oxidation and weathering,
and the most remarkable facts are (Tullborg, 1 995):
1) Biotite is completely altered and replaced
mainly by chlorite.
2) Plagioclase grains are altered to albite+sericite+epidote.
3) Quartz is intensely recrystallized.
4) Micro-grains of pyrite are more frequent than
in the fresh granite.
In the fracture zone, dominating minerals are chlorite, calcite, epidote, clay minerals, hematite/FeOOH,
and less frequently also fluorite and pyrite. The results reported by Tullborg (1995) show a strong evidence about the ocurrence of different generations
of calcite. Two different types of clay minerals were

also identified; illite and swelling clay minerals
(smectite or mixed layer clay minerals).
Tullborg (1995) found strong correlation between
the grain size of the fracture fillings and mineralogy.
The author reported that generally, the larger pieces
(> 1 mm) consist of red stained hydrothermally altered granite, whereas the smaller grains (< 0.5
mm) usually are mono-mineralic. K-feldspars,
quartz, chlorite and altered plagioclase (clay minerals) are the dominating minerals at that fraction, but
also calcite, epidote, FeOOH, laumonite and
prehnite occur. In the < 2 mm fraction, mixed layer
clay minerals dominate, but significant portions of
chlorite and illite are also present.

7.4 First stage hydrogeological
modeling
7.4.1 Introduction
In this Section, results of the first attempt to model
the hydrogeological system of the Redox Zone Experiment are presented. Many problems and diffi-
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culties were found when a groundwater flow and
conservative transport numerical model was tried.
The achievements and findings of this modeling
stage were essential for the rest of the work. The
achieved results of this first model helped to realize
the convenience of revisiting the hydrogeologica
conceptual model, propose a new one and start
again with a second numerical model.

The fracture plane was assumed to be heterogeneous. Two zones with different hydrodynamic parameters were defined (Figure 7.11). The shallow
granite layer has a transmissivity greater than that of
the deep granite layer. Selected flow parameters
were derived from Gustafsson et al. (1994) and are
shown in Figure 7.11.
Transport parameters (dispersivity and porosity) were
obtained also from Gustafsson et al. (1994) who
conducted several tracer tests. As a firts guess, the
following transport parameters were assigned to
both zones: porosity = 1%, longitudinal dispersivity
= 25 m and transverse dispersivity = 5 m. Figure
7.11 also shows the location of selected observation points used for comparing measured data and
computed results.

A brief summary of the first numerical model is included below.

7.4.2 Conceptual model
In this first modeling stage, the hydrogeological
conceptual model proposed by Banwart et al.
(1999) for the Redox Zone Experiment was used
(see Section 7.3). The numerical model of the fracture zone was idealized as 2-D flow in a vertical
plane and its domain was extended to the Halo island (Bockholmen). The model domain covers 250
m in length and 140 m in depth (Figure 7.11) and
starts (t=0) on March 13th, 1991 when the access
tunnel intersected the fracture zone.

7.4.3 Spatial and time discretization
Figure 7.12 shows the finite element mesh used for
spatial discretization of the problem which contains
1,154 nodes and 2,228 triangular elements. The
mesh was progressively refined near the open borehole (KR0013B) and near the Baltic Sea where the
strongest gradients of groundwater heads and solute concentrations were expected to take place.

It is assumed that the fracture zone remains saturated during the experiment. The model accounts
for the following solute transport processes: advection, mechanical dispersion and molecular diffusion. At the scale of the experiment, the effect of
density changes on water flow are considered negligible (Hautojarvi et al., 1 994) and therefore a constant-density flow model was used.
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The modeling time horizon was discretized into 900
time steps having durations ranging from 0.4 (at the
beginning of the experiment) to 2.7 days (at late
stages of the experiment).
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Figure 7.11. Model domain and observation points to compare measured and computed data. Material zones and flow parameters
used in the first numerical model of the Redox lone Experiment.
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figure 7. JZ Finite elements mesh used for spatial discretization of the first numerical model.
The mesh consists on 1154 nodes and 2228 triangular elements.

7AA Boundary and initial conditions
7.4.4.1 Groundwater flow

The tunnel and the open borehole (KR001 3B) constitute inner boundaries with prescribed flow rates of
0.9 L/min and 7.6 L/min, respectively. A time function was used to simulate the opening of the borehole on day 159 (Figure 7.13).
Initial conditions for groundwater head distribution
were computed solving the steady state problem for
undisturbed conditions (without tunnel and open
boreholes).

^

The boundary conditions used for groundwater flow
are shown in Figure 7.13. A constant recharge of
30 mm/year was prescribed along the upper
boundary. At both sides and at the bottom of the
model domain a Cauchy mixed boundary condition
was specified. In this type of boundary condition the
flux is given by the product of a leakage coefficient
times the difference between an external head and
the head on the boundary (see Equation 2.12).

Large leakage coefficients were used initially (on the
order of 1,000 d'1). The external head was assumed to be equal to 5 m.

KR0013B: 7.6 L/min

FLOW RATES

RECHARGE BOUNDARY

TUNNEL: 0.9 L/min
159

TIME

938

QUCHY (MIXED) BOUNDARY

Figure 7.13. Boundary conditions for groundwater flow of the first numerical model.
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7.4.4.2 Solute transport
Figure 7.14 shows the boundary conditions used for
solute transport. Chloride concentration of groundwater recharge along the upper boundary was assumed equal to 6 mg/L. Cl~ concentration was prescribed at the bottom boundary to a value equal to
that of saline native groundwater. Measured Baltic
sea Cl~ concentration was prescribed at the uppereast corner of the domain. Concentration at nodes
along the sides of the domain was assumed constant in time and equal to its initial guess.
There is limited information for defining the initial
conditions of salinity. Available data for the conditions prior to the starting of the experiment include
measured values for the Baltic Sea water, samples of

very shallow fresh water and a sample of native saline groundwater at a depth of 70 m (Figure 7.1 5).
It is well known that island aquifers have a fresh
groundwater lens with a maximum thickness under
recharge zones (usually the highest topographic
points). The transition between fresh and saline water
in coastal aquifers under natural conditions is generally very thin and it is usually idealized as a sharp
interface (Custodio, 1983 c). This interface exhibits
parabolic shapes with the thickness of the fresh water tending to zero near the coastline (Figure 7.15).
Based on the Dupuit-Forcheimer assumption of
nearly horizontal groundwater flow and neglecting
the existence of a transition zone between fresh and
saline water, the depth of the interface in a phreatic

BALTIC SEA/SEDIMENTS (?)
C (A1ETE0RIQ

t

PRESCRIBED CONCENTRATION (NATIVE)

Figure 1.14. Boundary conditions for solute transport of the first numerical model.

Figure 7.15. Available information and conceptualization of the initial conditions for solute transport of the first numerical model.
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A depth of 56.3 m is obtained using Equation 7.1
at the tunnel location and assuming a natural recharge of 120 mm/yeor and flow parameters similar to those reported by Gustaffson et al. (1994).
This high value of areal recharge along the fracture
zone amounts to a recharge value of 1 5 mm/year if
the total catchment area of the Halo island is considered. It is worth noting again that the Redox Zone
outcrop forms the most important depression within
the catchment area. 120 mm/year over the fracture
zone is the same that 1 5 mm/year infiltrated on the
whole catchment area which go finally to disharge
over the fracture zone depression. Figure 7.16
shows the computed fresh-saline water interface using Equation 4.1 and a recharge value over the
fracture zone of 120 rnm/year. This interface was
used to generate initial chloride concentrations.

aquifer can be obtained by means of (Custodio,
1983 c):
2

Z2 =

2q0X-Wx2
(7.1)

and
YJZJLL

Y,
where:
Z = depth of the interface
q0 = Darcy velocity of the fresh water in the aquifer
W = aquifer recharge
K = hydraulic conductivity
ys = specific weight of saline water
yf = specific weight of fresh water

7.4.5 Numerical tools

Laaksoharju et al. (1995) estimate that under natural conditions the transition between fresh and saline water must be at a depth between 45 and 70 m
at the tunnel vertical. The results of their kriging interpolation indicate that the transition is at a depth
of 55 to 57 m.

-140

-120 -100

60

GEOSTAR v. 2.0 (Structural Research & Analysis
Corporation) was used for pre-processing the numerical model. GEOSTAR is a three dimensional interactive, CAD-like geometric modeller, mesh gen-

-40

-20
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20

40
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80

100

-J

-100-

-120 —

-140 —

Sea water/ Fresh »ater boundary
Unconfined aquifer with a cosront recharge
Custodio (1983)

Figure 7.16. Computed fresh-saline groundwater interface with equation 7.1. Jhis interface was used to define the boundary
between fresh and native saline water at the initial conditions of the numerical model. At the tunnel position (x=0)
the interface is located at a depth of 56.4 m.
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erator and a powerful tool for Finite Element
Analysis pre-processing (see Appendix 3).
Flow and reactive transport simulations were carried
out with CORE-LE-2D v.O (Samper et al., 1998), and
VISUAL CORE v. 1.0 (Samper et al., 1 999). Both of
these codes belong to the CORE2D family of codes
which share the common capability of solving groundwater flow, heat transfer and multicomponent reactive solute transport in variably saturated media (see
Appendix 3 for a detailed description of the code).
CORE2D has undergone a detailed verification of
nonisothermal reactive transport routines (Montenegro et al.,
CORE2D is a finite element code, developed at the
University of A Coruna, which solves for groundwater flow, heat transport and multi-component reactive solute transport under the following conditions:
(1) 2-D confined or unconfined, saturated or unsaturated, steady or transient groundwater flow
with general boundary conditions (Dirichlet,
Neuman, and Cauchy).
(2) Solute transport accounting for advection, dispersion and molecular diffusion processes.
(3) Chemical equilibrium reactions taking place in
the aqueous phase which include: (a) Acidbase, (b) Redox and (c) Aqueous complexation.
(4) Chemical reactions involving other solid and
gaseous phases such as: (a) Surface adsorption, (b) Ion exchange, (c) Mineral dissolutionprecipitation and (d) Gas dissolution-exsolution. Mineral dissolution-precipitation reactions can be considered either at local equilibrium or kinetically controlled.
(5) Radioactive and biodegradation decay chains.
(6) Transient heat transport considering conduction,
convection and heat dispersion processes.
Post-processing of model results was carried out
with the VISUAL CORE software package (Samper et
al., 1999). VISUAL CORE is provided with interactive post-processing tools which allow the user to
display both, spatial contour plots and time series,
directly from CORE2D output files (see Appendix 3).
A complete technical description of all codes is presented in Appendix 3.

7.4.6 Results of the first numerical model
This first numerical model of the Redox Zone Experiment was used to test and calibrate different hydro-
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geological scenarios. The calibration was performed,
by comparing computed groundwater heads (at
borehole HBH01, see Figure 7.4) and chloride concentrations (at all available sampling points) with
measured field data.
At the beginning it was not possible to find a numerical model which could explain simultaneously observed patterns of groundwater heads and chlorinity. Calibration of flow parameters allowed to reproduce measured heads at HBH01 borehole, but
computed Cl~ concentrations were much greater
than measured values at all boreholes. On the other
hand, it was possible to reproduce the dilution patterns at the observation points by adjusting bottom
boundary leakage coefficients, which control the
amount of saline water coming from the bottom
boundary. Observed chloride data could be matched by decreasing significantly the leakage coefficients but then, computed drawdowns at HBH01
borehole became drastically greater than those
measured.
According to Banwart et al. (1 995, 1 999), the maximum recharge of fresh water at Halo Island into the
experiment area ranges from 1 .0 to 3.3 L/min.
However, the observed dilution at the tunnel and
boreholes requires a greater amount of fresh water.
Banwart et al. (1995, 1999) concluded that there
must be another source of fresh water in addition to
the recharge over Halo island. They proposed the
possibility of "lateral flows" flowing towards the
Halo island induced by the tunnel. The results of our
first numerical model seem to be consistent with
Banwart et al. (1 995, 1 999) statements in the sense
that an additional source of fresh water is needed to
reproduce simultaneously measured drawdowns
and chlorinity evolution.
A more consistent numerical solution was obtained
by using a Dirichlet flow condition (with a prescribed
head of 5 m) at the shallowest part of the west
boundary. This alternative boundary condition allowed a greater input of fresh water coming "laterally" from the west. Figure 7.1 7 shows the results of
2 runs obtained with this model, using two extreme
values for the concentration of the Baltic Sea water
(Upper East boundary). Reported chlorinity of the
Baltic Sea in the vicinity of Aspo island ranges from
1,500 to 4,000 mg/L (Banwart et al., 1 999).
It can be noticed in Figure 7.17 that computed
chloride concentrations at KR0012B borehole were
very sensitive to the salinity of the Baltic sea. This
figure illustrates that it is possible to obtain a more
consistent numerical solution when an additional
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Figure 7.17. Computed and measured values (points) of groundwater chlorinity evolution at a depth of 70 m. Solid line with triangles:
Computed results using Baltic sea chlorinity = 1,500 mg/L Solid line with crosses: computed results using
Baltic sea chlorinity=3,500 mg/L

source of water coming from the west is considered
in the numerical model.
After many trials with the numerical model, it was
found that the best scenario to reproduce observed
chloride concentrations evolution at KR0012B and
KROO1 5B boreholes was to use also a Dirichlet condition at the shallow part of the east boundary, associated with a typical fresh water concentration (as
was made previously in the west). These new boundary conditions allow even more fresh water to enter
"laterally".
Figure 7.18 shows computed results considering this
new scenario, and a scheme of the modified boundary conditions. By using this new run the fit of
groundwater heads at HBH01 borehole was still
good, and it can be observed in Figure 7.18 that
computed chlorinity at KR0012B improves a lot
(with respect to the previous run).
Figure 7.18 represents the best results for groundwater flow and conservative transport achieved with
the first numerical model. It can be concluded that
with the new boundary conditions (additional fresh
water entering the system laterally) the numerical

model was able to provide a consistent solution for
flow and transport, showing a good agreement with
measured groundwater heads (not shown in figures
7.17 and 7.18) and an acceptable fit with measured chloride concentrations (Figure 7.18). However, it must be recalled that in order to achieve
such results, a fresh water boundary condition was
needed on the shallow parts of both east and west
boundaries, just under the Baltic Sea, which seems
very unrealistic.

7.5 The Redox Zone revisited
7.5.1 Retrospective overwiev
The first numerical model of the Redox Zone was
less successful than expected. Many trials with the
numerical model were needed to achieve a consistent solution for groundwater heads and chlorinity.
In fact, such a solution required using fresh water
boundary conditions at both sides of the model (Figure 7.18).
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Figure 7.18. Computed and measured values of chlorinity, at a depth of 70 m. This run provides the best results achieved
with the first numerical model. Fresh water is entering from both, shallow west and east boundaries.

As mentioned before, using a single mixing model
Banwart et al. (1995, 1999) arrived to the conclusion that, in addition to the available recharge water
at the catchment area, an extra-fresh water input is
needed to explain measured dilution at the 70 m
deep boreholes. However, to use fresh water
boundary conditions in the case of an island seems
to be an unrealistic, difficult to support hypothesis.
That was the reason why the first numerical modeling stage was stopped here.
Figure 7.19-A shows a general location map of the
Aspo area. It can be seen in this figure Bockholmen
island, which is a little island independent to Halo.
Other reports and papers show Bockholmen and
Halo connected (see Figure 7.1). If Bockholmen is
not an island but is connected to Halo, then it can
be observed in Figure 7.19-A that the system
Halo-Bockholmen would form a peninsula connected with the mainland at Simpevarp.
On the other hand, Figure 7.19-A also shows
the east boundary of Bockholmen is in contact
the Baltic Sea, but in fact, there is only a very
row estuary separating Bockholmen and the
Avro island (Figure 7.19-A).
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Due to these uncertainties about Bockholmen geometry and boundaries, and also about the salinity
of the estuary, a field trip to the Redox Zone site was
performed.
Figure 7.19-B shows the aerial picture of the Redox
Zone area, and a mapping of the fracture zone outcrop, made during the visit to the site. It can be noticed that Bockholmen island is actually connected
with Halo. This connection is made by means of a
big landfill which apparently was built during the
construction of the Oskarshamn Power Plant. The
landfill has two parts, an ancient part covered by
grass and little trees, and a new landfill zone.
It was observed that the new landfill is mainly composed by blocks of granite and concrete although
sand, clay and cement are also present. Surface
stagnant water at the landfill area showed red-yellowish colors indicating a probable high content of
iron and organic matter. The landfill is directly in
contact with the Redox Zone. In fact, the fracture zone
outcrop is covered by the landfill (Figure 7.19-B).
In summary, it was found that the fracture zone is
not in contact with the Baltic Sea on the west
boundary, but under a rock landfill containing pos-
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Bockholmen
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New Landfill
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Oskarshamn
Power Plant

Figure 7.19. A) General location map of the Aspb area with Aspo, h o and Bokholmen islands. Halo is a peninsula connected to the
mainland at Simpevarp. B) Aerial picture of the Redox lone site and a mapping of the fracture zone outcrop.
The Oskarshamn Power Plant is located at Simpevarp. In front of the Power Plant, Bockholmen appears connected with Halo
by means of a big rock landfill. Jhe fracture zone goes under the landfill and it is in contact with the Baltic estuary,
which separates Bockholmen and h o island. Star symbols represent the location of the collected Baltic water samples.
(Aerialpicture with the authorisation from Swedish Lanfmeteaverket 1999. From GSD-Ebnomic map 507-99-236).

sibly a large amount of cement, clay and iron. The
landfill constitutes the highest topographic point on
the west area. A high value of hydraulic conductivity
is pressumed for such a material. The east boundary
of Bockholmen is in contact with a narrow and shallow estuary (50-1 00 m wide and some few m deep).
Behind the estuary there is a big island (Avro island).
Two samples of water were collQcted at the estuary
and laboratory results showed a chlorinity around
3,500 mg/L, which coincides with the proposed
mean value for the Baltic sea around the Aspo island (Gurbanetal., 1998).

7.5.2 Alternative hydrogeological
conceptual model
Figure 7.20 shows a scheme of the conceptual
model for the hydrogeology of the Redox Zone site
under undisturbed (natural) conditions. The modeled domain has been extended in order to reach
natural groundwater boundaries. To the west, the
central point of the landfill constitutes the highest
topographic point. To the east, behind the Baltic estuary the model was extended to the first maximum
in topography over the Avro island. Two shallow
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Saline water

Figure 7.20. Conceptual model of the hydrogeology of the Redox lone under undisturbed (natural) conditions.

fresh water lenses are expected under both,
Bockholmen zone and Avro island. Under natural
conditions both shallow hydrogeological systems
are independent. Shallow groundwater flows from
recharge zones to the Baltic estuary. A saline-fresh
water interface must be present, reaching its maximum depth under the recharge zones and tending
to zero at the Baltic estuary.
Figure 7.21 shows the hydrogeological conceptual
model 148 days after the tunnel intersection (just
prior to the opening of KR0013B borehole) and after 900 days (near the end of the experiment). During the first 148 days the tunnel is the only groundwater sink at 70 m depth, with a discharge flow rate
around 0.9 L/min. Some of the flow lines going naturally from the Bockholmen surface to the Baltic estuary are intercepted by the tunnel (Figure 7.21-A).
KR0013B borehole is opened after 149 days with a
constant discharge around 7.6 L/min and, some
time later, the hydraulic disturbance reaches the
Baltic area, allowing the bypass of the Avro fresh
water towards the tunnel location (Figure 7.21-B).
Due to the propagation of the hydraulic disturbance
to the east, the saline groundwater wedge located
under the Baltic estuary is flushed towards the tunnel
location. Once the saline wedge is flushed, the fresh
water coming from both sides (Bockholmen and
Avro) causes the observed dilution at all boreholes.
This alternative conceptual model is consistent with
the fact of having fresh water input under the Baltic
estuary. Then, the similar dilution trends recorded at
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both sides of the open borehole (at KR0012B and
KR0015B; see Figure 7.7) can be reasonably explained.

7.5.3 Considerations and hypotheses
The most remarkable achievement of the Redox
Zone field trip (performed after sttoping the first numerical model) was the finding of the rock landfill.
The occurrence of the landfill provides an explanation for additional sources of fresh water other than
just the recharge over the Bockholmen area. However, from a hydrochemical point of view the possible influence of the landfill must be considered.
As mentioned previously, HCO3, SO;;", Na + and
Ca 2 + ions were found as being the most reactive
solutes in the Redox Zone Experiment (Banwart et
al., 1999). It is worth remarking that this conclusion
was achieved by means of a mixing model accounting only for mixing of fresh recharge water and saline native water. Banwart et al. (1995 & 1 999) provide a number of hypotheses to explain the observed trends in the hydrochemical behavior of
groundwater during the experiment, which constitute
the best available conceptual hydrochemical models
for the Redox Zone. However, none of the previous
works about the Redox Zone hydrochemistry accounted for the possible influence of the landfill.
Banwart et al. (1999) state that there is not a wholly
suitable explanation for the important increase re-
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T = 148 days

T = 900 days

Figure 7.21. Conceptual model of the hydrogeology of the Redox lone under disturbed conditions.
A) just prior to the opening of the KROO 13B borehole. B) at the end of the experiment.

corded in dissolved SO^ . As mentioned above, a
large amount of concrete and cement was found in

the landfill. Among the minerals typically found in
the cement there is ettringite, which is a calcium and
aluminum sulfate (Steefel & Lichtner, 1994). It is
known that fresh recharge water and cement interaction can form alkaline solutions with large
amounts of Ca 2 + and SO^". Gypsum is also a mineral that can be present in the landfill assuming it
contains construction materials remaining from the
power plant.
In addition to the increase of SO^~, a dramatic increase of HCO3 was recorded during the experiment. As mentioned, Banwart et al. (1995, 1999)
relate this Increase of HCO3 with degradation of organic matter. This degradation process seems catalyzed by microorganisms in presence of Fe(lll) min-

erals. Fe(lll) could act as electron acceptor in the redox degradation reaction (Banwart et al., 1995).
The chemical reaction describing this process was
already introduced in Chapter 5.
Stagnant surface water at the landfill site indicates
the availability of Fe(lll) and organic matter and, on
the other hand, iron reduction bacteria have been
found in the Redox Zone groundwater (Pedersen et
al., 1995).
If the landfill were to play a relevant role in the
hydrochemistry of the Redox Zone Experiment, then
there should be some chemical signature which
could help discriminating the samples collected at
KR0015B borehole (the nearest to the landfill) from
those at KR0012B borehole (the nearest to the Baltic estuary). Figure 7.22 shows the time evolution of
HCCK and total Fe recorded at both boreholes. It
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Figure 7.22. Time evolution of bicarbonate and total dissolved iron at KROO I2B and KR0015B boreholes.
Measured concentations are always higher at the borehole closer to the landfill.
isotopes activities. 13 C measurements are consistent
with the occurrence of methane bacteria (Tullborg,
personal communication), and water collected at
KR0015B shows larger contents of these isotopes.
14
C measurements clearly indicate a greater influence of young carbon at KR0015B borehole (the
nearest to the landfill) than at KR0012B borehole
(the nearest to the Baltic sea).

can be seen that KR0015B borehole always shows
larger concentrations of both bicarbonate and iron.
This fact is consistent with the occurrence of organic
matter degradation through iron reduction, probably enhanced at the landfill area. Figure 7.23 shows
the time evolution of 13 C and14 C measurements at
both boreholes. It can be observed that KR0015B
systematically shows higher values for both carbon
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Contrarily to that observed for carbon and iron, no
clear differences are found in sulfate concentrations
measured at both boreholes (Figure 7.24). Sulfate
analytical data show an important scatter in the
breakthrough curves (Figure 7.24).
In summary, data analyses indicate that, at least for
the carbon cycle, there could be some influence of
the landfill on measured groundwater hydrochemistry. Measured data are consistent with the fact
that the landfill could be a "hot spot" for organic
matter degradation.

7.6 The second numerical model
of the Redox Zone experiment
7.6.1 Introduction
A second numerical modeling stage of the Redox
Zone was performed in order to include all previous
considerations and the latest available information
described in Section 7.5. The hydrogeological conceptual model proposed in Figures 7.20 and 7.21
was adopted. The main difference of the new
model, compared to the previous numerical model,
is that the model domain is extended further laterally
in order to reach natural groundwater boundaries.
The extended model allows one to overcome unjustified assumptions about "lateral flows" and ground-

0

water boundary conditions. The model domain was
also extended in depth to minimize the influence of
uncertainties about bottom boundary conditions.

7.6.2 Numerical set up
7.6.2.1 Model domain and spatial discretization
Figure 7.25 shows a topographic map and a threedimensional view of the Aspo site, including
Bockholmen, Halo and Avro island. In this figure,
the extended domain of the Redox Zone model is
shown on the map as a line. The new model domain covers nearly 1 km in length, from Avro in the
east to Bockholmen in the west. Among Avro and
Bockholmen the Baltic estuary is included into the
model domain (Figure 7.25). Lateral boundaries coincide with topographic highest points, which constitute natural groundwater divides. At the west boundary the model domain extends up to the highest
point of the landfill. The topographic high of that
point was guessed at 10 m.a.s.l. (not shown on the
map, which is older than the rock landfill).
Spatial discretization of the model was performed by
triangular finite elements. Figure 7.26 shows the finite elements mesh of the second numerical model.
The mesh consists on 1,049 nodes and 1,985 triangular elements. The mesh was refined near the tunnel and boreholes, as well as in the surroundings of
the Baltic estuary where the strongest gradients of

250 500 750 1000 1250 1500 1750 2000 2250 2500 2750 3000
Time (days)

Figure 7.24. Time evolution of dissolved sulfates at KR0012B and KROO15B boreholes. Ho clear difference is observed
among both boreholes. Measured data show a considerable scatter.
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Figure 7.25. Topographic map and three-dimensional view of the kpo site. The extended model domain is shown as a line.

both heads and concentrations were expected. The
mesh was also refined near the landfill area (Figure
7.26). Elements size was progressively increased towards the east and bottom boundaries. Near these
boundaries solution accuracy will be sacrificed in
order to save computing requirements.

7.6.2.2 Material zones, parameters
and boundary conditions
Five different material zones were defined in the numerical model in order to account for spatial heterogeneity. There are field evidences for a decreasing
of the fracture zone width in depth, from a nominal
width of tens of meters on surface to a nominal

width of 1 m at a depth of 70 m (Banwart et al.,
1 999). Assuming a constant value of hydraulic conductivity, a decreasing of transmissivity can be expected as a result of fracture width decreasing with
depth. Results of hydraulic testing indicate a greater
transmissivity at a depth of 45 m than at a depth of
70 m (see Section 7.3.1), which is consistent with
the previous considerations.
Three material zones were used to represent the
transmissivity of the granite: material zone #1 goes
from the surface to a depth of 50 m, material zone
#2 covers from 50 m to 1 50 m depth and, finally,
material zone # 3 extends from 150 m to a depth of
300 m. Material zones # 4 and # 5 represent sea-
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figure 7.26. Finite elements mesh used for spatial discretization of the second numerical model of the Redox lone. The mesh consists
on 1049 nodes and 1985 triangular elements. The mesh is strongly refined near the boreholes and the Baltic Sea.
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floor Baltic sea sediments and the landfill, respectively. Figure 7.27 shows the geometry of the
adopted hydrodynamic zones.

a chlorinity around 8,000 mg/L at a depth of 300
m (Laaksoharju and Wallin, 1997) which is consistent with the previous assumption. To avoid downwards flow paths of fresh water crossing the bottom
boundary a hydraulic head of 4 m was prescribed at
the bottom boundary and at the upper corners of
the model domain.

Table 7.1 lists parameter values adopted for each
material in the numerical model. The selected values were derived from field data and following the
recommendations of Gustafsson et al. (1994) and
Banwartetal. (1999).

Tunnel and KR0013B borehole constitute inner
boundaries of the model. Measured flow rates at
both discharge points were prescribed similarly to
the first stage numerical model (see Section 7.4.4
and Figure 7.13).

Boundary conditions for groundwater flow include
impervious groundwater boundaries at both sides of
the model (groundwater divides) and prescribed recharge of 30 mm/year on the upper boundary. An
exception of the upper boundary is the Baltic Sea
area where groundwater head was prescribed with
a value of 0 m.

Boundary conditions for solute transport include saline native groundwater concentrations at the bottom boundary and fresh meteoric groundwater concentrations at the upper boundary, except on the
sea, where a typical Baltic water composition was
prescribed (Figure 7.28).

Head at the bottom boundary was prescribed to a
value large enough to prevent fresh water reaching
the bottom boundary. This assumption means that
no flow path coming from the surface should cross
the bottom boundary at a depth of 300 m. Undisturbed field measurements at the Aspo site indicate

Landfill

The highest uncertainty for solute transport boundary conditions was detected at the bottom boundary. Chemical information about undisturbed, saline

Baltic Sea sediments
Shallow g/onite

Figure 7.27. Spatial assignment of material zones on the finite element mesh. 5 material zones were consisdered, 3 for the granite,
1 for the landfill area and one other for the Baltic Sea sediments.

Table 7.1
Main flow and transport parameters used in the second numerical model of the Redox Zone Experiment.
Material zone

T(m 2 /day)

s(-)

Porosity

L disp. (m)

T. disp (m)

1) Shallow granite

1.5

4xlO" 3

1%

30

15

2) Intermed granite

0.24

4 x 10'3

1%

30

15

3) Deep granite

0.024

4xl(T 3

1%

30

15

4) Baltic granite

io-

4

4xlO- 3

10%

30

15

5) Landfill

2

4xlO" 3

1%

30

15
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Rechorge fresh water

Saline native water

Figure 7.28 Boundary conditions for solute transport of the second numerical model of the Redox lone Experiment.

native groundwater for the Redox Zone Experiment
was available only at a depth of 70 m. In order to
define chemical composition at a depth of 300 m,
an analysis of undisturbed chemical information at
the Aspo site was made. Clear relationships between concentrations and depth were found for all
chemical components except for M g 2 + and SiC>2.
Figure 7.29 shows relationships between chemistry
and depth at the Aspo site. Bottom boundary conditions for hydrochemistry were derived from this figure. Selected concentrations for the bottom boundary are listed in Appendix 5.

7.6.3 Groundwater flow and conservative
solute transport model
Initial conditions for the Redox Zone Experiment
were analyzed in Section 7.4.4. Initial groundwater
heads correspond to the solution of the steady-state
flow system. Figure 7.30 shows the computed
steady-state groundwater head distribution for natural conditions of the Redox Zone. It can be noticed
that there is no possibility of fresh water crossing the
bottom boundary but, by the contrary, there are flow
lines (hydraulic gradient) going from the bottom to
the Baltic Sea. These flow lines coming from deeper
zones are consistent with the occurrence of regional
flows from Laxemar and Avro, as described by the
regional model of Svensson (1997) in the case of
the Aspo island.
It is worth noting that the computed water table is
consistent with the topography because computed
heads are always below the ground surface. At the
tunnel vertical, the numerical model computes the
water table at 1.05 m. Banwart et al. (1999) report
a value between 1.0 and 1.5 m.a.s.l. for the water
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table over the tunnel position prior to the tunnel
construction.
The uncertainty of initial conditions for groundwater
chemistry is greater than that of initial heads. Available information prior to the construction of the tunnel indicates the occurrence of a transition zone between shallow fresh water and native saline water,
at a depth between 45 and 70 m. The undisturbed
salinity field should be consistent with the steady
state hydrogeological behavior of the system during
the last thousands of years. Actual geographical distribution of the Aspo area has probably been stable
for the last 2,000 years (Laaksoharju & Wallin,
1997; see Chapter 6). Prior to that time, the Aspo
area was covered by the Litorina Sea (an ancient
stage of the actual Baltic Sea), during a period of
around 6,000 years in which saline water infiltrated
through fracture zones. Therefore, the present time
salinity distribution at emerged islands should be the
result of a continuous flushing and replacement of
saline water by shallow fresh groundwater flowing
from the recharge zones to the Baltic Sea during the
last 2,000 years.
To check the consistency of previous considerations,
long term runs of the flow and transport numerical
model were performed. These runs, which do not
account for the Redox Zone Experiment, consist on
modeling the system under natural conditions. Initially, it is assumed that the domain contains only
saline native groundwater. The numerical model
was ran for 20,000 days with a fresh water recharge
at the upper boundary. Calibration of the flow and
transport parameters was performed in order to
achieve a numerical solution consistent with available chemical information of undisturbed conditions
at a depth of 70 m.

7. Numerical modeling of coupled groundwater flow and reactive solute transport: the Kedox lone experiment of the Asp'6 site
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Figure 7.30. Computed steady state groundwater heads for undisturbed conditions (results are in dm). These results of the steady
undisturbed state constitute the initial conditions for the numerical model of the Redox 7one Experiment
(conditions disturbed by the tunnel and boreholes).

Figure 7.31 shows computed chloride concentrations distribution once steady-state concentrations
are reached. Computed chloride distribution qualitatively agrees with the expected distribution (see the
conceptual model in Section 7.5.2).
Figure 7.32 shows a comparison between measured and computed concentrations for undisturbed
(natural) conditions at tunnel location. This figure in-
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cludes the most relevant chemical species considered in the numerical model. In general, there is a
good agreement between computed and measured
concentrations (at a depth of 70 m). As expected,
the most important discrepancies were found for
dissolved sulfates, bicarbonates and iron which are
affected by chemical processes. Minor discrepancies
were also found for potassium and stromtium (Figure 7.32).

7. Numerical modeling of coupled groundwater flow and reactive solute transport: the Redox lone experiment of the Aspd site

Figure 7.31. Computed steady state chloride concentrations (mol/L) for natural (undisturbed) conditions. Initially the fracture
zone contained only saline native groundwater, and fresh recharge water enter the system from the upper boundary.
Finally, a steady-state of concentrations is reached showing fresh water lenses under emerged lands.
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Figure 7.32 Comparison between measured and computed concentrations for undisturbed conditions at the tunnel location (70 m deep).

Table 7.2 shows flow and transport parameters obtained after calibration of the numerical model for
undisturbed conditions.
By comparing Tables 7.1 and 7.2 one can see that
the most important change due to calibration of undisturbed numerical model occurs for the
transmissivity of the shallow granite. In order to be
consistent with measured undisturbed salinity it was

needed to increase the initial guess of the transmissivity of the shallow granite (and landfill area) in
1.5 orders of magnitude. However, the transmissivity value listed in Table 7.1 was a first estimation
because there are not field data for the shallowest
part of the Redox Zone. Gustafsson et al. (1 994) reported a value of the transmissivity at a depth of 45
m of about 4.2 x 10"5 m2/s, where the fracture zone
width is 1 m. These authors also report a nominal
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Table 7.2
Calibrated flow and transport parameters for the undisturbed numerical model of the Redox Zone.
Material zone

T(m 2 /day)

s(-)

Porosity

L. disp. (m)

T. disp (m)

•1) Shallow granite

100

5 x 10" 2

1%

30

15

2) Intermed granite

0.10

1 x 10" 3

1%

30

15

3) Deep granite

0.05

1 x 10~3

1%

30

15

4) Baltic granite

io-4

lxlO"3

10%

30

15

5) Landfill

100

5xlO'2

1%

30

15

width of about 10 m on the surface, so the estimated shallowest transmissivity could be around 50
m 2 /day. Then, the numerically calibrated transmissivity was finally double than this field-based estimation.
This set of calibrated parameters (Table 7.2) were
used to simulate the hidrogeological and hydrochemical behaviour of the Redox Zone after tunnel intersection. Computed results of undisturbed groundwater heads and concentrations (Figures 7.30 to
7.32) constituted the inicidl conditions for the numerical model of the Redox Zone Experiment (for
disturbed conditions after the tunnel intersection).
Figure 7.33 shows the computed groundwater head
distribution on the modeled domain at : a) t = 1 45
days, when the tunnel was the only discharge point
at a depth of 70 m, b) t = 163 days, after the
opening of the KR0013B borehole, and c) t = 906
days, at the end of the experiment. Looking in detail, Figure 7.34 shows the comparison between
computed and measured groundwater heads at
HBH01 borehole (at a depth of 45 m). This borehole is the only available observation point with recorded groundwater heads evolution during the Redox Zone Experiment.
Figure 7.35 shows computed chloride concentrations
distribution at three observation times ( t = 0 , t = 2 5 4
and t = 9 0 6 ) . It can be observed that the final effect
of the tunnel-borehole opening was an important increase of shallow fresh water, coming from Laxemar
(west) and Avro (east), which produces a chloride dilution at the tunnel surroundings, as proposed in the
conceptual model shown at Section 7.5.2.
O n the contrary, at a depth of 45 m (borehole
HBH01) a relevant increase of chloride concentrations was computed after 250 days (Figure 7.36-B).
There are not undisturbed measurements at bore-
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hole H B H 0 1 , but a good agreement was found between computed and measured concentrations after
4 0 0 days. The computed chlorinity increase at borehole HBH01 is due to the saline water arriving from
the east (saline wedge under the Baltic estuary,
which is flused by fresh water coming from Avro).
Figures 7.36-C and 7.36-D show measured and
computed values of chloride concentrations at a
depth of 70 m (within the tunnel surroundings). In
this figures it can be noticed again the perfect agreement existent between measured and computed
initial (undisturbed) concentrations. Once started
the experiment (after tunnel intersection), the numerical model reproduces measured dilutions at both
boreholes. Numerical model results fit excellently
measured data at borehole KR0015B (Figure
7.36-D), while some discrepancies were detected
for the first 3 0 0 days at borehole KR0012B (Figure
7.36-C). Boreholes KR0015B and KR0012B are located 10 m to each side of the open borehole
(KR0013B), so there is a distance of 20 m between
both observation points (see Figure 7.4). Measured
data reflect a higher initial dilution at borehole
KR0012B than at KR0015B, while the numerical
model computes almost the same results at both
boreholes (it must be reminded that a dispersivity of
30 m was adopted, based on field tracer tests). In
fact, after the initial 3 0 0 days, measured concentrations at both boreholes became very similar. We
think that the higher dilution initially recorded at
borehole KR0012B is due to the existence of local
heterogeneity (or lower-scale fractures outside the
modeled plane of the Redox Zone) which is not considered into the model. The numerical model covers
a kilometric domain and it considers heterogeinity at
a scale of hundred of meters. Of course, a detailed
study of measured differences at a scale of 10 m
will require a different modeling approach.

7. Numerical modeling of coupled groundwater flow and reactive solute transport: the Redox lone experiment of the Aspo site
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Figure 7.33. Computed groundwater heads (in dm) at: A) 145 days after tunnel intersection, B) 163 days
(just after opening of the KR0013B borehole) and, 0 906 days (at the end of the experiment).
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Figure 7.35. Computed chlorinity distribution (mol/L) at: A) undisturbed conditions, B) 254 days after tunnel intersection and, C) 906
days, near the end of the experiment.

Due to the excellent agreement found between measured and computed results at borehole KR0015B
(Figure 7.36-D), it was decided to select this point
as the control point at 70 m depth for the rest of the
numerical modeling.
Figure 7.36 shows a detailed comparison between
measured and computed chloride concentrations at
different depths. At a depth of 15 m (borehole
HBH02, Figure 7.36-A) no change in chloride concentrations were detected during the experiment.
Fresh recharge groundwater dominates at this location over the whole modeled time.
It is worth noting that the numerical model of the
Redox Zone Experiment accounts exactly for the
same parameters set used for numerical modeling
of undisturbed conditions (Table 7.2). In fact, the
numerical model of the Redox Zone Experiment also
includes the undisturbed conditions,, i.e. the whole
numerical model covers a time horizon of almost
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5,000 days. The first 4,000 days were used to reach
steady state undisturbed natural conditions and the
last 983 days represent the Redox Zone Experiment.
In this manner, the initial conditions of the Redox
Zone Experiment are self-generated by the numerical model. Figure 7.37 shows measured and computed concentrations for the rest of primary dissolved species considered in the numerical model,
at borehole KR0015B.
As in the case of chloride, it can be noticed in Figure 7.37 that the numerical model reproduces the
measured evolution of most dissolved species. Similar to what was observed for undisturbed conditions
(Figure 7.32), the most relevant discrepancies between measured and computed concentrations were
found for sulphate, bicarbonate and dissolved iron.
Smaller discrepancies were also found for sodium,
calcium and potasium. Measured undisturbed concentrations were also displayed in Figure 7.37

7. Numerical modeling of coupled groundwater flow and reactive solute transport: the Redox 7one experiment of the kpo site
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(square symbols). In this figure it is possible to check
again the consistency between field measurements
and numerically generated initial conditions for the
Redox Zone Experiment. It is worth remarking the
existent discrepancy for stromtium undisturbed, concentration (Figure 7.37-B). Measured undisturbed
concentration of stromtium is almost twice the computed value at time 0. However, the numerical
model of the Redox Zone Experiment reproduces
very accurately measured concentrations evolution
after this date (during disturbed conditions). This fact
leads to think about a possible ocurrence of errors
in undisturbed stromtium measurements.

7.6.4 Hydrochemical modeling of mixing
and reactions
Prior to reactive transport modeling, a number of
static hydrochemical calculations were performed.
The numerical convergence of the iterative procedure for reactive transport calculations is highly dependent on the initial guess of primary dissolved species. It is known that in order to obtain adequate

initial values of concentrations it is useful to use standard hydrochemical speciation codes (Samper et al.,
1998). In addition, hydrochemical speciation is
usefull to identify the most relevant dissolved species.
It has been shown in previous chapters that dilution
of the saline native groundwater by fresh recharge
water is the dominant process controlling the
hydrochemical evolution during the Redox Zone Experiment. This was the reason why, in addition to
pure speciation of fresh and saline groundwaters
(end-members), hydrochemical speciation of binary
mixtures between both end-members was also carried out. The scope of binary mixing calculations
was to obtain information about the hydrochemical
behavior of the system, prior to proceed with coupled flow and reactive transport modeling.
Binary mixtures were computed with EQ3/6 (Wollery,
1979; see Appendix 3). Selected end-members ior
binary mixtures were the saline native water sampled
prior to tunnel intersection (undisturbed sample) and
a fresh water sample collected at a depth of 5 m.
Table 7.3 shows the main chemical characteristics
of both end-members. The methodology consisted
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Figure 7.37. Computed (line) and measured (simbols) concentrations (mol/L) of the primary dissolved species considered
in the numerical model. A) bromide, B) strontium, 0 lithium, D) potasium, E) magnesium, F) sodium, G) calcium
and H) iron, Borehole KR0015B.
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Figure 7.37. (Cont.) Computed (line) and measured (symbols) concentrations (mol/L) of the primary dissolved species
considered in the numerical model. I) bicarbonate, J) silica, and K) sulphate. Borehole KR0015B.

on mixing saline native groundwater with fresh recharge water in the following relations saline/fresh
water: 100/0, 90/10, 80/20, 70/30, 60/40, 50/50,
40/60, 30/70, 20/80 and 1 0/90. Speciation calculations were performed for each mixing step and
computed results were used as the initial conditions
for the next one. Thermodynamic calculations were
made accounting also for mineral dissolution/precipitation reactions including goethite, pyrite, calcite
and quartz, according to:
FeOOH{s) + 2H + = 1.5H2O +Fe+2 + 025OZaq)
S O

' 2(s) =

+ 3 . 5 0 ^ , = 2H+ + 2SO~2 + Fe+2

These mineral phases were selected based on mineralogical characterization results (see Section 7.3.3).
There are not available data for measured redox potentials. Therefore, it was needed to assume some
values. It is known that redox potentials at a depth of
70 m were in the range of -150 and -100 mV during the experiment (Banwart et al., 1996). Figure
7.38 shows a phase diagram with the solubility lim-

its of goethite as a function of Eh. A value of -145
mV is obtained when undisturbed measured Fe +2
concentration is in equilibrium with goethite (Figure
7.38). Then a Eh value of -145 mV was assumed
for native saline water. A greater uncertainty exists
for the redox conditions of fresh recharge water.
This was the reason why 3 different possibilities were
considered (Figure 7.39): 1) Fresh recharge water is
in equilibrium with atmospheric oxygen (oxidizing water), 2) fresh recharge water has a Eh value equals to
-150 mV and, 3) fresh recharge water has a Eh value
equals to -250 mV (highly reducing water).
Figure 7.40 shows computed results for binary mixtures. Mineral dissolution (negative values) and precipitation (positive values) is shown as a function of
the saline native groundwater proportion (Figure
7.40). It can be noticed that pyrite, calcite and
quartz precipitate (positive values) while goethite
dissolves (negative values) when saline native
groundwater is diluted with fresh recharge water.
Quantitatively, dissolution-precipitation processes
are more important when fresh recharge water is
highly reducing. However, for Eh values above -1 50
mV mineral behavior is not sensitive to the redox
conditions of the fresh recharge water.

163

Testing and validation of numerical models ofgroundwater flow, solute transport and chemical reactions in fractured granites

Table 7.3
Chemical composition of native and shallow groundwaters. Concentrations are in mg/L.
Characteristics

Saline water
• KA0483A

Fresh water
HBH05

Depth (m)

70

5

T(°Q

9

8

Ph

7.5

7.5

Na+

1480

15.4

Ca 2+

1250

38.4

Mg 2 +

132

4

r

9.1

2.6

Fe 2+

0.54

0.822

Mn 2 +

0.94

0.36

Li+

0.32

0.01

Sr 2+

21.5

0.22

cr

4890

11.2

HC07

42

137

sor

60

23

Br

30.2

—

5.6

6

Si0

2(»,,

7.6.5 Coupled groundwater flow
and reactive solute transport model
7.6.5.1 Hydrochemical conceptual model
For the selection of chemical aqueous species and
homogeneous chemical reactions, an analysis of
chemical speciation was made for initial waters, as
well as for binary mixtures as shown in the previous
section. By using EQ3/6 program (Wollery, 1979;
see Appendix 3) concentrations of all thermodynamically possible aqueous species were computed an
then, the most relevant aqueous species were selected to be included into the reactive transport
model. Finally, 68 homogeneous reactions including
aqueous complexation, acid-base and redox processes were considered. Chemical reaction stoichiometry and thermodynamic database are listed in
Appendix 5.
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Following reported results about mineralogical studies of the Redox Zone (Tullborg, 1 995), 4 mineral
phases were included in the reactive transport
model. These minerals are calcite, quartz, goethite
and pyrite, as in the hydrochemical modeling of
mixing and reactions. Mineral dissolution-precipitation was modeled assuming local equilibrium. Thermodynamic parameters (equilibrium constants) are
also listed in Appendix 5.
Tullborg (1 995) reports the occurrence of both ferric
oxides and oxihydroxides mineral phases. However,
by assuming the local equilibrium approach it is not
possible to include both minerals together in the
same model. Figure 7.41 shows a phase diagram
with the solubility limits of iron minerals as a function of Eh. It can be noticed in Figure 7.41 that hematite and goethite show parallel solubility limits, so
there are not common equilibrium points for both
minerals. In addition to that, both ferric minerals
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have independent equilibrium points with pyrite (see
the square in Figure 7.41). Both equilibrium points
seem more or less consistents with undisturbed conditions of the Redox Zone (Eh and dissolved Fe concentration measured at the undisturbed native water
sample at a depth of 70 m).
From a thermodynamic point of view, hematite formation is more stable than goethite when they are
in equilibrium with aqueous solutions. Figure 7.42
shows a Pourbaix diagram for iron mineral phases.
Pourbaix diagrams (Pourbaix, 1945; Pourbaix &
Zobov, 1963; Garrels & Christ, 1965; Beverskog &
Puigdomenech, 1996), also called potential pH diagrams, are thermodynamic maps. The Pourbaix diagram can be seen as a map in the chemical space,
summarizing thermodynamic information in a compact and useful manner (Beverskog & Puigdomenech, 1996). Pourbaix diagram shown in Figure
7.42 was computed for total iron and sulfate concentrations equal to the measured values of undisturbed native water of the Redox Zone. Thermodynamic calculations and graphical display of the
Pourbaix diagram was performed with the program
MEDUSA (Puigdomenech, 1999; see Appendix 3).
Figure 7.42 shows that, considering the Redox Zone

measured concentrations and chemical conditions
(7 < pH < 8; -0.2V < Eh < -0.1V), data are located in the equilibrium boundary between pyrite
and hematite.
However, reported experimental existence of both
hematite and goethite mineral phases in many natural systems indicates that goethite formation is perhaps favored on kinetic grounds (Beverskog &
Puigdomenech, 1 996). This is the case of the Redox
Zone where the occurrence of goethite together with
hematite was clearly recognized in the fracture zone
(Tullborg, 1995). From a practical point of view,
Beverskog & Puigdomenech (1996) propose that
the choice of oxide or oxihydroxide of Fe(lll) to be
considered in a given system can also be based on
non-thermodynamic arguments. Of course, if hematite is not considered in the system then goethite can
also reach equilibrium with pyrite (see Figure 7.41).
Finally, in spite of hematite being thermodynamically more favorable, goethite was selected as the
ferric mineral phase to be included in the numerica
model in order to be consistent with field observations. However, the uncertainty about the most appropriate ferric mineral phase is analyzed in following sections.

[S0/l,,=0.63 nM

pH

Figure 7.42. Pourbaix diagram for measured dissolved iron and sulfate of the undisturbed native groundwater of the Redox lone.
Grey square illustrates the thermodynamic field for measured chemical conditons of the Redox lone.
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Another heterogeneous chemical process included
in the conceptual model of the Redox Zone Experiment is cation exchange (see Appendix 5). Viani &
Bruton (1994) estimated the exchange capacity of
the Redox Zone to be on the range between 0.06
and 0.2 equivalents of exchanger per liter of groundwater, based on matching hydrochemical model results to observed Na and Ca groundwater concentrations.
On the other hand, Banwart et al. (1995) present
two estimates:
1) 0.083 eq/L based on fitting mass balance and
cation exchange mass action equations to observed concentration of Na in Aspo groundwaters.
2) 0.004-0.03 eq/L based on the observed fracture mineralogy, fracture fill porosity and CEC
values for various clay minerals.
Then a great uncertainty exists for the cation exchange capacity of the Redox Zone. This uncertainty
constitutes an interesting point to be explored with
the coupled flow and reactive transport model.

7.6.5.2 Hydrochemical initial and boundary
conditions
Hydrochemical concentrations used for either Baltic
sea, fresh recharge water and 300 m deep bottom
groundwater were discussed in Section 7.6.2.2 to
set up the conservative transport numerical model
(see Appendix 5 for details). As was shown in the
hydrochemical modeling of binary mixtures, a main
uncertainty was detected concerning the redox potential of fresh recharge waters infiltrating on the top
of the fracture zone. Two extreme conjectures can
be considered to cope with this uncertainty:
1) Recharge fresh water is oxidizing, with an oxygen fugacity in equilibrium with atmospheric
oxygen partial pressure.
2) Recharge fresh water is reducing once it reaches the water table. Dissolved oxygen of surface water infiltrating through a soil could be
depleted by interaction with organic matter
and/or minerals.
As mentioned before, there are not Eh field measurements for shallow groundwater of the Redox
Zone. Both extreme possibilities were numerically
tested with the reactive transport model. Long term
runs of the coupled flow and reactive transport numerical model were performed to simulate the undisturbed conditions in order to check the hydro-
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chemical behavior of the system under different assumptions.
The first tested scenario consisted on considering
oxidizing fresh water on the upper boundary. Dissolved oxygen of the upper boundary water was
constrained to a fugacity in equilibrium with atmospheric oxygen partial pressure. The numerical
model was run for simulating 6,000 days. Figure
7.43 shows computed results of pyrite concentrations at 1,000 days and 6,000 days. Computed results show an important dissolution of pyrite at the
shallow fresh water system. Figure 7.43 illustrates
the advance in time of the pyrite dissolution front.
Tullborg (1995) reports values of pyrite around 0.1%
in volume at a depth of 70 m. If this is the natural
amount of pyrite in the fracture zone, and considering that the present day hydrological conditions
can be supposed as being constant at least for the
last 2,000 years, then pyrite depletion at the shallowest part of the Redox Zone can be expected if we
consider oxidizing infiltration water. Should this be
true, two different mineral zones should be expected
into the fracture zone under natural conditions (prior
to tunnel construction). The two mineral zones
would coincide with the water distribution at natural
conditions: a fresh water zone in which pyrite would
be probably dissolved during the last 2,000 years,
and a deeper saline water zone with about a 0.1%
in volume of pyrite. A new run of the numerical
model was performed accounting for this distribution of mineral zones. Figure 7.44 shows computed
values of Eh for this scenario. One can see in this
figure that the new mineral distribution produces a
clear, sharp redox interface between oxidizing fresh
waters and reducing deeper saline waters.
Finally, the second proposed conjecture was tested.
Reducing fresh water was assumed on the upper
boundary, with an Eh value constrained to be in
equilibrium with existing minerals. In this case, the
domain was supposed mineralogically homogeneous, what is to say, only one mineral zone containing calcite, goethite, pyrite and quartz was assumed for the whole domain.
Figure 7.45 shows computed values of Eh for this
second hypothesis. As expected, a totally different
Eh distribution is obtained. Computed Eh values for
this scenario are reducing everywhere, showing
maximum values of about -1 77 mV at the fresh-saline water interface (Figure 7.45).
Even though there is no available information about
the redox conditions for the shallow groundwater of
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Figure 7.43. Computed results ofpyrite concentrations for the first considered conjecture: upper boundary woter is oxidizing.
A) computed results at 1,000 days. B) computed results at 6,000 days. Comparison of both figures illustrates
he advance of the pyrite dissolution front within the shallow fresh woter systems.
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Figure 7.44. Computed steady state of Eh values for natural conditions when depletion ofpyrite is considered in the shallow
fresh water systems. A clear sharp redox interface is computed for this scenario.

the fracture zone, there are a number of chemical
analyses of shallow groundwaters collected in borehole HBH05 during the Redox Zone Experiment.
HBH05 borehole samples were collected at a depth
of 5 m after tunnel intersection, so it can be as-

sumed that these samples are representative of fresh
recharge water on the top of the fracture zone.
Measured dissolved iron within these shallow fresh
water samples ranges between 10"4 and 10~6 Mol/L
(Figure 7.46-A).
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Figure 7.45. Computed steady state of Eh values for natural conditions when a reducing water top boundary condition is prescribed.
in this case the maximum values of Eh are computed at the saline-fresh water interface.
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Figure 7.46. A) Measured dissolved iron at borehole HBH05 (5 m deep). B) Comparison between measured and computed
dissolved iron at a depth of 5 m for both considered hypothesis about the redox conditions of shallow fresh water.
Considering reducing waters on the upper boundary leads to a much better agreement with measured values.

Computed numerical results of dissolved iron at a
depth of 5 m (obtained with both conjectures about
the redox state of recharge water) are compared at
Figure 7.46-B.
It can be noticed that considering reducing water on
the upper boundary leads to a much better agree-
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ment with measured data than in the case of surface
oxidizing waters.
Then, from Figure 7.46-B it can be concluded that
reducing fresh water is the most likely hypothesis for
the hydrochemical boundary condition on the top of
the fracture zone.
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7.6.5.3 Results of the base numerical model
Figures 7.47 through 7.50 show computed mineral
concentrations on day 983 (at the end of the experiment). In this figures positive values indicate mineral
precipitation and vice versa. It is worth noting that
behavior of goethite, pyrite and calcite is controlled
by the fresh-saline water interface (Figures 7.47
through 7.49). The position of this interface is modified by the hydrologic disturbance produced by tunnel construction and opening of the KR001 3B borehole, as was shown in previous sections. The tunnel
and the open borehole produce a net dilution within
the tunnel surroundings (at a depth of 70 m), as a
result of the important increase of shallow fresh water coming from the fresh-water lenses located at
both sides of the Baltic Sea. The tunnel and the

open borehole constitute water sinks towards which
groundwater flows radially. The mixing of different
kinds of water in the tunnel vicinity produces changes on water compositions, which at the same time
influence mineral saturation indexes. This is the reason why the most relevant changes in mineral behavior are computed within the tunnel surroundings
(Figures 7.47 through 7.49). The Baltic coast is also
another location where relevant mineral changes
are computed, because different waters are also put
in contact there (Baltic estuary water and shallow
fresh water).
Figure 7.50 illustrates that, in the case of quartz,
noticable precipitation is computed in the Baltic
Coast while no relevant mineral changes are computed in the tunnel surroundings.

Goethite dissolution/precipitation (Mol/L)

Figure 7.47. Computed dissolution/precipitotion ofgoethite on doy 983. Positive numbers indicate precipitation and vice verso

Figure 7.48. Computed dissolution/precipitation ofpyrite on day 983. Positive numbers indicate precipitation and vice versa
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Calcite dissolution/precipitation (Mol/L)

figure 7.49. Computed dissolution/precipitation of calcite on day 983. Positive numbers indicate precipitation and vice versa

Quartz dissolution/precipitation (Mol/L)

Figure 7.50. Computed dissolution/precipitation of quartz on day 983. Positive numbers indicate precipitation and vice versa

Looking at the tunnel surroundings in Figures 7.47
through 7.49 one can see that the numerical model
computes dissolution of calcite and pyrite and precipitation of goethite. This finding was unexpected
at the beginning because it is exactly the opposite
behavior predicted by mixing and reaction modeling
shown in Section 7.6.4.
Figure 7.51. shows computed mineral distribution
versus time at the tunnel position. It is possible to
notice that the qualitative behavior of all minerals is
opposite to that computed by using the binary mixtures and reactions model (see Figure 7.40). One
can see in Figure 7.51 that the larger the dilution
the greater the numerically computed dissolution of
pyrite, calcite and quartz, and the higher the precipitation of goethite.
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The explanation for this apparent lack of coherence
is that for binary mixing calculations the selected
end-member for fresh water was a water sample
collected at a depth of 5 m (at borehole HBH05).
This water sample is chemically the same as prescribed on the upper boundary of the coupled flow
and reactive solute transport numerical model.
However, the mixing of waters actually takes place
at a depth of 70 m, which means that boundary
fresh waters must move from the surface to the tunnel. Binary mixing and reaction model presented in
Section 7.6.4 does not account for the chemical interaction between the fresh water and the solid
phases within the first 70 m of aquifer. Finally, fresh
waters reaching tunnel location are actually different
than those very shallow waters, and then mixing and
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Figure 7.51. Computed mineral behavior at the tunnel location: A) Goethite, B) Pyrite, C) Calcite andD) Quartz. By comparison
with Figure 7.40 it can be noticed that the reactive solute transport numerical model predicts qualitative
opposite patterns than mixing and reactions hydrochemical model.

reaction models based on end-members are unable
to represent the real system. On the contrary, the
coupled flow and reactive solute transport numerical
model accounts for water-solid interactions in the
whole model domain, so it is able to give a better
representation of the actual mixing happening
within the tunnel surroundings.
Looking at the computed values of dissolved species
a major change with respect to conservative numerical model results was observed for iron concentrations. Figure 7.52 shows a comparison between
computed dissolved iron with both, conservative and
reactive solute transport numerical model. It must
be reminded that the numerical model under-predicted measured iron concentrations when
chemical equations were not considered (figures
7.37-H and 7.52). However, coupled flow and reactive solute transport numerical model computes
iron concentrations noticeably higher than those
measured concentrations (Figure 7.52).
Computed dissolved iron concentrations are mainly
controlled by heterogeneous reactions involving pyrite and goethite. As was discussed in Section
7.6.5.1, mineralogical studies report the simulta-

neous occurrence of both ferric oxides and
oxihydroxides (hematite and goethite) within the Redox Zone. However, both mineral could not be considered together in the model, because there is not
a common equilibrium point for these ferric minerals together with pyrite. In spite of hematite is thermodynamically more stable (see Section 7.6.5.1),
goethite was finally included within the numerical
model as the ferric mineral phase due to field evidences, and also because it is known that in many
natural systems goethite formation is favored for kinetic reasons (Beverskog & Puigdomenech, 1996).
A new run of the groundwater flow and reactive
solute transport numerical model was performed
considering hematite as the ferric mineral phase instead of goethite. Figure 7.53 shows a comparison
between computed dissolved iron concentrations at
borehole KR0015B (depth of 70 m). One can see
in Figure 7.53 that a much better agreement is obtained when goethite is replaced by hematite. Hematite seems the most appropriate ferric mineral
phase for simulating the Redox Zone Experiment assuming the Local Equilibrium Approach (Figure
7.53).

173

Testing and validation of numerical models of groundwater flow, solute transport and chemical reactions in fractured granites

3.00E-5 \
^k

Computed results
(reactive transport model)

2.00E-5 -

Computed results
(conservative transport model)
l.OOE-5 -

• A

•

^
0.00E+5 •
-200

200

600

800

1000

Time (days)

Figure 7.52. Comparison between computed results of iron dissolved concentrations with tbe conservative solute transport model
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Figure 7.53. Comparison between computed dissolved iron concentrations considering goetbite and hematite as tbe ferric mineral
phase in the reactive solute transport model. Considering hematite in the numerical model leads to much better
agreements with measured values (symbols).
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The coupled groundwater flow and reactive solute
transport numerical model was also used to study the
role of cation exchange processes during the Redox
Zone Experiment. As was commented previously an
important uncertainty was detected about the Cation
Exchange Capacity (CEC) of the Redox Zone. Mineralogical studies (Tullborg, 1995) estimate the clay
content of the fracture zone as being 0.5% in
weight. However, fracture zones gouge materials
are often lost during mineral sampling. Usually the
smaller the mineral size the higher the lost fraction
during sampling. Banwart et al. (1995) estimate the
cation exchange capacity of the Redox Zone as
0.03 equiv./L based on fracture zone mineralogy,
clay abundance (they assume 0.5%) and standard
values of CEC of clay minerals. On the other hand,
Viani & Bruton (1997) estimated the exchange capacity of Aspo fracture zones to be up to 0.2
equiv./L, based on matching static hydrochemical
model results to observed Na and Ca groundwater
concentrations. Then, estimating CEC values by hydrochemical modeling leads to much higher values
than estimations based on observed clay content.
Figure 7.54 shows a comparison between measured Na + concentrations and numerically com-

puted values. Computed results with 2 model runs
are shown in Figure 7.54. One of the model runs
adopted a total CEC value of 0.06 Mol/L, while the
second run was performed with a CEC value which
was one order of magnitude higher. Computed results using a CEC of 0.6 Mol/L leads to a much
better agreement with respect to measured Na +
concentrations (Figure 7.54).
Banwart et al. (1995) reported standard values of
CEC for pure mixed-layer clay minerals in a range
between 0.4 and 1.4 Mol/Kg. Assuming a CEC
value of 1 Mol per Kg of clay, a clay porosity of
30% and a clay mineral density of 2.6 Kg/L, leads
to an exchange capacity for pure mixed-layer clay
minerals of 6 Mol/L. Then, numerically derived CEC
value for the fracture zone (0.6 Mol/L; see Figure
7.54) indicates that the clay content should be
around 10% in the Redox Zone. This estimation of
CEC for clay minerals is based on simple considerations and standard values, and must be taken as a
first guess estimation. Looking at coupled flow and
reactive transport model it is thought that actual clay
content within the Redox Zone should be closer to 5
% better than to 0.5 % (proposed by mineralogical
characterization).

8.00E-2

200

400

600

Time (days)

Figure 7.54. Comparison between measured sodium concentrations and numerically computed concentrations
using a total CEC value of 0.06 Mol/L and 0.6 Mol/L.
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It has been shown that the groundwater flow and reactive solute transport model is able to improve
computed results for dissolved iron and sodium,
compared to conservative transport model results
shown in Section 7.6.3. In addition to these species,
relevant deviations from the conservative behavior
were also detected for bicarbonates and sulphates.
Figure 7.55 shows computed and measured concentrations of bicarbonates and sulfates. It can be
noticed that the reactive solute transport numerical
model is not able to reproduce measured values.
Both, measured bicarbonates and sulphates show a
drastic concentration increase during the Redox
Zone Experiment. As was commented previously
(Section 7.5.3), carbon isotopes studies point clearly
towards microbially mediated organic matter degradation as being the most probable source for bicarbonates. Organic matter degradation frequently occurs in groundwaters, but it can be catalyzed by
many kinds of bacteria. Banwart et al. (1995,1999)
and Banwart (1999) propose microbially mediated
iron reduction as the responsible process to explain
the recorded behavior of bicarbonates. This chemical process can be summarized as:

4Fe 2+ + HCO3

10H2O

However, there are also other possibilities such as
(Wikbergetal., 1997):
Q Fermentation
CH2O -» 1 / 3 CO2 + 1 / 3 CjH6O

Q Sulphate reduction
CH2O ^ 1/2SO 4 2 - + 1 / 2 H +

Q Methane formation:

Sulfate reduction does not seem to be responsible
for bicarbonate increase because isotopic studies
rule out this possibility during the Redox Zone Experiment (Wallin, 1995). In fact, the most probable
process is that proposed by Banwart (1999) because microbiological studies performed in the Redox Zone (Pedersen et al., 1995) found relevant
populations of iron reducing bacteria.
On the other hand, there is not a conclusive explanation for the sulphate behavior. Looking at Figure
7.55-B it is possible to appreciate that numerically
computed sulphate concentrations are much higher
than measured values at the initial time (undisturbed
conditions; before time = 0). In fact, it seems really
to be a problem related with assumed sulphate
boundary conditions. Prescribed sulphate concentration on the bottom boundary was derived (as for
the rest of dissolved species) by analyzing available
samples collected prior to the tunnel construction at
the Aspo site (see Figure 7.29). This analysis indicates a sulphate concentration of about 400 mg/L
at a depth of 300 m. Sulfate concentration (under
undisturbed conditions) at a depth of 70 m was 60
mg/L. Pedersen et al. (1995) reports that no presence of sulphate reducing bacteria was found within
the Redox Zone during the experiment, which is
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Figure 7.55. Comparison between measured (symbols) and computed (lines) concentrations of A) bicarbonate and
B) sulphates, at borehole KR0015B (depth of 70 m).
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consistent with isotopic results reported by Wallin
(1995). However, Pedersen et al. (1995) states that
sulphate reducing bacteria are definitely not absent
in the Aspo area, because they appeared in other
parts of the tunnel, mainly in those zones of the tunnel going under the bottom of the Baltic Sea. Lovley
(1991) argued that the iron reducing bacteria can
out-compete the sulphate reducing bacteria by keeping the concentration of electron donors too low for
sulphate reducers. There were not any microbiological investigation undertaken at the Redox Zone prior
to the start of the experiment. Therefore, the undisturbed microbiological situation is unknown.
Pedersen et al. (1 995) states that it is not impossible
that sulphate reducers were present before the experiment and then, they could have been out-competed by the iron reducers once the flow system was
modified by the tunnel construction. In fact, we
know that fresh groundwater flowing towards the
tunnel actually increases the input of suitable electron donors (organic matter) in the tunnel surroundings. The increase of organic matter could have enhanced the activity of iron reducing bacteria, which
at the same time could inhibit (out-competition) the
growth of sulphate reducer microorganisms.

Figure 7.56 shows computed sulphate concentrations evolution when sulphate concentrations at the
bottom boundary (at a depth of 3 0 0 m) was prescribed equals to the measured value of the Redox
Zone undisturbed sample (at a depth of 70 m). It
can be appreciated that the computed results are
much more consistent for the beginning of the experiment (time = 0) than using the previous boundary condition (Figure 7.55-B). This analysis supports
the hypothesis of that sulphate reducing bacteria
could be present in the fracture zone, prior to tunnel
intersection, keeping sulphate concentrations at 3 0 0
m depth at a similar value to that measured at a
depth of 70 m.
However, the recorded increase of sulphate
concentations during the Redox Zone Experiment
(before time = 0) still remains unresolved (Figure
7.56). As was pointed in Section 7.3.2 Banwart et
al. (1999) propose anion exchange due to adsorption competition
between
bicarbonates
and
sulphates as an explanation to measured sulfate behavior. However, this hypothesis is questioned by
Bruton & Viani (1997) because the expected anion
adsorption capacity for the Redox Zone is estimated
to be too low at the geochemical conditions prevail-
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Figure 7.56. Measured (symbols) and computed (line) sulphate concentrations. In this run, the bottom boundary condition
for sulpahte was assumed equal to that measured at a depth of 70 m.
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ing within the fracture zone. Coupled groundwater
flow and reactive solute transport numerical model
has been used for testing different hypotheses concerning sulphate behavior.

7.6.5.4 Evaluating the role of the rock landfill
As was commented in Section 7.5 the occurrence of
the rock landfill on Halo (Figure 7.19) provides a
logical explanation for the additional source of fresh
water required in order to reach measured dilution
at 70 m deep boreholes (see the conceptual model;
figures 7.20 and 7.21). In addition, it was found
that the rock landfill contains a large amount of
concrete and cement (see Section 7.5).
The chemistry of cement is complicated and much
work remains to be done even to establish the thermodynamic properties of its components (Steefel &
Lichtner, 1994). The two most important phases in
the hydration of a calcium-rich cement are portlandite (Ca(OH)2) and various calcium silicate hydrates. The presence of these two phases leads to
pore water compositions with high OH- and low silica activities (Atkins & Glasser, 1 992; Berner, 1 992;
Reardon, 1 992; Steefel & Lichtner, 1 994). The alkalies are present in cement in the form of solid solutions with readily-soluble sulphates (Steefel & Lichtner, 1994). One of the most typical sulphate minerals in cements is the ettringite (a highly soluble calcium and aluminum sulphate). Then, the rock landfill of Halo could constitute a potencial source for
sulphate, which could be responsible of the relevant
increase on sulphate concentrations recorded during the Redox Zone Experiment (see figures 7.24,
7.55 and 7.56).

A new run of the flow and reactive solute transport
numerical model was performed in order to evaluate quantitatively this hypothesis. The new run accounts for a different initial water zone on the landfill area (Figure 7.57). There is not available
information about pore waters of the landfill area,
so it was needed to adopt some assumptions.
Steefel & Lichtner (1 994) performed a study about
water-rock interaction adjacent to cement-bearing
nuclear waste repositories. These authors proposed
a synthetic-standard chemical composition for cement pore waters based on hydrochemical modeling. Table 7.4 shows the chemical characteristics of
this cement pore-water as proposed by Steefel &
Lichtner (1994). In this table are included the main
assumptions (constrains) used by these authors to
derive the synthetic water composition. Additional
details (such as thermodynamic parameters) can be
consulted in Appendix 5.
As in all previously performed runs of the reactive
transport numerical model, this new run accounting
for the rock landfill pore waters covers a time horizon of 5,000 days in order to reach consistent initial
conditions for any change done in the numerica
model. In this manner, the initial 4,000 days of the
numerical model are used to simulate natural undisturbed conditions, prior to the hydraulic disturbance
produced by the presence of the tunnel.
Figure 7.58 shows computed results of sulphate
concentrations distribution for both, undisturbed
conditions and the final time of the Redox Zone Experiment. It is possible to appreciate in Figure
7.58-A that considering the potential influence of
the landfill, a typical plume of landfill-leachate (as

Recharge fresh water
Cement pore-water

Baltic Sea water

W /

Saline native water

Figure 7.57. Hydrochemical boundary conditions of the numerical model for evaluating the role of the rock landfill.
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Table 7.4
Solute concentrations (Mol/L) and constraints used for the landfill pore water.
Concentration

Constratin

3.49x 10"2

Charge balance

OrT
AI(OH)7

Katoite

. .1.48

t

6.65

Recharge water

Na+

6.69

Recharge water

Ca 2+

9.51

Portlandite

Mg2+

4.92

Brucite

SiO2

9.04

Foshagite

HCO"

1.59

Calcite

soj-

2.16

Ettringite

1.69

Recharge water

Chemical

Parameters

Value

T(°O

25

PH

12.45

Sulphate (Mol/L)

Undisturbed conditions (Experiment day=0)

©

Time=983 days after tunnel intersection. End of the Redox Zone experiment

Figure 7.58 Numerically computed sulphote concentrations distribution (Mol/L). A) Undisturbed conditions, prior to tunnel intersection.
B) End of the experiment (983 days after tunnel intersection).
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proposed by Freeze & Cherry, 1 979) is numerically
computed for the undisturbed conditions of the Redox Zone Experiment. The influence of the rock
landfill (in terms of sulphate concentrations) reaches
the future tunnel location. However, flow and reactive transport numerical modeling predicts an attenuation of the landfill-leachate plume at the end of
the experiment (Figure 7.58-B). It can be noticed in
Figure 7.58 that after reaching the new steady-state
of concentrations for disturbed conditions, the landfill-leachate plume becomes shorter (Figure 7.58-B).
Figure 7.59 shows computed sulphate concentrations behavior within the tunnel surroundings (borehole KR0015B). Numerically computed results show
a better agreement with measured undisturbed concentrations (time = 0) if the rock landfill is considered (it can be checked by comparing figures 7.56
and 7.59). However, the presence of the rock landfill is not a plausible explanation for the important
sulphate increase measured near the tunnel during
the Redox Zone Experiment. The occurrence of the
rock landfill produces a slight increase in sulphate
concentrations for undisturbed conditions but, a sulphate dilution is computed during the experiment
around the tunnel (Figure 7.59). This computed sul-

phate dilution is due to the arrival of both, deep and
shallow groundwaters, which have lower values of
dissolved sulphate than the landfill-leachate water.

7.6.5.5 Evaluating the role of seafloor sediments
Different types of sediments exist on the shallowest
part of the Aspo area, as a result of the paleogeographical evolution of the Baltic Shield during the
Quaternary Period. Sediments of the archipelago
surrounding the island of Aspo have been extensively studied by Sundblad et al. (1991); Landstrom
et al. (1994) and Sundblad & Mathiasson (1994).
The general stratigraphy of the clay sediments in the
Baltic seafloor is composed by three main units:
1) Glacial clay and silt (usually varved due to an
annually rythm in the sedimentation).
2) Transition clay.
3) Postglacial mud (Sunblad et al., 1 991).
These seafloor sediments are loaded with monosulphides, dominated by iron sulphides, with a typical smell of H2S (Wallin, 1 995). Pore water analyses
in the deeper silty layers of the sediments show extremely high concentrations in sulphate, indicating

3.00E-3
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1.20E-3 -!

* *
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0.00E+0
200

400
Time (days)

Figure 7.59. Measured (symbols) and computed (line) sulphate concentrations during the Redoxlone Experiment, at borehole KR0015B.
Numerical results rule out the possibility of being the rock landfill the responsible for measured sulphate behavior.
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that an extensive oxidation of monosulphates is going on (Wallin, 1995). Obviously, monosulphides
produced during bacterial sulphate reduction in the
past are now being oxidized causing high sulphate
concentrations in that part of the sedimentary column. Probably, fresh water discharge from the shallow groundwater systems to the Baltic estuaries is
preferentially concentrated in these silty (even sandy)
layers which should have higher hydraulic conductivity than clay and mud layers. Sundblad et a\.
(1991) report sulphate concentrations within Baltic
sediment pore waters up to 2,350 mg/L.
The hydraulic disturbance produced by tunnel and
borehole reaches the Baltic estuary location (see
Figure 7.33), and groundwater flows from this position to the tunnel surroundings during the Redox
Zone Experiment. Then, seafloor sediments could
also constitute a sulphate source in the Redox Zone
Experiment. To evaluate this conjecture, a new run
of the flow and solute transport numerical model
was performed. The only difference of this new run
(with respect to the base run) was a change in the
Baltic water composition (by sediment pore water
composition). Measured pore water in the sediment
core SAS-21 (Sunblad et al., 1991) was selected
because the highest sulphate concentration (2,350
mg/L) was measured within this core. Then, the
most favorable scenario is selected for testing this
hypothesis. Chemical composition of the seafloor
sediments pore water used in the numerical model
is shown in Appendix 5.
Figure 7.60 shows sulphate concentration distribution computed numerically. It can be seen that, as
expected, a sulphate-rich plume is developed from

the Baltic estuary to the tunnel surroundings. A comparison between measured and numerically computed sulphate concentrations (versus time) within
the tunnel surroundings is shown in Figure 7.61. A
slight increase in sulpahte concentrations is computed arround the tunnel due to the arrival of Baltic
influence (Figure 7.61; after 200 days). However,
measured sulphate shows a more drastic increase
than computed values (Figure 7.61).
The <534S isotope signatures of the dissolved su
phate suggest a multiple source of sulphur (Wallin,
1995). The early readings of the dissolved sulphate
are all significantly higher than at the end of the experiment and the mean values were around + 1 9
per mil, strongly indicating a marine signature as
one possible sulphur source (Wallin, 1995). Wallin
(1995) states that the significant lowering of the
<534S recorded along the experiment suggests that
the sulphur contribution could be mainly oxidation
of late precipitates of monosulphides in a previously
semi-open bacterial sulphate reducing environment.
This kind of environmeni is similar to that described
for the seafloor sediments. However, it has been
shown that this hypothesis is unable to explain
quantitatively the measured sulphate increase in the
Redox Zone Experiment.
Numerical results indicate that seafloor sediments
constitute a source of sulphate (which in addition is
consistent with isotopical studies) but cannot explain
itself measured concentrations. Additional sources
of sulphate must exist in order to explain field measurements.

Seafloor sediments

SO; (Mol/L)

Figure 7.60. Numerically computed sulphate concentrations distribution (Mol/L) at the end of the experiment.
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Figure 7.61. Measured (symbols) and computed (line) sulphate concentrations during the Redoxlone Experiment, at borehole KR0015B.
Numerical results indicates thot seafloor sediments cannot be the only source of sulphate during the Redox lone Experiment.

7.7 Chapter conclusions
The first numerical, model leads to meaningless results and fails to explain observed salinities due to
the lack of a previous detailed and sound
hydrogeological conceptual model. Inasmuch as the
purpose of the Redox Zone Experiment was mainly
the evaluation of redox conditions, more emphasis
was given in previous studies to hydrochemical aspects than to hydrodynamic processes. While it was
simple to construct a flow numerical model which
could reproduce observed drawdowns, the same
was not true for a flow and transport numerical
model which could explain simultaneously drawdowns and salinities measured at the tunnel and
boreholes.
A revised hydrogeological conceptual model has
been formulated for the Redox Zone Experiment
which is able to reasonably explain measured
drawdowns and salinity evolutions. This new model
includes the rock landfill in the west and the Avro island in the east.
A second flow and solute transport numerical model
was performed, which is based on the new concep-
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tual model. This numerical model covers a time horizon longer than the first model in order to simulate
both natural and disturbed experimental conditions.
In this manner, initial conditions for the Redox Zone
Experiment are self-generated for each numerical
simulation.
Once calibrated, the flow and transport model was
used to perform coupled groundwater flow and reactive solute transport simulations of the Redox
Zone Experiment. The reactive transport numerical
model accounts for more than 60 homogeneous reactions, including aqueous complexation, acid-base,
gas dissolution and redox processes, as well as 5
heterogeneous reactions including mineral dissolution/precipitation and cation exchange. The model
reproduces the observed concentations of most dissolved species both before and after tunnel construction.
Numerical analyses indicate that fresh recharge waters have reducing conditions which are consistent
with measured values of dissolved iron at a depth of
5 m. In addition, it was found that hematite is the
iron mineral phase controlling dissolved iron in
groundwaters.

7. Numerical modeling of coupled groundwater flow and reactive solute transport: the Redox lone experiment of the Aspo site

Numerical calibration of the cation exchange capacity leads to a value higher than that evaluated
on the basis of reported clay contents. Numerical
results are consistent with an average clay content
on the order of 5%.

the tunnel surroundings. This could have enhanced
the activity of iron reducing bacteria, which at the
same time could inhibit the growth of sulphate reducer microorganisms by out-competition.

In spite of calcite dissolution takes place in the surroundings of the tunnel, this process is not able to
explain the increase of bicarbonate concentrations
measured near the tunnel. Microbially-mediated
degradation of organic matter through iron (III) mineral reduction is the most likely chemical process to
explain such observations. A performed analysis of
measured data of bicarbonate, iron, 13C and 14C in
water samples collected at different boreholes allows one to suppose that the rock landfill could be a
"hot spot" for organic matter degradation.

The coupled groundwater flow and reactive solute
transport numerical model was used to test additional hydrochemical hypotheses. Numerical results
rule out the possibility of a source of sulphate
comming from alkaline sulphate-rich waters leaching from a nearby rock landfill. They also rule out
the hypothesis of dissolution of iron monosulphides
within Baltic seafloor sediments as being responsible
for the evolution of sulphate. By discarding these hypotheses one may conclude that competitive anion
adsorption is the most likely process influencing sulphate behavior during the Redox Zone Experiment.

The model predicts also the dissolution of pyrite
around the tunnel but this process cannot explain the
measured sulphate evolution. Numerical results support the hypothesis of that sulphate reducing bacteria
could be present in the fracture zone prior to tunnel
intersection. After the start of the experiment, fresh
groundwater flowing towards the tunnel increases the
input of suitable electron donors (organic matter) in

Coupled flow and reactive transport numerical
model results are markedly different than those
computed with a model of pure mixing and chemical reactions. Computed results not only are different but they show opposite trends in mineral behavior. It can be concluded that end-members mixing
and reaction models are inappropriate for modeling
hydrodynamic systems.
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8.1 General conclusions
First of all, it is worth concluding that the proposed
objectives of this thesis have been achieved. A
quantitative study of the hydrogeological and
hydrochemical impact of the construction of an underground nuclear waste repository in fractured
granites has been performed. This study has been
done by means of numerical modeling of groundwater flow, solute migration and reactive solute
transport. Numerical model simulations have been
compared to field data of an underground, fullscale prototype of a Deep Geological Repository located at the Aspo Island (Sweden).
It has been demonstrated that it is possible to simulate the behavior of complex natural hydrogeological systems in fractured rocks, based upon a comprehensive characterization of large-scale conductive features (fracture zones).
A procedure for dynamic simulation of tunnel front
advance has been developed and incorporated
within TRANMEF-3. This methodology can be easily
implemented in any other hydrogeological numerical code, by using step-wise time functions associated with leakage coefficients of Cauchy-type boundary conditions. In this manner, it is possible to define the tunnel front advance by changing the type
of boundary condition along the time. This methodology provides a powerful tool to simulate innermoving boundaries, avoiding either a set of concatenated computer runs or mobile numerical grids.
It has been shown that it is possible to simulate accurately the hydrochemical impact produced by tunnel construction in fractured crystalline massifs,
based on a sound groundwater flow model and
having a representative database of transport parameters.
Systematic and comprehensive sensitivity analysis
accounting for the most relevant uncertainty sources
allows one to quantify a confidence band for numerically computed results. Predictions made with numerical models must include these confidence limits.
Evaluating the consistency between hydrodynamic
and hydrochemical models represents a nice possibility to build confidence in model results because
both types of models use different approaches for
similar objectives. In addition to classical validation
exercises such as comparison with extra-databases
and model post-audit exercises, models benchmark exercises represent an attractive, additional
possibility.

A procedure for integrating hydrodynamic and
hydrochemical models has been explored. On one
hand, combining multivariate statistical tools together with hydrochemical knowledge allows one to
formulate quantitatively-based hypotheses to explain
groundwater origin. Hydrochemical mixing models
help to explain WHY groundwater samples are as
they are, from a genetic viewpoint. However, these
models are unable to explain WHAT and HOW it
happens because they do not account implicitly for
physical processes of the system. Besides, hydrochemical mixing models do not include time constraints so they lack predictive capacity (they cannot
explain WHEN it happens). On the other hand,
these limitations of mixing models can be overcome
with groundwater flow and solute transport numerical models, which are based upon the governing
hydrodynamic processes. By using hydrodynamic
numerical models it is possible to understand WHAT
it is happening (some hydrogeological disturbance
of a system) and HOW it is happening (groundwater
flow and mass transfer associated to the hydrogeological disturbance), as well as to predict WHEN
it will happen. Methodologically, hydrochemical
models based upon multivariate statistical tools can
provide conceptual models quantitatively supported.
Later, these conceptual models can be incorporated
into hydrodynamic numerical models to simulate
system behavior. In this manner, hydrodynamic numerical models can provide predictive capacity to
hydrochemical mixing model results. Integration of
both types of models can be undertaken by incorporating mixing fractions into hydrodynamic numerical
models, as being fictitious dissolved species. By using this integrated approach, it is possible studying
quantitatively the evolution of the hydrochemical fades as a result of a given hydrological disturbance.
Coupled numerical modeling of groundwater flow
and reactive solute transport has been applied in a
complex, field-scale natural scenario. These types of
models have been found as being very powerful
tools for testing different hypothesis. So much so
that numerical model results were essential for discovering relevant inconsistencies within existent conceptual models. Conjectures seeming consistent a
priory have been found to be wrong after numerical
modeling. In addition, reactive solute transport
models have been found very useful to evaluate averaged values of some material properties which
are difficult to estimate in field conditions (such as
Exchange Capacity), and to elucidate hydrochemical conditions (such as redox conditions) in those
zones without field data.
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Coupled flow and reactive transport numerical
model results were markedly different than those
computed with a model of pure mixing and chemical reactions. Computed results not only were different but they showed opposite trends in mineral behavior. It can be concluded that end-members
mixing and reaction models are inappropriate for
modeling hydrodynamic systems.

8.2 Aspo-specific conclusions
A three-dimensional numerical model for groundwater flow of the Aspo site has been presented which
is able to simulate dynamically the tunnel construction process. The numerical model accounts for all
major hydraulic conductor domains detected during
geological site characterization.
The numerical model has been able to reproduce
accurately both measured tunnel inflows and
groundwater hydrography at 30 control points. The
average of the absolute value of computed residuals, along the time, reached a constant value of
about 40 L/min for tunnel inflows and 5 m for
groundwater heads. In spite of the good agreement
found for tunnel inflows at control points, some discrepancies were detected for cumulative flow rates
computed during the transient stage along the
whole tunnel length. Once steady state was reached
these discrepancies almost disappear. This fact a lows one to conclude that granite blocks between
the major fracture zones of the Aspo site show a noticeable storage capacity and a much lower ability
for water transmission, which is interpreted as a result of poor connectivity of fracture networks within
these rock blocks.

cal model lacks sensitivity to initial and boundary
conditions. None of the 16 performed sensitivity
runs improved the results computed with the calibrated base run. Provided that calibrated parameters lie within field estimations it is concluded that
the groundwater flow numerical model does not
contain major sources of uncertainty on flow parameters.
A three-dimensional numerical model of solute
transport has been presented which is able to simulate the impact of tunnel construction on the
hydrochemistry of the Aspo site. Dimensionless analysis of the transport equation showed that matrix diffusion is not a relevant process for the modeled time
horizon (a few years). The numerical model leads to
very good agreements between calculated and
measured breakthrough curves for conservative dissolved species at most of the 15 control points.
Transport parameters derived from interpretation of
field experiments have been found as being very representative of the Aspo site. This is the reason why
calibration of transport parameters was not needed.
Analysis of the computed evolution of dissolved
chloride allows one to conclude that both shallow
fresh water and Baltic Sea water flow from the upper
boundary to the tunnel surroundings, at the same
time that upconing of deeper saline groundwater is
produced towards the tunnel location. On the other
hand, computed evolution of 18 O indicates that
heavier waters flowing from the upper and lower
boundaries replace lighter groundwaters initially located at an intermediate depth. These lighter waters
correspond to relict groundwater probably infiltrated
during the last glaciation.

The validation exercise made by comparing model
predictions and field data not used for calibration
showed that the numerical model predicted, reasonably well, measured field data during the validation
period. Computed residuals between model results
and measured values during the validation period
were similar to those of the calibration stage. Calibrated values of hydraulic conductivity and storativity of most fracture zones lie on the range of
field values. A slightly lower hydraulic conductivity
was calibrated for 2 of the fracture zones.

A comprehensive sensitivity analysis with respect to
the initial and boundary conditions of the solute
transport numerical model was performed. The sensitivity analysis reveals that the available chemical
database prior to tunnel construction is not complete enough to generate sound initial conditions for
the numerical model. Generating initial conditions
with alternative criteria leads to different computed
results for hydrochemical evolution. These alternative possibilities were used to study the uncertainties
of the numerical model caused by initial conditions.
This analysis allows one to quantify a confidence
band for numerically computed results.

Comprehensive sensitivity analyses revealed that the
numerical model is sensitive to fracture zone flow
parameters. However, the model is not sensitive at
all to parameters of the intersections between these
conductive features. On the other hand, the numeri-

Predictions of hydrochemical evolution were performed at several control points, including confidence limits related with detected uncertainties in
initial conditions. A refereed post-audit exercise
showed that field measured breakthrough curves for
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conservative species lied within the predicted confidence band. The post-audit exercise of the numerical model is proposed as a validation exercise that
increases the confidence on performed numerical
models.
Solute transport modeling accounting for all dissolved species allows one to evaluate that the most
relevant deviations from the conservative behavior
become evident for dissolved bicarbonates and sulfates, and in a lower degree for calcium and sodium. Combining numerical model results, available
previous studies and preliminary thermodynamic calculations, it was proposed that calcite and pyrite
dissolution/precipitation, microbially mediated organic matter oxidation and cation exchange are the
most relevant chemical processes influencing the
hydrochemistry of the Aspo site.
A very good agreement was found between the hydrodynamic numerical model and the hydrochemical mixing model (M3 model) of the Aspo site. The
consistency assessment exercise corroborates the hypothesis about the origin of the Aspo groundwater
samples as being mainly the result of the mixing of
several waters during the last 20,000 years. On the
other hand, the hydrodynamic numerical model was
able to reproduce mixing fraction evolutions as
nicely as breakthrough curves of conservative species, without additional calibration. Both types of
models predict a relevant increase of fresh Meteoric
water and a decrease of Baltic and Glacial waters
within the tunnel surroundings.
A first numerical modeling stage of the Redox Zone
Experiment of the Aspo site was performed which
leaded to meaningless results due to the lack of a
previous detailed and sound hydrogeological conceptual model. Inasmuch as the purpose of the Redox Zone Experiment was mainly the evaluation of
redox conditions, more emphasis was given to
hydrochemical aspects than to hydrodynamic processes. While it was simple to construct a flow numerical model which could reproduce observed
drawdowns, the same was not true for a flow and
transport numerical model which could explain simultaneously drawdowns and salinities measured at
the tunnel and boreholes.
An alternative hydrogeological conceptual model
has been formulated for the Redox Zone Experiment
which is able to reasonably explain measured
drawdowns and salinity evolutions. The new proposed conceptual model accounts for both, a rock
landfill in the west and the Avro island in the east.

A second flow and solute transport numerical model
which accounts for the new conceptual model was
carried out. This numerical model covers a long
time horizon in order to simulate both, natural undisturbed conditions and disturbed experimental
conditons. In this manner, initial conditions for the
Redox Zone Experiment are self-generated for each
numerical simulation.
Once calibrated the flow and transport model, it
was used to perform coupled groundwater flow and
reactive solute transport simulations of the Redox
Zone Experiment. The reactive transport numerical
model accounts for more than 60 homogeneous reactions, including aqueous complexation, acid-base
and redox processes, as well as for 5 heterogeneous reactions including mineral dissolution / precipitation and cation exchange. Reactive solute
transport model has been able to reproduce measured concentations of most dissolved species both,
under undisturbed (natural) conditions and during
the experiment (after tunnel construction).
Numerical analyses indicate that fresh recharge waters must have reducing conditions in order to be
consistent with dissolved iron measured at a depth
of 5 m. In addition it was found that hematite is the
ferric mineral phase conditioning dissolved iron in
groundwaters.
Numerical calibration of the Cation Exchange Capacity leads to a higher value than that evaluated in
base on reported clay contents. Based on numerical
model results it is concluded that the averaged clay
content of the Redox Zone should be on the order
of 5%.
In spite of calcite dissolution is computed within tunnel surroundings, this process is not able to explain
the drastic increase of bicarbonate concentrations
measured near the tunnel. Microbially-mediated
degradation of organic matter through iron (III) mineral reduction is the most likely chemical process to
explain such observations. Analysis of measured
data of bicarbonate, iron, 13C and 14C in water
samples collected at different boreholes allows one
to suppose that the rock landfill could be a "hot
spot" for organic matter degradation.
Numerical results support the hypothesis of that sulphate reducing bacteria could be present in the
fracture zone prior to tunnel intersection. After the
start of the experiment, fresh groundwater flowing
towards the tunnel increases the input of suitable
electron donors (organic matter) in the tunnel surroundings. This could have enhanced the activity of
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iron reducing bacteria, which at the same time
could inhibit the growth of sulphate reducer microorganisms by out-competition.
Dissolution of pyrite is also numerically predicted
within tunnel vicinities but this process cannot explain quantitatively measured sulphate evolutions.
The coupled groundwater flow and reactive solute
transport numerical model was used to test additional hydrochemical hypotheses. Numerical model
results show that a source of sulphate comming
from alkaline sulphate-rich waters leaching from the
nearby rock landfill cannot be the reason for measured sulphate evolution. Numerical model results
also rule out the hypothesis of dissolution of iron
monosulphides within Baltic seafloor sediments as
being the responsible for sulphate evolution. After
discarding all these hypotheses it is concluded that
competitive anion adsorption is the most likely process influencing sulphate behavior in the Redox
Zone.

8.3 Future works
Additional validation of the proposed Aspo sitescale numerical model can be undertaken. One attractive possibility is to simulate the Long Term
Pumping and Tracer Tests (LPT tests). These long
term pumping and tracer tests were performed during the site-characterization stage (prior to tunnel
construction). The pumping test was conducted for
92 days and field observations were recorded at
more than 30 control boreholes (136 observation
packed sections), distributed over the whole island
area.
An interesting topic to be studied is the effect of performed grouting on the permeability of tunnel surroundings. Calibration of leakage coefficients was
required in those elements representing the Aspo
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tunnel in order to fit numerically measured tunnel
inflows. Unfortunately, grouting database of the
Aspo tunnel was not available during this work. A
joint analysis of grouting database and calibrated
leakage coefficients could help to gain in insight
about this effect.
The methodology for integrating multivariate- statistical hydrochemical models within hydrodynamic
models was a powerful tool for improving understanding of the Aspo site hydrogeology. This methodology should be also tested in other sites with different hydrogeological and hydrochemical settings.
It was found that actual available database for
hydrochemistry of undisturbed conditions of the
Aspo site is not good enough to generate sound initial conditions by means of current geostatistical
methods. However, other methodologies could be
explored. Artificial Neural Networks, for example,
are being successfully used in other disciplines related with earth-sciences such as meteorology and
surface hydrology.
Validation of the reactive transport numerical model
can be attempted by modeling other fracture zones
of the Aspo area. Nowadays, hydrogeological and
hydrochemical knowledge of the Aspo site seems
enough to attempt a fully three-dimensional numerical model of coupled groundwater flow and reactive
solute transport. However, the limiting factor for this
purpose is the large amount of computer requirements (mainly CPU-time) needed for such a numerical model. Parallelization of current reactive transport codes seems a promising way to be explored.
Bacteriological-mediated processes seem to be a
relevant factor affecting the Aspo site hydrochemical
behavior. Further fundamental understanding about
microbial activity is needed, as well as subsequent
implementation of such processes into current numerical models.
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A.1.1 Groundwater flow Aspo-site model
Topic

Model characteristics

Type of model

Deterministic discrete fracture network model

Process description

Transient groundwater flow assuming Darcy's Law and neglecting density effects
2 x 2 x 1 km 3

Geometric framework
and parameters

Deterministic features: All deterministic features provided in the Task 5 data set
Rock outside the deterministic features neglected

jrial properties
and hydrological properties
Spatial assignment method

Deterministic features: Transmissivity (T), Storativity (S)
Rock outside deterministic features: neglected
Deterministic features: Transmissivity (T), Storativity (S):
Constant within each feature
Surface: Constant flux
Sea: Constant head
Vertical-North: Fixed pressure equals to the initial one

Boundary conditions

Vertical-East: Fixed pressure equals to the initial one
Vertical-South: Fixed pressure equals to the initial one
Vertical-West: Fixed pressure equals to the initial one
Bottom: No flux

Numerical tool

TRANMEF-3

Numerical method

Finite Element Method

Output parameters

Head and Flow
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A.1.2 Solute transport Aspo-site model
Topic

Model characteristics

Type of model

Deterministic discrete fracture network model
Advection

Process description

Dispersion
Molecular diffusion
Model size: 2 x 2 x 1 km 3

•

Deterministic features: All deterministic features provided in the Task 5 data set
Rock outside the deterministic features: neglected
Flow porosity

Material properties

Dispersivity
Molecular diffusion coefficients

Spatial assignment method

Deterministic based in the available data set

i
....
Boundary conditions

Prescribed concentrations for end members, chlorides and 18-0, as provided in the data set for the
initial conditions

Numerical fool

TRANMEF-3

Numerical method

Finite Elements Method

Output parameters

Concentrations and mass flows

D
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A.1.3 Coupled groundwater flow and reactive solute transport model
of the redox zone experiment
Topic

Model characteristics

Type of model

Transient groundwater flow and reactive transport model in fracture zone
Groundwater flow neglecting density effects

Process description

Advection + dispersion + diffusion
Homogeneous and heterogeneous chemical reactions assuming local equilibrium

Geometric framework
and parameters
Reaction parameters

Modelling groundwater flow and reactive solute transport in a single fracture zone:
The Redox Zone of the Aspo site
Standard thermodynamics database for equilibrium constants
Available database of the Aspo HRL for groundwater flow and transport

Spatial distribution of reactions
assumed

All the assumed reactions could take place in the whole domain (hydrochemical system)

Boundary/initial conditions
for the reactions

Mineral constrains. Fresh water is assumed to he reducing
(after sensitivity analyses and comparison with measured dissolved iron)

Numerical tool

CORE21
Finite Elements Method for groundwater flow and transport

Numerical method

Finite Differences Method for geochemical reactions
Sequential iteration approach for coupling solute transport and chemical reactions

Output parameters

Head, flow, concentrations in the liquid phase, concentrations in the solid phase, pH,
eH and saturation index of the minerals
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A.2.1 Introduction

3) the rates (kinetics) of geochemical processes,
and

The chemical composition of groundwater is the
combined result of the composition of water that enters the aquifers and chemical reactions which may
modify aqueous concentrations. Apart from natural
processes as controlling factors on the groundwater
quality, in recent years the effect of pollution also influences the groundwater chemistry (Apelo &
Postma, 1993).

4) the sequence in which the water has come
into contact with the minerals occurring in the
geological materials along the flow paths
(Freeze & Cherry, 1979).

Water is formed by the union of two hydrogen atoms with one oxygen atom. The oxygen atom is
bounded to the hydrogen atoms unsymmetrically,
with a bond angle of 1 05°. This unsymmetrical arrangement gives rise to an unbalanced electrical
charge that imparts a polar characteristic to the
molecule. Water in the liquid state is composed of
molecular groups or molecular clusters. Each molecular cluster is estimated to have an average of
130 molecules at 0°C, 90 molecules at 20°C and
60 molecules at 72°C (Freeze & Cherry, 1979).
Water is unusual in that the density of the solid
phase is substantially lower than the density of the
liquid phase. In the liquid phase the maximum density is achieved at 4°C. Water is a solvent for many
salts and some types of organic matter. Water is effective in dissolving salts because it has a very high
dielectric constant and because its molecules tend
to combine with ions to form hydrated ions.
Groundwater can be viewed as an electrolyte solution because nearly all its major and minor dissolved constituents are present in ionic form (Freeze
& Cherry, 1979). Dissolved inorganic constituents of
natural groundwaters can be divided into 3 main
categories (Freeze & Cherry, 1 979):
1) major constituents (greater than 5 mg/L),
2) minor constituents (0.1-10 mg/L) and,
3) trace constituents (less than 0.1 mg/L). The
major constituents use to be Na + , Mg 2 + ,
Ca 2+ , Cl", HCO" and SOj", and the total
concentration of these six major ions normally
comprises more than 90% of the total dissolved solids in the water.
The concentrations of the major, minor and trace
constituents in groundwater are controlled by:

A.2.2 Chemical equilibrium
Given sufficient time, chemical substances in contact with each other tend to come to chemical equilibrium. Chemical equilibrium is the time invariant,
most stable state of a closed system (the state of
minimum Gibbs free energy). The chemical equilibrium is studied so as to learn the direction of spontaneous change of chemical reactions in any system.
A hydrochemical system is any grouping of atoms,
mineral, rocks, gases and waters under consideration within a single volume of space, the boundaries of which can be defined as is convenient.
Among systems a closed system can exchange energy but not matter with its surroundings. An open
system can exchange both energy and matter with
its surroundings. Of importance is the fact that a
system may be closed in terms of some substances
but open in terms of others. If reaction rates are
much faster than flux rates of related components in
and out the system, it can be assumed the system is
closed and vice versa (Langmuir, 1997).
A phase can be defined as a physically and chemically homogeneous portion of a system with definite
boundaries (Brownlow, 1979). That means that a
phase should be mechanically separable from a system. Phases are made up of one or more components and, components are simple chemical units
that can be combined to describe the chemical composition of the species or substances in a system.
The Gibbs phase rule relates the number of components (C) and phases (P) that can exist in a system at
equilibrium:

F=C-P+2

(A.2.1)

where F is the number of independent variables (or
degrees of freedom) (Stumm & Morgan, 1981).

1) the availability of the elements in soils and
rocks through which the water has passed;

A homogeneous reaction occurs within a single
phase (within the water in our case). Heterogeneous
reactions occur between phases, such as watermineral reactions for instance.

2) geochemical constraints such as solubility and
sorption;

Irreversible reactions can go one way only and equilibrium is not possible. Such reactions can be de-
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scribed by means of chemical kinetics (see Chapter
A.2.3). Reversible reactions are those which can go
two ways and reach chemical equilibrium.
Application of phase rule to a system that includes a
dissolving mineral, solution and gas phase is a complex undertaking, which can be approached using a
modified statement of the phase rule (Langmuir,
1997):
F = C' + 2 - P - R

(A.2.2)

in which C = C ' - R .
C is the number of different chemical species in the
system, and R is the number of auxiliary reactions.
Auxiliary reactions include the various chemical equilibrium involving the species present, the equation of
electroneutrality, and the stoichiometric relations.
Enthalpy (H) is defined as the heat content of a substance at constant pressure. It is not possible to
know absolute values of H but only differences in
the enthalpies of substances. The enthalpy of a
chemical reaction, AHr°, is the heat transfer between
a system and its surroundings for a process at constant pressure, but not a constant temperature and
volume. The negative sign of AH f indicates that
heat is given off and the reaction is exothermic (and
vice versa).
Entropy (S) is a measure of the degree of randomness or disorder of a phase (thermal, statistical, or
the geometric arrangement of atoms for example).
The most order exists at 0°K, where S=0, for most
substances. In any reversible process, the change in
entropy (AS) of any system equals the heat it absorbs (Q), divided by the absolute temperature (T):
Q

.2.3)

The Gibbs free energy (G|) of a substance i is defined
as:
G. = H, - TS;
(A.2.4)
Free energy can not be measured directly. As for
enthalpy, the difference (AG) between the free energies of substances in a reaction must be considered.
The AG for a reaction is the maximum energy
change for that reaction as useful work, measured
at constant temperature and pressure. For a given
reaction:

where the lower case letters denote the stoichiometry of reactants A and B and products C and D,
AGr° can be related with the equilibrium constant
(Keq) of the reaction. The Gibbs free energy of a
mole of A at some pressure and temperature is GA
and, this is also the definition of the chemical potential of A {ftp) so:

= AG°+RTIn[A]

(A.2.7)

where T is in K degrees and AG^is the standard
molar Gibbs free energy of A at unit activity of A
(when [A] = 1). The activity of A means roughly the
fraction of its total concentration that actually participates in reactions and, for ions the activity is usually
less than its concentration. For a moles of A:

= aAG°+RTIn[A]°

(A.2.8)

For the general reaction the free energy equals the
difference in the sum of values for the products minus that for the reactants:

AGr = cGc+dGD+aGA-

bGB

(A.2.9)

Introducing expressions for the other reacting substances similar to that for A:
AG r = [cAG° + dAG° - aAG° - bAG°] +
+ RT ln[C]c + RT ln[D]d - RT \n[A]° -RT\n[Bf

(A.2.10)

Collecting and combining terms:

AG = AG?+RTIn

[CY[D]d
[A]°[B]b

(A.2.11)

where AG° is the standard Gibbs free energy of the
reaction, and the ratio of concentrations on the right
is the reaction quotient (Q). At chemical equilibrium
AG r = 0 and Q = Kea so:
[A]°{B]b

(A.2.12)

which is the same that
AGr° = -RTInK e

(A.2.13)

Combining equations (A.2.11) and (A.2.13) it is
found that:

AGr = RT In £-

(A.2.14)

K

AG r ° = AHr° - TASr°

(A.2.5)

Considering the general reaction:
aA+bB = cC + dD
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At equilibrium Q = Keq and AG r = 0. When the chemical equilibrium is disturbed, if Q<K e q (AG r <0)
the reaction tends to go from left to the right. Con-
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versely, if Q>K e q (AG r >0) the reaction tends to go
from right to left. For the considered general reaction (A.2.6) the Mass Action Law state that if chemical equilibrium is achieved, concentrations of reactants and products are related with the equilibrium
constant:

and the equilibrium constant will be:

K
K

=

e

-±=m.

(A. 2.20)

K_ {A)

"

In an open system of a given volume (V), the residence time tR is:
V

(A.2.15)

(A.2.21)

where Q is the volume rate of flow.
On the other hand, the half-life or half-time of a reaction (the times it takes for half of A to go to B) is:

A.2.3 Chemical kinetics
The phenomenological description of chemical systems can be performed by two ways:
1) chemical thermodynamics (or chemical equilibrium) which explains why chemical reactions
occurs and,
2) chemical kinetics which explain how chemical
reaction occurs.
Chemical equilibrium deals only with two states of
the chemical system, the initial and the final states.
In other words, thermodynamics provides information about the possible changes in a given system.
On the other hand, all chemical reactions involve
the breaking and creation of chemical bonds and,
such events always "take time". The transient behavior of a chemical system is then the field of chemical
kinetics. If the chemical transient is of interest, classical chemical equilibrium will not be a useful approach.
Hoffman (1981); Stumm & Morgan (1981) and
Langmuir (1997), among others, treat the problem
about using thermodynamic or kinetic approaches
in natural aquatic systems.
Assuming an elementary first-order reaction:
AoB

(A.2.16)

In general, rates of the forward reaction (rate +)
and reverse reaction (rate -) are given by:
rate+ =

and

rate_ = K_(b) (A.2.17)

where K+ and K_ are proportionality constants and
are termed the forward (A->B) and the reverse (B-»A)
reaction rate constants. The overall rate R:
R = rafe^. — rafe

(A.2.18)

At equilibrium the forward and reverse rates are
equal so that these expressions may be combined:
K+(A)=K_(B)

(A.2.19)

In 2
t]/2

0.693

K "

(A.2.22)

Langmuir (1997) demonstrate that if the initial concentration of B equals zero, then:

() = J
(B)

When f R > > f , / 2 the
used and conversely,
reaction, the kinetics
plain the state of that

K

M/2

(A.2.23)

0.693tR

equilibrium concepts can be
when tR>>tV2 for a particular
concepts are necessary to exreaction.

Figure A.2.1 shows a comparison between the residence times of different aqueous systems in the hydrosphere and the half-time of the most relevant
natural hydrochemical reactions. In groundwaters,
residence times can take values among days and
several thousands of years. This interval compares
with the half-time of mineral dissolution-precipitation and mineral recrystallization reactions. In general terms, it can be stated that acid-base, aqueous
complexation, adsorption-desorption, gas solutionexolution and oxidation-reduction are processes
which can be thermodynamically explained in
groundwater systems. By the contrary, mineral dissolution-precipitation and recrystallization reactions
could need a kinetic approach depending on the
residence time of the system and the characteristics
of the considered minerals.
Regardeless of the residence time of the system
there can be some reactions slow enough to need
always a kinetic approach. Most geologic formations are comprised of variable amounts of minerals
that were formed at high temperatures (such as
olivines, pyroxenes, calcic feldspars, etc). These
high-temperature phases are thermodynamically unstable in most low-temperature groundwater systems
but rarely equilibrate with water. Other example of
this kind of problem is found in some redox reac-
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Figure A. 2.1 Schematic comparison between the half-times of some reactions types (ti/2) and the residence times (tK)
of some waters in the hydrosphere. After Langmuir & Mahoney (1985).

tions. Redox processes involving the transfer of one
electron are in general very fast, while those involving the transfer of more electrons and major chemical rearrangement between reduced and oxidized
state always are slower. Multi-electron transfer only
occurs one electron at the time, and therefore takes
place in several steps which requires many successive encounters between electron donor and electron acceptor, resulting in a slow overall reaction.
This is the reason, for instance, because hydrogen
sulfide and sulfate redox reaction is so slow that
equilibrium has never been observed in any natural
system below 200°C (Grenthe et al., 1 997).
A kind of general rule for natural groundwater systems is that almost all homogeneous reactions are
thermodynamically controlled while some mineral
dissolution-precipitation reactions could have a kinetic control, always depending on the residence
time of the system. However, there are exceptions
which even having a thermodynamic driving force
never reach chemical equilibrium, no matter the residence time. These kind of exceptions must be "controlled" by the modeler's knowledge.
For mineral dissolution, Lasaga et al. (1994) have
proposed the following general expression:
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(A.2.24)

where rm is the mineral dissolution rate (moles of
mineral per unit water volume and unit time), km is
the rate constant (moles per unit mineral surface
area), Am is the reactive surface area per unit fluid
volume (specific surface area), and Q m is the ratio
between the ion activity product and the equilibrium
constant. The parameters 6 and rj must be determined from experiments; usually but not always they
are taken equal to 1 (Samper et al., 1995). The
term a"1 acounts for the catalytic effect of some species, where the value of ni is determined experimentally. Factor £m takes on values of +1 or-1 depending on wheter Q m is larger or smaller than 1 (precipitation or dissolution), respectively. At equilibrium
Q m = 1, an therefore rm = 0 (Samper et al., 1995).
Rate constants are usually obtained by means of
laboratory experiments carried out at conditions far
from equilibrium. They depend on temperature T
according to the Arrhenius equation:
k0 = AeRT

(A.2.25)

Appendix 2. Basic concepts on hydmchemistry

where ko is a constant and Eam is the apparent activation energy of the overall reaction process, which
for most minerals range from 30 to 80 kJ/mol (Lasaga, 1 984). Both ko and Eam are determined from
experiments performed at different temperatures.
The specific surface area Am can be obtained from
laboratory experiments. For natural systems, however, it has to be estimated from simple geometric
considerations.

2) Dissolution of calcite and dolomite, and precipitation of calcite.
3) Cation exchange.
4) Oxidation of pyrite and organic matter.
5) Reduction of oxygen, nitrate and sulfate, with
production of sulphide.
6) Reductive production of methane.
7) Dissolution of gypsum, anhydrite and halite.

Previously a general discussion about the appropriate choice of kinetics or equilibrium of some chemical processes was done. For a particular reaction, it
is said to be suficiently slow when the time required
to reach equilibrium, to, exceeds the time needed to
reach pure transport steady-state (Samper et al.,
1995). To elucidate the proper choice among chemical equilibrium or kinetic approaches, Domenico
& Schwarz (1990) proposed to make a comparison
in terms of dimensionless Ddmkohler numbers, D|
and D||:
(A.2.26)

D,= -

8) Incongruent dissolution of primary silicates
with formation of clays.
From a modeling point of view, seven main categories of reactions (chemical processes) that control
the chemistry of groundwaters can be distinguished
(Xu, 1996):
1) aqueous complexation,

2) acid-base,
3) redox,
4) ion exchange,
5) adsorption,

D,=

D

(A.2.27)

6) mineral dissolution-precipitation,
7) gas dissolution-exolution.

where k°om is the effective rate constant, L is the
characteristic length of the system, v is the water velocity and D is the dispersion coefficient.

A.2.4.1 Aqueous complexation

For Damkoler numbers greater than 1, chemical
rates exceed transport rates (advective and/or dispersive) and therefore the reaction can be considered fast and assumed to be at equilibrium. Conversely, when these numbers are much smaller than
one, the reaction is slower than transport and therefore must be described by its kinetics (Samper et al.,
1995).

A complex is a dissolved species that exists because
of the association of a cation and an anion or neutral molecule. A ligand is an anion or neutral molecule that can combine with a cation to form a
complex. Most trace metals and many major elements are transported in groundwaters mainly in
complexed form. Langmuir (1997) propose at least
four reasons why • complexes are important in
groundwaters:

A.2.4 Main chemical processes
in natural ground waters
In theory hundreds of chemical reactions could be
written involving the water, solids and gases in aquifers. World wide site modeling has revealed that the
actual number of reactions that dominate the
groundwater chemistry are quite small (Alley, 1993)
such as:
1) Introduction of CO 2 gas in the unsaturated
zone.

1) Complexing of a dissolved species that also
occurs in a mineral tends to increase the solubility of that mineral over its solubility in the
absence of aqueous complexing.
2) Some elements occur in solution more often in
complexes than as free ions.
3) Adsorption of cations or anions may be
greatly favored or inhibited when they occur
as complexes rather than as free ions.
4) The toxicity and bioavailability of metals in natural waters depends on the aqueous speciation, or complexation of those metals.
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There are two main categories of complexes (Stumm
& Morgan, 1981):
1) ion pairs or outer-sphere complexes, which
are weak and electrostatically bounded and,
2) inner-sphere complexes, which involve important covalent bounding between the cation
and ligand and are generally stronger than
outer-sphere complexes.
In general, the stability of complexes usually increases with increasing charge and/or decreasing
radius of cations for a given ligand. The more saline
a water, the more dissolved ions exist as complexes
(Langmuir, 1997).

A.2.4.2 Acid-base reactions
In the XIX century, Arrhenius proposed that an acid
was a substance whose water solution contained
an excess of hydrogen ions and that a base contained an excess of hydroxide ions in aqueous solution. Arrhenius assumed that the excess of protons or hydroxide ions in a water solution resulted
from dissociation of the acid or base as it was introduced into the water. In the light of more recent
knowledge the Arrhenius concept is found limited.
The fact that hydrogen ions can not exist unhydrated in water (protons strongly react with water
molecules to form hydronium ions, H3O"1") is incompatible with the notion of a simple dissociation of an
acid. The ionization of an acid in water may more
logically be represented as a reaction of the acid
with the water, and an opposite reaction of a base
with the water. This is known as the Bronsted concept (Stumm & Morgan, 1981) and the general idea
is that an acid is simply defined as any substance
that can donate a proton to any other substance,
and a base is any substance that accepts a proton
from another substance.
An acid is then a proton donor and a base is a proton acceptor. Thus a proton transfer can occur
when an acid reacts with a base:
Acid) = Base] + Proton
Proton + Base2 = Acid2
Acidl + Base2 = Acid2 + Basel
In the liquid state water undergoes the equilibrium
dissociation:
H2OoH+ + OH~
(A.2.28)
pH is defined as the negative logarithm of the proton activity. Water at 25°C and pH = 7 has equal
H+ and O H " activities ([H+] = [OH-] = 1.0x1 0"7).
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The most important acid in natural groundwaters is
carbonic acid (H2CO3), which forms when carbon
dioxide (CO2) combines with water. Over most of
the normal pH range of groundwaters (6-9), HCO3
is the dominant carbonate species.
Acid-base reactions are of special importance in
groundwaters because most of the other reactions
involve or are controlled by the pH. Among the
most relevant chemical processes pH-controlled are
(Langmuir, 1997):
1) Aqueous acid-base equilibrium, including hydrolysis and polymerization.
2) Adsorption, because protons compete with
cations and hydroxil ions compete with anions
for adsorption sites. Also the surface charge of
most minerals is pH dependent.
3) The formation of complexes, because protons
compete with metal ions to bond with weakacids anions, and OH" competes with other
ligands that would form complexes.
4) Redox reactions, because oxidation usually
produces protons whereas reduction consumes them.
5) The solubility and rate of dissolution of most
minerals is also strongly pH-dependent.

A.2.4.3 Redox reactions
There is a conceptual analogy between acid-base
and reduction-oxidation reactions. In a similar way
that acids and bases have been interpreted as proton donors and acceptors, reductants and oxidants
are defined as electron (e') donors and electron acceptors, respectively.
Because there are not free electrons, every oxidation
is accompained by a reduction and vice versa, so
that an electron balance is always maintained. By
definition, oxidation is the loss of electrons and reduction is the gain of electrons. An oxidant is a substance that causes oxidation to occur while being
reduced itself and vice versa for a reductant.
For every redox system half-reactions in the following form can be written:
Oxidized state 1 + ne- = reduced state 1 (reduction)
Reduced state 2 - ne- = oxidized state 2 (oxidation)
Oxidized satate 1 + Reduced state 2 =
= Oxidized state 2 + Reduced state 1 (redox)
In natural groundwater systems there are two main
categories of redox reactions (Freeze & Cherry, 1 979):
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of a solution to accept or transfer electrons. Thus, a
high pE value indicates a relatively high tendency
for oxidation.

1) redox reactions that consume dissolved oxygen, and
2) redox reactions that consume organic matter.
Among the redox reactions consuming dissolved oxygen the most relevant are sulfide oxidation, iron
oxidation, nitification, manganese oxidation and
iron sulfide oxidation. Among the redox reactions
that consume organic matter to reduce inorganic
compounds are, denitrification, manganese (IV) reduction, iron reduction, sulfate reduction and methane fermentation. Figure A.2.2 shows the main redox reactions in natural groundwater systems as
proposed by Freeze & Cherry (1 979).

The redox potential (Eh) is defined as the energy
gained in the transfer of 1 mol of electrons from an
oxidant to H2. The h in Eh indicates that the potential is on the hydrogen scale and E symbolizes the
electromotive force. pE and Eh are related by:
PE

=

nF
2.3RT

Eh

(A.2.29)

where F is the Faraday constant, R the gas constant,
T the absolute temperature, and n the number of
electrons involved in the half reactions.

Similarly to pH it is possible to define an equally
convenient parameter for the redox intensity. pE is
defined as the negative logarithm of the electron
activity. pE gives the (hypothetical) electron activity

Usually there exist problems associated to field
measurements of Eh. Reproducible, drift-free Eh
measurements under field conditions are notoriously

at equilibrium, and measures the relative tendency

difficult (Langmuir, 1971). Discussion about differ-

Some inorganic oxidaction proccesses that consume dissolved oxygen in groundwater.
Process

Reaction*

Sulfide oxidation

(1)

Iron oxidation

(2)

Nitrification

(3)

Manganese oxidation

(4)

Iron sulfide oxidation

(5)

Some Redox processes that consume organic matter and reduce inorganic compounds in groundwater.
Process

Equation*

Denitrification**

CH20+JAI0- = |Af2(g) + HCO; + \H+ + \H20

Manganese(IV) reduction
Iron(lll) reduction

(2)

= 4fe2+ + HCO; + Wfi

Sulfate reduction*
Methane fermentation

0)
(3)
(4)

CH2U\H2O= \CH4 + \

(5)

*(s), Solid.
**Expressed as a combined reaction.

Figure A.2.2. Main redox processes in natural groundwaters both, consuming dissolved oxigen and consuming organic matter
as proposed by Freeze & Cherry (1979).
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ent problems with measured Eh can be found in
Lindberg & Runnells (1984), Masscheleyn et al.
(1991), Maest et al. (1992), Moncure et al. (1992)
and Langmuir (1997). Analytical techniques for determination of trace amounts of dissolved oxygen
have been developed and refined in recent years
(Kent et al., 1 994). These techniques could become
a good alternative to measure the redox state of
groundwater systems.

A.2.4.4 Adsorption
Adsorption is a chemical process that accumulates
dissolved species, from the bulk aqueous phase, at
the phase interface (near mineral surfaces). Solids in
natural waters have electrically charged surfaces.
O n e side of the interface assumes a net electrostatic
charge, either negative or positive, and an equivalent number of ions of opposite charge from a
counterlayer in the aqueous phase.

will be counterions and anions will be co-ions for
the purpose of this work.
Adsorption is most often described in terms if isotherms, which show the relationship between the
bulk activity of adsorbate and amount adsorbed at
constant temperature. It is generally observed that
as the concentration of a species in solution increases, the amount of it sorbed to contacting solid
(sorbent) surfaces also increases. The simplest model to describe sorption isotherms is the Freunlich
isotherm equation:
(A. 2.30)
m

where x/m is the weight of sorbate divided by the
weight of sorbent, K and n are constants, and C is
the aqueous concentration. Values of n ranges
about 0.6 to 3.3 (Langmuir 1997), but usually lie
between 0.9 and 1,4 (Lyman et al., 1982). When
n = l , then:

There are three principal ways by which the surface

K=(x_/m) =

^

(A_Z31)

charge may originate:
1) isomorphic substitution,
2) ionic dissolution, and
3) ionization of active organic functional groups.
Isomorphic substitutions are the most important in
clay minerals and account for 9 0 % of the permanent surface charge in these minerals (Corapcioglu
& Lingam, 1994). This source of surface charge in
clay minerals is caused by lattice imperfections at
the solid surface and by isomorphous replacements
within the crystal lattice. Clay minerals are primarily
stacked layers of crystalline aluminum or magnesium silicates. Gibbsite and Brucite layers are octahedral sheets (O-sheets) of oxygen atoms in a hexagonal close-packed arrangement with aluminum
or magnesium atoms at the octahedral sites, whereas silicate layers are tetrahedral sheets (T-sheets)
of oxygen atoms in an open hexagonal pattern with
silicon atoms at the tetrahedral sites. These sheets
are stacked into two or three layers units (T-O or
T-O-T). Isomorphous substitution of either A l 3 + for
the T-sheets, or M g 2 + for A l 3 + in the
Si4 +
O-sheets leads to negatively charged layers.
The ions with charge opposite t o that of the surface
charge are referred as counterions, whereas ions of
like charge are called co-ions. Fracture zones of
granitic media are usually filled with a considerable
amount of clay minerals, as a result of silicate
weathering. Due to the fact that predominant surface charge in the clay minerals is negative, cations
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where K<j is the so-called distribution coefficient,
which is the slope of the isotherm at the origin. Both,
Freundlich isotherm and Kj approaches assume an
infinite supply of unreacted sorption sites. Values of
K,j are equal to zero for non reactive species.
A more sophisticated model for adsorption isotherms is the Langmuir isotherm equation:

m

1+bc

1+bc

(A.2.32)

where a and b are constants, c is the aqueous concentration of sorbate and N max is the maximum possible sorption by the solid, usually assumed as the
value of x/m where the isotherm curve flattens. The
existence of a value for N max in equation (2.42) indicates the presence of a finite supply of sorption sites.
Adsorption isotherms models are of limited applicability when modeling complex and variable natural systems, particularly when the sorbates of interest are minor or trace ionic species (< 1 0"4 - 1 0~5
mol/kg) (Langmuir, 1997). Complex adsorption
models which take a mechanistic and atomic scale
approach to adsorption can be used in these cases.
Such models have been called electrostatic adsorption models or surface complexation models. A number of electrostatic adsorption models have been developed (James & Healy, 1972; Davis et al., 1978;
Davis & Leckie, 1978; Davis & Kent, 1990). The
three most relevant and broadly used are:
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1) the constant capacitance model (CC),
2) the diffuse-layer model (DL) and,

gan (1 981) states that the counterions of the diffuse
layer:
1) are electrostatically attracted by the surface,

3) the triple layer model (TL).
Langmuir (1 997) shows an excellent summary of the
main characteristics and differences of these three
models. Westall & Hohl (1 980) show a comparison
of five electrostatic models when fitting the same set
of experimental data. In spite of these models
shown differences, all of them are based in the electrical double-layer theory (EDLT), which is really the
main conceptual difference among surface complexation and isotherm models.
A charged or electrified interface reflects an unequal
distribution of charges (usually ions) at the phase
boundary that is the result of a localized disturbance
of electroneutrality. The electric double-layer theory
idealize the electric state of a surface as an electrochemical double layer; one layer is envisaged as a
fixed charge layer attached to the solid surface,
while the other layer is distributed more or less diffusely in the liquid phase in contact with the solid.
The second diffuse layer contains an excess of
counterions and a deficit of co-ions. Stumm & Mor-

2) tend, because of thermal motion, to become
more evenly distributed through the solution,
and
3) may be attracted to the surface by other than
electrostatic forces (specific adsorption).
In summary, all the existent surface complexation
models attempt to describe the spatial distribution of
charges at the surface surroundings. Figure A.2.3
shows four different models to describe charge, ions
and potential distribution at a solid-solution interface. In the simplest case, the electrified surface
consists of two sheets of charge, one on the surface
and one in the solution (Figure A.2.3-A). If the
charges in the solution are exposed to the forces of
thermal motion, a balance between electrostatic
and thermal forces is attained (Figure A.2.3-B).
Stern (1924) divided the region near the surface
into two parts, the first consisting of a layer of ions
specifically adsorbed at the surface, forming the
compact Stern Layer, and the second consisting of
the diffuse layer or the Gouy Layer (Figure A.2.3-C).

b) GOUY-CHAPMAN

(Cm

Figure A.2.3. Different models for distribution of charge, ions and potential at a solid-solution interface (alter Stumm & Morgan, 1981).
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Ions adsorbed in the Stern Layer are subjected to
electrostatic and specific interaction. If the specific
interaction outweighs the electrostatic one, the
charge of the Stern Layer may become higher than
that of the surface (Figure A.2.3-D). In the last case
the Stern Layer usually becomes very thin. Details in
mathematical formulation derived from the EDL theory can be found in Stumm & Morgan (1981) and
Langmuir (1 997) among others.

In the simplest case, Kex = n = 1, the reaction is
called Donnan exchange and this behavior has several implications (Langmuir, 1997):
1) The sorbent has a constant surface charge or
CEC.
2) The exchange reaction is controlled by valence difference of the ions only, not size differences.
3) The sorbent ions are not differently complexed.

A.2.4.5 Ion exchange
Counterions within the diffuse layer are mobile and
thus free to exchange with ions of the bulk solution.
Exchangeable ions and hydration water diffuse into
clays mineral interlayers. Soils scientist have historically reported the site density (generally termed as
the exchange capacity) on a per weight basis, in
units of meq/1 00 g of sorbent. For the purpose of
this work, the sorbent phase will show a net negative
surface charge (clays into fracture zones) and then,
surfaces will exhibit cation exchange capacity (CEC).
Exchange reactions involve competing ionic species.
The desorbing species creates the vacant site to be
occupied by the adsorbing one. There exist a variety
of ion exchange models and among the most popular are the Gaines-Thomas, Gapon and Vanselow
models. All these models only differ in the convention used to write concentrations of dissolved and
adsorbed species.
It has been found that for binary exchange, a mass
action expression in which the ratio of sorbed cation
mole fraction is raised to the nth power (n > 1) can
fit a wider range of empirical sorption data, than
when n = 1 (Langmuir, 1997). Let's consider the
homovalent exchange reaction:
A + BX <s> 8 + AX

(A.2.33)

The general exchange equilibrium expression is:
(A.2.34)

[A]{BX

where [A] and [B] are ion activities in solution, and
(AX) and (BX) are sorbed equivalent fractions.
Taking logs and transposing gives:
^ )

(A.2.35)

A linear plot of log ([B]/[A]) versus log (BX/AX) has a
slope of n and intercept of log Kex.
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4) The activity coefficients of both dissolved and
sorbed ions have constant ratios and equal
unity.
Donnan exchange best applies to the exchange of
major dissolved cations (>10~4 to 10' 3 mol/kg)
such as Na + , Ca 2 + and M g 2 + by minerals of practically constant surface charge (Langmuir, 1 997).
When an empirical fit of exchange data can be accomplished with a power exchange function in
which n = 1 but Kex is not equal to unity, the reaction is called Simple Ion Exchange which implies
(Langmuir, 1997):
1) The sorbate mineral has a constant surface
charge or CEC.
2) Exchange is controlled by the valence and size
of the ions.
3) There is minimal differential complexing of
sorbate ions.
4) The activity coefficients of both dissolved and
sorbed ions have constant but non equal ratios.
Simple Ion Exchange describes the competitive exchange in clays of most metal cations present in solution at concentrations from 1 0"4 to 1 0"2 mol/kg.
Finally, the general power exchange function applies when neither n nor Kex are equal to unity. This
function describe trace element exchange better
than Donnan and Simple Ion Exchange models.
However, general power-exchange functions provide no mechanistic explanation for exchange processes and, the resulting unbalanced exchange reactions always lack charge balance. Langmuir
(1997) states that the power exchange approach
can model exchange behavior but obviously does
not help to understand it.

A.2.4.6 Mineral dissolution-precipitation
In a general way, for an electrolyte that dissolves in
water according to the reaction:
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(A.2.36)
the equilibrium condition is:
(A.2.37)
If the activity of the pure solid phase is set equal to
unity, and if the common standard-state convention
for aqueous solution is adopted, then the conventional solubility is:
Kso = [/A^,]m + [8,"",]"

(A.2.38)

In order to test whether a natural water is over or
undersaturated one inquire whether the free energy
of dissolution of the solid phase is positive, negative
or zero. For the general reaction shown at equation
(2.69) the free energy of dissolution is given by:
AG = RTIn

Q
K

(A.2.39)

where Q is the actual (act) ion activity product (IAP).
For the same general dissolution equation:

AG=RTIn-

(A.2.40)

The state of saturation with respect to a solid is defined:
IAP >

Kso {oversaturated)

LAP =

Kso {saturated)

IAP <

Kso (undersaturated)

The solubility of many inorganic salts increase with
temperature, but a number of compounds of interest in groundwaters (mainly CaCC>3 and CaSC>4)
decrease in solubility with an increase in temperature. Pressure dependence of solubility is slight.
Dissolution or precipitation reactions are generally
slower than reactions among dissolved species, but
it is difficult to generalize about rates of precipitation
and dissolution. There is a lack of data concerning
most geochemical important dissolution-precipitation reactions, so that kinetic factors can not be assessed easily (Stumm & Morgan, 1981). There are
many evidences of dissolution-precipitation kinetically controlled in groundwaters. One of the most
remarkable evidences is the fact of observed quartz
oversaturation in most of the natural groundwaters.
This oversaturation occurs because the rate of attainment of equilibrium between silicic acid and
quartz is extremely slow.
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A.3.1 TRANMEF-3
A.3.1.1 Code description
TRANMEF-3 is a domestic code developed enterely
at the Hydrogeology Group of the Civil Engineering
School of the University of A Corufia (Juanes.
1997). The code was efficiently implemented in
FORTRAN 77, and it consists of roughly 25 000
lines. It has been carefully verified against analytical
solutions in hundreds of cases. TRANMEF-3 runs
under DOS, VMS and UNIX operating systems.
The program TRANMEF-3 solves groundwater flow,
multicomponent solute transportand heat transport
equations in fully three-dimensional porous and
fractured media by the finite element method. This
code extends the range of applicability of research
and commercial codes currently available. Some of
the most relevant features are described next.
There is absolutely no restriction regarding the problem domain, which can be:
1) One-dimensional. This is convenient for strictly
one-dimensional problems, or two-dimensional axisymmetric problems.
2) Horizontal two-dimensional. This is the most
commonly used domain for groundwater flow
in regional aquifers.
3) Vertical two-dimensional. It is used when the
variation of the variables of study in the direction normal to the cross section is negligible.
4) Quasi three-dimensional. It consists of several
two-dimensional horizontal layer (which represent the aquifers) connected by one-dimensional elements (which represent the aquitards).
5) Three-dimensional. This discretization is required when flow and/or transport are fully 3-D.
6) Multi-dimensional. It consists in a combination
of the previous domains, where one and/or
two-dimensional fracture networks are embedded in a three-dimensional medium. It enables realistic simulation of flow and transport
in porous and fractured media
Twelve different elements have been implemented,
which can be simultaneously used in any simulation.
The capability of combining 1 -D, 2-D and 3-D elements permits discretization of two-dimensional
fractures and their corresponding one-dimensional
intersections in a three-dimensional medium . The
program accounts for boundary conditions rigor-

ously, through full integration along the boundaries
of the domain. The flow and transport regime may
be steady or unsteady. The initial conditions for the
latter may be explicitly defined by the user or generated automatically as a result of a steady-state calculation.
The code solves the following equations:
1) Groundwater flow. The linear form of the flow
equation is solved. This implies that, strictly
speaking, the code is not applicable to unconfined aquifers, flow in the unsaturated zone,
and it is unable vo deal with variable density
effects. The flow equation accounts for Darcy
type flow, storage, volumetric recharge and
source/sink terms.
Boundary conditions are general: Neumann,
Dirichlet and Cauchy, distributed along the inner/outer boundaries.
2) Solute transport. Once the flow equation has
been solved for a given time step, Darcy velocities are computed at the Gauss points of
the elements. TRANMEF-3 then allows one to
solve the solute transport equation, accounting for the following terms: molecular diffusion, hydrodynamic dispersion, advection, storage, recharge, sources/sinks of solute, radioactive decay and adsorption. Matrix diffusion
is considered automatically due to the natural
coupling between the fractures and the rock
matrix (fractures are simply discretized as elements of lower dimension). The same three types of boundary conditions |Neuman, Dirichlet
and Cauchy | are considered here.
3) Heat transport. The same considerations of
solute transport equation hold for heat transport equation, since there is a perfect analogy
between both phenomena
The code includes a subroutine for renumbering the
nodes of the finite element mesh, which is completely transparent to the user. The algorithm is
based on graph theory and its goal is to minimize
the profile of the matrices that appear when a numerical method is used to discretize the partial differential equations. The importance of node renumbering cannot be overemphasized, since the computational requirements (memory and CPU time)
may be reduced in several orders of magnitude.
Overall, TRANMEF-3 is a very general program for
numerical solution of groundwater flow, solute
transport and heat transport in porous and fractured
media.
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A.3.1.2 Code documentation
Juanes, R. (1997): Un Codigo para la Modelizacion
Tridimensional de Flujo y Transporte. E.T.S. Ingenieros
de Caminos, Canales y Puertos. University of A Coruna, Spain. Interim Report (Includes User's Manual).

A.3.1.3 Relevant publications
Juanes, R. & Samper, J. (2000 a): Una formulacion
general y eficiente de fracturas y condiciones de
controno en el M.E.F.: I. Aspectos teoricos. Revista
del C.l.M.N.E. Barcelona. In press.
Juanes, R. & Samper, J. (2000 b): Una formulacion
general y eficiente de fracturas y condiciones de
controno en el M.E.F.: II. Aplicacion a casos sinteticos. Revista del C.l.M.N.E. Barcelona. In press.
Juanes, R.; Samper, J. & Molinero, J. (2000): A
Generalized Approach to Modeling Fractures in the
Finite Element Method. European Congress on
Computational Methods in Applied Sciences and
Engineering (ECCOMAS 2000). Barcelona, 11-14
September 2000.

A.3.2C0RE2D
A.3.2.1 Code description
CORE is a family of COdes which share the common capability of solving groundwater flow, heat
transfer and multicomponent REactive solute transport in variably saturated media. All the codes of the
family are finite element codes developed at the
Hydrogeology Group of the Civil Engineering School
of the Univeresity of A Coruna. CORE codes were
efficiently implemented in FORTRAN 77 I FORTRAN
90. CORE codes run under DOS, WINDOWS,
UNIX and VMS operating systems.
CORE-LE-2D (Samper et al., 1998) is the father
code and solves groundwater flow and non-isothermal reactive transport under Local Equilibrium conditions. CORE2D (Samper et al., 1999) considers
chemical kinetics for dissolution-precipitation processes and therefore the suffix LE was dropped from
CORE-LE-2D. In addition, CORE2D has undergone
a detailed verification of nonisothermal reactive
transport routines (Montenegro et al., 1 999).
CORE codes solve for groundwater flow, heat transport and multi-component reactive solute transport
under the following conditions:
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1) 2-D confined or unconfined, saturated or unsaturated, steady or transient groundwater flow
with general boundary conditions (Dirichlet,
Neuman, and Cauchy).
2) Solute transport accounting for advection, dispersion and molecular diffusion processes.
3) Chemical equilibrium reactions taking place in
the aqueous phase which include: (a) Acidbase, (b) Redox and (c) Aqueous complexation.
4) Chemical reactions involving other solid and
gaseous phases such as: (a) Surface adsorption, (b) Ion exchange, (c) Mineral dissolutionprecipitation and (d) Gas dissolution-exsolution. Mineral dissolution-precipitation reactions can be considered either at local equilibrium or kinetically controlled.
5) Radioactive and biodegradation decay chains.
6) Transient heat transport considering conduction, convection and heat dispersion processes.
CORE2D is based on the sequential iteration approach (SIA) to solve the coupled hydrological
transport processes and hydrogeochemical reactions. In this approach the transport and chemical
equilibrium equations are considered as two different subsystems. These subsystems are solved separately 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 purpose of solving the transport equations. This renders
the differential equations linear which allows the use
of fast numerical methods for solving the linear system of equations. After solving the transport equations, the set of chemical equations is solved on a
node-basis. Solution of these non linear equations is
carried out using Newton-Raphson iterative procedures. After convergence, the chemical source term
is updated. The whole iterative process (transport +
chemistry) is repeated until overall convergence is
attained.
The finite element method is used for spatial discretization, while implicit, explicit and general finite
difference schemes are used for time discretization.
CORE2D can cope with heterogenous systems having irregular internal and external boundaries.
The code can handle heterogeneous and anisotropic media in:
1) Two-dimensional horizontal planes for confined or unconfined flow.
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2) Two-dimensional vertical planes.
3) Three-dimensional problems having axial symmetry for confined aquifers and variably saturated 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 addition, free drainage boundary condition (unit gradient type) is allowed for variably saturated flow.
Solute transport boundary conditions include:
1) Specified solute mass fluxes.
2) Specified solute concentrations.
3) Solute sources associated to fluid sources. The
code is not restricted to specific chemical species, and therefore can consider 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, adsorbed species only requires specifying their names.
Thermodynamic data and stoichiometric coefficients
of the chemical equilibrium reactions are read directly from a database, using a modification of a
subroutine of Steefel (1993). The database is built
from the EQ3NR database (wollery, 1 979). The data for surface adsorption reactions are implemented
in the database. Kinetic data are read from an independent kinetic database.
The subroutine for initial conditions is able to calculate the concentration of the initial and boundary
solutions from several given constraints (such as: total concentrations, equilibrium with respect to minerals, 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 dependent on initial guess values.
An interactive widows-based version of CORE2D
has been developed recently (Samper et a\., 1 999).
VISUAL CORE software package includes all the capabilities of CORE2D and, in addition, it provides
interactive post-processing poweful tools which allow the user to display both, spatial contour plots
and time series, directly from numerical output files.

The CORE2D software is an updated version of
TRANQUI, a previous reactive transport code (ENRESA,
1995). TRANQUI was originally developed jointly
by the Politecnical University of Catalonia (UPC)
and the institute of Earth Sciences Jaume Almera
(CSIC), both located n Barcelona. Since 1995,
there has been a succession of new versions developed at the University of A Coruna, each representing a new set of improvements. The number and importance of such changes justify giving a new name
to the current code (CORE software package).
Some of the major changes introduced into CORE
which are not shared by TRANQUI are:
1) Unsaturated water flow.
2) Time varying areal recharge and boundary
parameters.
3) A thorough verification of nonisothermal reactive transport.
4) Anion exclusion for both saturated and unsaturated water flow.
5) Retardation by mens of the Kd concept.
6) Radiactive decay chains.
7) Gas dissolution ex-solution.
8) Upwinding numerical algorithm for advectivedominated transport.
9) Several sequential iterative approaches coupled transport-chemistry.
10) Kinetics of minera1 dissolution/precipitation.
11) Kinetics of aqueaous reactions.
12)Authomatic identification for flow and reactive
transport parameters.
13)

Coupling of non-isothermal multiphase flow.

A.3.2.2 Code documentation
Samper, J.; Delgado, J.; Juncosa, R. & Montenegro,
L (1998): CORE-LE-2D: A Code for water flow and
reactive transport. User's manual. University of A
Coruna. Spain.
Montenegro, L; Samper, J. & Delgado, J. (1998):
Verificacion del codigo CORE-LE en condiciones no
isotermas. University of A Coruna. Spain
Samper, J.; Delgado, J.; Juncosa, R. & Montenegro,
L (1999): CORE2D v 2.0: A Code for non-isothermal water flow and reactive solute transport. User's
manual. University of A Coruna. Spain.
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Samper, J.; Delgado, J.; Juncosa, R. & Montenegro,
L (1999): VISUAL CORE2D v 2.0: User-friendly interactive code for non-isothermal water flow and reactive solute transport. Users Manual V.2. University
of A Coruha. Spain.
Zhang, G. & Samper, J. (1999): CORE2D: Kinetics
verification report. University of A Coruna. Spain.
Dai, Z. & Samper, J. (1999): INVERSE CORE2D.
Code for the inverse problem of water flow, heat
transfer and reactive solute transport. Users Manual
V 0. University of A Coruna. Spain.
Juncosa, R.; Samper, J. & Delgado, J. (1999): Manual del Usuario del Programa FADES-CORE V 0.0a.
University of A Coruna, Spain.

A.3.2.3 Relevant publications
Samper, J.; Delgado, J.; Molinero, J. & Juncosa, R.
(1998): Predictive numerical modeling of artificial
tracers migration in the large-scale (in situ and
mock-up) heating and hydration experiments of the
FEBEX Project. Hydrological Science and Technology 14 (1-4), 79-84.
Samper, J. & Xu, T. (1999): Numerical models of
solute and heat transport in porous media. In: International Workshop on Numerical Modelling of Hydrodynamic Systems, Zaragoza (Spain). June, 1999.

343-377.
Samper, J. & Xu, T. (1999): Numerical models for
groundwater flow. In: International Workshop on
Numerical Modelling of Hydrodynamic Systems.
Zaragoza, June, 1999. 321-342.
Dai, Z.; Samper, J. & Molinero, J. (1999): Numerical Interpretation of Diffusion and Permeation Experiments. Technical report of the FEBEX Project
(70-ULC-L-5-011). Within European Project on Nuclear Fision Program: Fl 4W-CT95-0006. E. T. S.
Ingenieros de Caminos. University of A Coruna.

A.3.3 COSMOS/M (GEOSTAR)
A.3.3.1 Code description
COSMOS/M is a complete, modular, self-contained
finite element system developed by Structural Research and Analysis Corporation (SRAC) for personal computers and workstations. The program includes modules to solve linear and nonlinear static
and dynamic structural problems, in addition to
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problems of heat transfer, fluid mechanics, electromagnetics and optimization. In this work, the
GEOSTAR module of COSMOS/M has been used
as preprocessor of the numerical models. The success of a finite element method for any modeling
exercise is based largely on the procedures used.
Regardless of the type of application, numerical
simulation by the finite element method requires
complete information about the domain under consideration. Whatever the case might be, the problem's model must contain all the necessary data for
the numerical computation (geometry, elements,
boundary conditions, ...). A tool for results visualization is also required which is specially important for
such problems involving complex geometries.
GEOSTAR is the basic pre and postprocessor of the
COSMOS/M finite element system. It is an interactive full three-dimensional CAD like graphic geometric modeler, mesh generator and finite element
pre and postprocessor. The user can create the geometric model, mesh it and provide all analysis information (parameters and initial and boundary conditions).
Preprocessed numerical models can be exported to
ASCII files in order to solve numerical model equations by using domestic numerical tools. In addition,
files can be directly exported for many standard finite element analysis systems such ABAQUS,
ANSYS, NASTRAN, PATRAN and SINDA.
After solving numerical model equations, ASCIIoutput files can be imported to GEOSTAR for postprocessing.
The geometric capabilities of GEOSTAR are based
on the mixed boundary representation (b-rep) and
parametric cubic equations. A diverse set of geometric modeling capabilities combined with flexible
meshing options allow for the creation and meshing
of complex models. Boundary and initial conditions
and parameter zones can be conveniently be applied in association with geometric entities (previously defined in the geometric model) in any defined coordinate system.
GEOSTAR has many powerful capabilities and features that work in a user friendly environment. All
GEOSTAR commands are accessible by the mouse
from the pull-down menus. GEOSTAR commands
can be also typed (by keyword). Combined typed
and mouse-access commands is possible. The user
may customize his/her version by programming the
keyboard functions keys to provide quick access to
preferred GEOSTAR commands.
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The geometric model can be directly built in GEOSTAR
or imported from any CAD or solid modeling system
such AutoCAD, MicroStation, IDEAS (SDRC), Solid
Woks, etcetera.
GEOSTAR runs under almost all platforms and operating systems.
COSMOS/M 2.0 is a comercial copyrighted code
and all rights are reserved by Structural Research
and Analysis Corporation (SRAC).

A.3.3.2 CODE DOCUMENTATION
Structural Research and Analysis Corporation (1998).
COSMOS/M. A Complete Finite Element Analysis
System. BASIC FEA SYSTEMS.
Structural Research and Analysis Corporation (1998).
COSMOS/M. A Complete Finite Element Analysis
System. USER'S GUIDE.

A.3.4 EQ3/6
A.3.4.1 Code description
EQ3/6 (Wolery, 1979) is a software package for
geochemical modeling of aqueous systems. The
major components of the package include:
1) EQ3NR, a especiation-solubility code.
2) EQ6, a reaction path code which models water/rock interaction or fluid mixing in either a
pure reaction progress model or a time mode.

ters. The output of a speciation calculation
consists of two parts:
(a) The speciation part is the concentration
and thermodynamic activity of each individual chemical species.
(b) The solubility part consists of the saturation indices for the various reactions not
in a state of partial equilibrium. Most of
these reactions pertain to mineral dissolution/ precipitation reactions.
2) Reaction-path calculation. This function is provided by the EQ6 code. A reaction path ca culation follows (or predicts) the evolution of a
reacting system. This usually refers to a system
consisting of an aqueous solution and some
minerals (the reactants). As the overall reaction progresses, the composition of the aqueous solution changes (including pH, Eh, etc.)
and the solution may become saturated with
new minerals (the products). Other types of reaction progress calculations are possible. For
example, the calculation might follow mixing
with a second fluid. Here the mixing is treated
as an irreversible reaction.
The EQ3/6 software package was originally developed at Northwestern University (USA). It was brought
to Lawrence Livermore National Laboratory (USA) by
the original author and described in Wollery (1 979).
Since then, there has been a succession of new versions, each representing a new set of improvements.
The EQ3/6 software package is written in FORTRAN 77 and was developed to run under UNIX operating systems. FORTRAN source files are available
at Lawrence Livermore Laboratoty (USA).

3) EQPT, a data file preprocessor.
4) EQLIB, a supporting software library.
5) Thermodynamic databases.
The basic purpose of EQ3/6 is to make two kinds of
calculations pertaining to aqueous solutions and
aqueous systems:
1) Speciation-solubility calculation. This function
is provided by the EQ3NR code. The purpose
of such a calculation is to describe the chemical and thermodynamic state of the solution
using as input analytical data and/or theoretical assumptions. Such calculations utilize the
concepts of thermodynamic equilibrium, activity coefficients, and aqueous complexation
(see Appendix 2) along with the corresponding
mathematical description and model parame-

A.3.4.2 Code documentation
Wolery, T.J. (1979): Calculation of equilibrium between aqueous solution and minerals: the EQ3/6
software package. Lawrence Livermore National
Laboratory. CA, USA. UCRL-52658.
Wolery, T.J. (1983): EQ3NR, a computer program
for geochemical aqueous speciation-solubility calculations: user's guide and documentation. Lawrence Livermore National Laboratory. CA, USA.
UCRL-53414.
Daveler, S. & Bourcier, B. (1989): EQ3NR - Input
file user's guide. NEA Data bank ld:NESC0886.
Wolery, T.J. (1992): EQ3/6, a software package for
geochemical modeling of aqueous systems: pack-
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age overview and installation guide (version 7.0).
Lawrence Livermore National Laboratory. CA, USA.
UCRL-MA-110662-PT-l.

A.3.4.3 Relevant publications
Wolery, T.J.; Lackson, K.J.; Bourcier, W.L; Bruton,
C.J.; Viani, B.E.; Knauss, K.G. & Delany, J.M.
(1990): Current status of the EQ3/6 software package for geochemical modeling. In: Chemical modeling of aqueous systems II (Melchior, D.C. &
Bassett, R.L.; Eds.). American Chemical Society
Symposium Series 416.104-116.

A.3.5 MEDUSA (SED-PREDOM)
A.3.5.1 Code description
MEDUSA (Make Easy Diagrams Using Sophisticated
Algorithms) is a software package to draw several
types of chemical equilibrium diagrams (Puigdomenech, 1983 & 1999). MEDUSA package consists
of three main parts:
a) MEDUSA: a Windows interface to manage the
software package. It handles data-files (creation, editing, merging, etc.) and deal with
plot and postprocess in general (screen display, diagram printing, etc.)
b) SED: creates fraction, logarithmic and solubility diagrams.
c) PREDOM: create predominance and * Pourbaix'
area diagrams. Predominance and Pourbaix
diagrams, also called Potential pH diagrams,
allow for elegantly visualizing chemical equilibria. A Pourbaix diagram can be seen as a
map in the chemical space summarizing thermodynamic information in a compact and at
the same time useful way (Beverskog &
Puigdomenech, 1996a).
SED and PREDOM were written in FORTRAN and
they are the calculation motor behind MEDUSA.
MEDUSA is a Visual-Basic application.

ganic Chemistry. Royal Institute of Technology.
Stockholm.
Puigdomenech, I. (1999): MEDUSA: Make Equilibrium Diagrams Using Sophisticated Algorithms. Vers.
2 Nov. 1999. Inorganic Chemistry, Royal Institute
of Technology (KTH). Stockholm, (http://www.morg.
kth.se/Research/lgnasi/).

A.3.5.3 Relevant publications
Beverskog, B.•& Puigdomenech, I. (1996): Revised
Pourbaix diagrams for iron at 25-300°C. Corrosion
Science, 38(12). 2121-2135.

A.3.6 GEOS
A.3.6.1 Code description
The program GEOS (Samper, 1990) is a geostatistical package that performs estimation of stationary, intrinsic and non-intrinsic random functions, defined in one, two and three dimensions.
Although the program is specially designed for applications in Subsurface Hydrology, it may be used
in other fields.
The program was written in FORTRAN 77, and it
was implemented to be executed in a VAX computer
under VMS operating system. The program holds up
to eight different semivariogram models, that can be
either isotropic or anisotropic. In addition to the visual fitting of the theoretical semivariogram model
to the sample semivariogram, the package GEOS
allows to evaluate the quality of a certain model by
the cross validation technique. For the estimation of
non-intrinsic random functions, GEOS uses the residual kriging method, in which drift is adjusted
iteratively by generalized least squares. Another option of the program is a log-kriging (krigeage of
logarithm of the variable).

A.3.5.2 Code documentation

In three dimension, blocks are vertical prisms laid
out through layers of constant thickness, which hold
any poligonal geometry in the horizontal plane. Unlike most other geostatistical packages, GEOS computes and provides the covariance matrix of kriged
values.

Puigdomenech, I. (1983): INPUT, SED and PREDOM:
Computer programs drawing equilibrium diagrams.
Technical report TRITA-OOK-301 0. Dept. of Inor-

This program was slightly modified in August 1 996
(GEOS2), in order to implement the following
change:
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Matrices resulting in the kriging process tend to be
ill-conditioned, so their inverse are difficult to compute because of huge numerical errors. As those
matrices depend on the coordinate system, program
GEOS now internally performs a transformation of
coordinates:
(X, Y)-> (x',y') so that new coordinates are sort of
'normalized', i.e., their range is approximately (-1,
+ 1). As it has been verified, results obtained are
much better, and the order of drift polynomial can
be higher without damaging computed matrices.
The user does not notice this transformation, as it is
internal. However, input data files must be slightly
different to the original version ones.

A.3.6.2 Code documentation
Samper, F.J. (1986): Statistical Characterization of
Hydrochemical, Isotopic and Hydrological Data
from Aquifers". Ph.D. dissertation. Dept. of Hydrology and Water Resources. University of Arizona.
Tucson. Arizona.
Samper, F.J. (1990): Users Manual of GEOS: A
general 3-D gesotatistical package for subsurface
applications, Technical University of Catalonia
(UPC).Barcelona.
Samper, F.J. (1992): Users Manual of GEOS2: A
general 3-D gesotatistical package for subsurface
applications, Technical University of Catalonia
(UPC). Barcelona.
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Appendix 4. Details on the Aspo site-scale numerical model

This appendix contains additional information about
the Aspo 3-D, site-scale numerical model. This is a
complement for chapters 4, 5 and 6 of the dissertation.

ing the same nomenclature of that used within the
Aspo Hard Rock Laboratory. By means of borehole
I.D. codes, all the information can be found at the
Aspo database (SICADA).

Time series databases for groundwater head, tunnel
inflows, chemical analyses and isotopical analyses
are not listed because they are property of SKB. Another reason is that these databases represent an
enormous amount of information (to be printed).
Observation boreholes used to calibrate and validate numerical models are clearly identified, by us-

Available chemical database for undisturbed conditions is printed under permission of SKB. This is not
the complete database but only the boreholes crossing the major fracture zone (Hydraulic Conductor
Domains) considered in the model.This data are included because they were used to generate boundary and initial conditions for numerical modeling.

A.4.1 Model geometry"
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* Geometry is referred to trie kpo coordinates system.

233

Testing and validation of numerical models of groundwater flow, solute transport and chemical reactions in fractured granites

A.4.2 Hydraulic conductivities
Hydraulic
conductor
domain

/
'

Calibrated hydraulic
conductivity
(m/day)

Confidence limit*
(2.5%)
(m/day)

Confidence limit*
(97.5%)
(m/day)

Sample
size*

H

EW-1N

30.00

4.32E-03

4.32E-03

4.32E-06

5.18E-01

4

EW-1S

30.00

6.34E-02

9.51 E-02

4.90E-04

2.53E+00

4

EW-3

15.00

1.38E-01

1.38E-01

1.38E-02

6.91E-01

4

EW-7

10.00

5.88E-01

1.96E-01

8.64E-05

1.81E+02

3

NE-1

30.00

8.64E-01

1.50E-01

3.46E-01

1.21E+00

16

NE-2

5.00

7.08E-03

7.08E-03

9.46E-05

4.84E-01

12

NE-3

50.00

5.01E-01

2.72E-01

2.42E-01

1.24E-01

9

NE-4N

40.00

6.48E-02

6.48E-02

1.47E-02

3.02E-01

8

NE-4S

40.00

6.48E-02

6.48E-02

1.47E-02

3.02E-01

8

NNW-1

20.00

4.75E-02

3.00E-02

3.24E-03

1.06E-01

7

NNW-2

20.00

2.42E-01

2.42E-01

5.62E-04

1.90E+01

4

NNW-4

10.00

1.30E+00

2.25E-02

1.56E-02

5.18E+00

8

SFZ-11

20.00

NW-1

10.00

1.47E-03

1.47E-03

2.85E-04

4.23E+00

3

NNW-5

20.00

8.64E-03

2.00E-01

2.72E-03

3.84E-01

3

NNW-6

20.00

NNW-7

20.00

2.07E-02

5.00E-03

1.77E-02

7.78E-02

5

NNW-8

• 20.00

4.32E-02

8.64E-02

3.63E-06

8.64E-01

3

NNW-3

20.00

* Men etol. (1997 b).
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Geometric mean
of the measured
hydraulic conductivity*
(m/day)

1.56E-02

6.05E-02

8.64E-02
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A.4.3 Specific storage coefficients
Measured specific
storage coefficient*
(nr>)

Calibrated specific
storage coefficient

Hydraulic
conductor domain

Width
(m)

EW-1N

30.00

3.33E-06

EW-1S

30.00

4.80E-06

EW-3

15.00

1.03E-05

EW-7

10.00

3.5E-05

NE-1

30.00

NE-2

5.00

2.00E-05

NE-3

50.00

2.18E-05

NE-4N

40.00

4.6E-05

NE-4S

40.00

4.60E-06

NNW-1

20.00

2.50E-07

2.50E-06

NNW-2

20.00

1.00E-07

1.00E-05

NNW-4

10.00

6.52E-05

SFZ-11

20.00

5.00E-06

NW-1

10.00

1.00E-05

NNW-5

20.00

5.00E-06

NNW-6

20.00

5.00E-06

NNW-7

20.00

5.00E-06

NNW-8

20.00

5.00E-06

NNW-3

20.00

6.70E-06

8.66E-07

(m-i)

8.67E-05

"Rbenetal. (1997 b).
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A.4.4 Transport parameters
Hydraulic
conductor domain

Width
(m)

EW-1N

Estimated porosity*

Estimated dispersivity**
(m)

Model porosity

(-)

Model dispersivity
(m)

30.00

200

1.1E-04

200

EW-IS

30.00

200

8.4E-04

200

EW-3

15.00

200

1.0E-02

200

EW-7

10.00

200

2.0E-03

200

NE-1

30.00

200

7.0E-03

200

NE-2

5.00

200

1.6E-04

200

NE-3

50.00

200

2.5E-03

200

NE-4N

40.00

200

8.5E-04

200

NE-4S

40.00

200

8.5E-04

200

NNW-1

20.00

3.1E-04- 1.3E-02

200

8.0E-04

200

NNW-2

20.00

2.6E-03 - 1.1E-02

200

5.0E-03

200

NNW-4

10.00

200

1.0E-03

200

SFZ-11

20.00

200

3.0E-04

200

NW-1

20.0

200

5.0E-04

200

NNW-5

20.00

200

2.0E-03

200

NNW-6

20.00

200

8.0E-04

200

NNW-7

20.00

200

1.0E-03

200

NNW-8

20.00

200

1.0E-03

200

NNW-3

20.00

200

1.0E-03

200

H

62E-04-2.2E-02

*Holmqvist & Andersson (1999). For the fracture zones without estimations, equation 8-8 of * Rhen et at. (1997 b) was taken as a first approximation.
** Rhen et at. (1997 b), equation 8-15 assuming a spatial scale of 1 km.
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A.4.5 Observation points
Control points
Tunnel inflows

Groundwater heads

Chemical concentrations

Number

Tunnel section

Number

Borehole section

Number

1

MA1030G

1

KAS02 (346.799)

1 "

SA0813B

2

MAI 372

2

KAS03 (107-252)

2

SA0958B

3

MA1584G

3

KAS03 (253-376)

3

SA1009B

4

MA1745G

4

KAS04 (0-185)

4

SA1210A

5

MA1883G

5

KAS04 (288-331)

5

HA1327B

6

MA2028G

6

KAS05 (440-550)

6

SA1420A

7

MA2178G

7

KAS06 (0-190)

7

SA1614B

8

MA2357G

8

KAS06 (191-249)

8

SA1696B

9

MA2496G

9

KAS06 (331-390)

9

SA1828B

10

MA2699G

10

KAS07 (191-290)

10

SA2074A

11

MA2840G

n

KAS07 (411-500)

11

SA2273A

12

MA2994G

12

KAS07 (501-604)

12

SA2273B

13

MA3179G

13

KAS08 (503-601)

13

SA2322A

14

KAS09 (0-115)

14

SA2600A

15

KAS14 (0-130)

15

SA2783A

Borehole section

MA3411G +
14

MA3426G +
MF0061G

Predictions points

1

KA3110A

2

KA3385A

3

KAS07 (501-604)
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A.4.6 Discretization of tunnel construction
Tunnel front location
North

East

Z

Tunnel length

Model day

Date

6434.83

2150.33

-106.86

780

0

27/06/91

6464.59

2146.51

-111.06

810

34

31/07/91

6640.48

2150.12

-136.26

990

133

07/11/91

6947.70

2108.76

-179.66

1300

313

06/06/92

7066.63

2092.74

-196.46

1420

412

13/08/92

7172.83

2069.15

-211.86

1530

432

02/09/92

7346.36

2064.06

-234.35

1720

486

26/10/92

7405.39

2145.56

-248.06

1830

509

18/11/92

7410.91

2164.78

-250.86

1850

524

03/12/92

7413.67

2174.40

-252.26

1860

525

04/12/92

7344.65

2310.86

-272.26

2030

572

20/01/93

7263.49

2317.37

-285.06

2120

600

17/02/93

7168.80

2263.16

-300.007

2240

634

23/03/93

7154.99

2215.11

-307.07

2290

642

31/03/93

7138.41

2157.44

-315.47

2350

656

14/04/93

7203.33

2046.73

-333.33

2490

683

11/05/93

7357.70

2068.64

-351.99

2660

697

25/05/93

7426.66

2129.05

-365.98

2760

914

28/12/93

7434.95

2157.87

-370.18

2790

928

11/01/94

7451.02

2244.32

-382.78

2880

944

27/01/94

7418.45

2317.39

-393.98

2960

958

10/02/94

7323.19

2349.89

-414.98

3110

986

10/03/94

7298.56

2212.07

-428.09

3250

1103

05/07/94

729152

2172.70

-433.89

3290

1112

14/07/94

7284.94

2133.32

-439.69

3330

1123

25/07/94

7280.96

2113.63

-442.59

3350

1125

27/07/94

7270.

2054.57

-449.36

3410

1137

08/08/94

2013

01/01/97

End of the model
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A.4.7 Calibrated leakage coefficients
North

East

Z

Tunnel length

Fracture zone

Leakage coefficient
(day')

6434.83

2150.33

-106.86

780

EW-7

2.200e+00

6464.59

2146.51

-111.06

810

NE-4N

2.200e+00

6640.48

2150.12

-136.26

990

NE-3

2.200e+00

6947.70

2108.76

-179.66

1300

NE-1

8.750e+00

7066.63

2092.74

-196.46

1420

EW-3

,5000e+00

7172.83

2069.15

-211.86

1530

NE-2

,5000e+00

7346.36

2064.06

-234.35

1720

NNW-7

.1000e+02*

7405.39

2145.56

-248.06

1830

NNW-1

.1000e+00

7410.91

2164.78

-250.86

1850

NNW-2

.0500e+00

7413.67

2174.40

-252.26

1860

NE-2

.0500e+00

7344.65

2310.86

-272.26

2030

NNW-4

.1000e+02'

7263.49

2317.37

-285.06

2120

NNW-4

.1000e+02'

7168.80

2263.16

-300.007

2240

NNW-2

.1500e+00

7154.99

2215.11

-307.07

2290

NNW-1

.3000e+00

7138.41

2157.44

-315.47

2350

NNW-7

.1500e+00

7203.33

2046.73

-333.33

2490

NE-2

,4000e+00

7357.70

2068.64

-351.99

2660

NNW-7

.1000e+00

7426.66

2129.05

-365.98

2760

NNW-1

.4000e+00

7434.95

2157.87

-370.18

2790

NNW-2

.1600e+00

7451.02

2244.32

-382.78

2880

NE-2

.1000e+02*

7418.45

2317.39

-393.98

2960

NNW-4

.1000e+02*

7323.19

2349.89

-414.98

3110

NNW-4

.1000e+02*

- 7298.56

2212.07

-428.09

3250

NNW-2

.1000e+00

7291.52

2172.70

-433.89

3290

NNW-1

.2000e+00

7284.94

2133.32

-439.69

3330

NE-2

.1000e+00

2113.636

-442.59

3350

NNW-7

.1000e+00

2054.57

-449.36

3410

NNW-5

.1000e+00

7280.96
7270.40

•

* This is a value large enough. Using this value, Cauchy boundary condition is equivalent to using a Dirichlet boundary condition with a prescribed head
equals to the external value. Each (auchy-conditioned node has an associated externol head equals to assumed atmospheric pressure (= WOO - abs(D).
See Chapter 4 (methodology for tunnel construction modeling).
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A.4.8 Database to set up boundary and initial conditions for concentrations
yymmdd
ID code

SGKLXO2

240

mg/L

T.U.

Deviat.
SMOW

Tr

018

D

Area
Date

Na

K

Ca

Mg

HCO3

Cl

SO4

Laxemar

930803

8500

45.5

19300

2.12

14.1

47200

906

-44.9

4.2

-8.9

920828

SEA01

Sea

1960

95

93.7

234

90

3760

325

-53.3

42

-5.9

Glacial

Glaciol

0.17

0.4

0.18

0.1

0.12

0.5

0.5

-158

0

-21

Rain'60

Rain

0.4

0.29

0.24

0.1

12.2

0.23

1.4

-80

100

-10.5

Litorina

Sea

3180

154

152

380

146

6100

527

-35

0

-5

HAS03

Aspo

870804

335

14.0

80

36.0

235

574

98.0

-76.4

33.0

-10.8

HAS03

Aspo

870805

336

12.0

87

39.0

235

608

104.0

-80.5

35.0

-10.9

HAS05

Aspo

870807

237

4.0

25

6.0

370

119

118.0

-73.8

2

-9.9

HAS06

Aspo

870807

254

3.0

44

11.0

271

280

96.0

-73.3

24.0

-10.2

HAS06

Aspo

870808

900

12.0

297

56.0

155

1760

283.0

-66.6

11

-9.4

HAS13

Aspo

890703

1880

32.8

1040

219.0

132

5070

136.0

-69.3

1.2

-7.2

KAS02

Aspo

890111

1300

6.6

990

65.0

71

3820

106.0

-108.9

0.3

-13.9

KAS02

Aspo

880927

1710

8.8

1480

75.0

33

5360

291.0

-99.8

8

-12.7

KAS02

Aspo

880411

1700

9.0

1540

72.0

27

5340

270.0

-100.6

8.0

-12.3

KAS02

Aspo

880425

1800

8.1

1580

66.0

25

5440

290.0

-99.9

8.0

-12.8

KAS02

Aspo

880505

2200

8.1

1890

42.0

10

6330

550.0

-97.2

8.0

-12.3

KAS02

Aspo

880920

2850

11.5

3690

31.0

7

11100

522.0

-96.8

8.0

-13.0

KAS02

Aspo

890131

3000

10.9

3830

31.0

11

11100

519.0

-96.8

0.2

-13.1

KAS03

Aspo

890221

613

2.4

162

21.0

61

1220

31.1

-125.0

0.1

-15.8

KAS03

Aspo

880810

1200

6.3

472

61.0

54

2850

31.0

-115.3

8.0

-14.6

KAS03

Aspo

880828

1290

6.5

490

58.0

53

2950

39.0

-181.1

8.0

-14.5

KAS03

Aspo

880816

1770

5.9

1400

40.0

12

5180

370.0

-104.9

8

-13.3

KAS03

Aspo

880822

1550

6.2

1190

40.0

27

4600

300.0

-109.6

8

-13.6

KAS03

Aspo

880903

1920

6.2

1740

38.0

11

5880

470.0

-103.4

8

-13.3

KAS03

Aspo

880908

2130

6.6

2670

45.0

11

8080

680.0

-99.7

8

-13.0

KAS03

Aspo

890315

3020

7.3

4380

49.5

11

12300

709.0

-96.4

0.4

-12.7

KAS04

Aspo

890417

382

2.4

91

6.2

222

508

180.0

-84.8

4.3

-11.0

KAS04

Aspo

890427

1180

6.1

740

30.0

69

3030

220.0

-99.6

0.5

-13.0

KAS04

Aspo

890403

1890

7.8

1660

61.0

21

5840

407.0

-92.3

0.03

-11.9

KAS06

Aspo

890531

1230

7.4

893

82.0

89

3630

150.0

-94.3

3.8

-10.9

KAS06

Aspo

890607

1820

9.1

1490

119.0

49

5680

283.0

-77.8

0.3

-9.2

0.6

-7.4

KASO6

Aspo

890614

2070

11.7

1410

153.0

64

5970

362.0

-69.2

KAS06

Aspo

890621

2200

11.1

1570

130.0

50

6150

459.0

-70.8

3.5

-8.2

KLXO1

Laxemar

881208

1040

6.2
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28.0

83

2050

48.0

-89.9

8

-11.5

KDC01

Laxemar

881123

860

6.1

223

18.0

78

1700

106.0

-94.5

8

-12.2

8

-13.3

0.6

-11.8

KLXO1

Laxemar

881103

1680

7.1

1400

23.0

24

4870

351.0

-102.1

KLXO1

Laxemar

891101

1610

7.3

1330

24.0

24

4680

390.0

-98.8
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A.4.9. Database to set up boundary and initial conditions
for mixing fractions-M3 model results (Gurban etal., 1998)
YYMMDD
ID code

Mixing fraction

Area
Date

Brine

Glacial

Meteoric

Baltic Sea

SGKLX02

Laxemar

930803

100.0%

0.0%

0.0%

0.0%

SEA01

Sea

920828

0.0%

0.0%

0.0%

100.0%

Glacial

Glacial

0.0%

100.0%

0.0%

0.0%

Rain'60

Rain

0.0%

0.0%

100.0%

0.0%

Litorina

Sea

HAS03

Aspo

870804

5.1%

6.5%

83.4%

5.1%

HAS03

Aspo

870805

4.9%

8.6%

81.7%

4.9%

HAS05

Aspo

870807

4.1%

12.1%

79.7%

4.1%

HAS06

Aspo

870807

3.7%

9.4%

83.2%

3.7%

HAS06

Aspo

870808

9.8%

9.8%

65.9%

14.6%

HAS13

Aspo

890703

9.1%

9.1%

32.2%

49.6%

KAS02

Aspo

890111

10.2%

48.8%

30.8%

10.2%

KAS02

Aspo

880927

14.9%

41.2%

28.9%

14.9%

KAS02

Aspo

880411

14.8%

40.4%

30.1%

14.8%

KAS02

Aspo

880425

15.0%

43.0%

26.9%

15.0%

KAS02

Aspo

880505

19.6%

44.7%

17.9%

17.9%

KAS02

Aspo

880920

27.4%

45.4%

13.6%

13.6%

KAS02

Aspo

890131

28.7%

46.8%

12.3%

12.3%

KASO3

Aspo

890221

4.2%

64.3%

27.3%

4.2%

KAS03

Aspo

880810

7.7%

51.0%

33.6%

7.7%

KAS03

Aspii

880828

7.9%

52.4%

31.8%

7.9%

KAS03

Aspo

880816

14.7%

50.3%

20.2%

14.7%

KAS03

Aspo

880822

12.8%

51.7%

22.6%

12.8%

KAS03

Aspo

880903

17.1%

50.9%

16.0%

16%

KAS03

Aspo

880908

24.0%

47.2%

14.4%

14.4%

KAS03

Aspii

890315

33.4%

44.5%

11.1%

11.1%

KAS04

Aspd

890417

5.5%

25.6%

63.5%

5.5%

KAS04

Aspo

890427

10.3%

44.5%

34.9%

10.3%

KAS04

Aspo

890403

17.3%

40.5%

24.9%

17.3%

KAS06

Aspo

890531

11.4%

28.7%

48.6%

11.4%

KAS06

Aspo

890607

17.3%

17.3%

47.9%

17.5%

KASO6

Aspo

890614

15.1%

15.1%

34.5%

35.4%

KAS06

Aspo

890621

17.6%

17.6%

33.7%

31.1%

K1X01

Laxemar

881208

7.4%

29.8%

55.5%

7.4%

KLXO1

Laxemar

881123

7.1%

35.5%

50.4%

7.1%

KIX01

Laxemar

881103

14.0%

49.4%

22.6%

14.0%

KIX01

Laxemar

891101

14.8%

44.5%

25.9%

14.8%
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Appendix 5. Details on the Redox lone numerical model

A.5.1 Hydrodynamic parameters
Material zone

T
(mVday)

s
(-)

Porosity

L disp.
(m)

T. disp.
(m)

1) Shallow granite

100

5 x 10' 2

1%

30

15

2) Interned granite

0.10

ixlO"3

1%

30

15

3) Deep granite

0.05

lxlO'3

1%

30

15

4) Baltic granite

io-4

lxlO'3

10%

30

15

5) Landfill

100

5xlO~ 2

1% '

30

15

A.5.2 Observation points
Borehole
I.D.

Depth
(m)

Flow database

Chemical database

HBH05

5

—

complete

HBH02

15

—

complete

HBH01

45

G.W. head

complete

TUNNEL

70

—

complete

KR0012B

70

—

complete

KR0013B

70

—

complete

KR0015B

70

—

complete
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A.5.3 chemical species
Primary species'
brca+2
clfe + 2
h+
h2o
hco3k+
li +
mg + 2
mn+2
na +
o2(aq)
sio2(aq)
so4-2
sr+2

'Aqueous complexes'
ca(h3sio4)2(aq)
cacl +
cacl2(aq)
caco3(aq)
cah2sio4(aq)
cah3sio4 +
cahco3 +
caoh +
caso4(aq)
co2(aq)
co3-2
fe(oh)2(aq)
fe(oh)2 +
fe(oh)3(aq)
fe(oh)4fe+3
fecl +
fecl2(aq)
fecl4-2
feco3(aq)
feco3 +
fehco3 +
feoh+2
feso4(aq)
h2(aq)
h2sio4-2
h4(h2sio4}4-4
h6(h2sio4)4-2
hcl(aq)
hs-
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hsio3hso4kbr(aq)
kcl(aq)
khso4(aq)
koh(aq)
kso4licl(aq)
lioh(aq)
Iiso4mg(h3sio4)2(aq)
mgcl +
mgco3(aq)
mgh2sio4(aq)
mgh3sio4 +
mghco3 +
mgso4(aq)
mn(oh)2(aq)

mn2(oh)3 +
mn2oh + 3
mncl +
mncl3mnco3(aq)
mnhco3 +
mnoh +
mnso4(aq)
nabr(aq)
nacl(aq)
naco3nahco3(aq)
nahsio3(aq)
naoh(aq)
naso4ohsrcl +
srco3(aq)
sroh +
srso4(aq)

'Minerals'
calcite
hematite
quartz
pyrite

'Exchangeable cations'
na +
ca+2
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A.5.4 Chemical reactions
A.5.4.1 Thermodynamic reactions
Homogeneous reactions
Stoichiometric coefficients
Species

LogK

br-

ca+2

cl-

fe+2

h+

0

0

-2

4

ca(h3sio4)2(

1.51E+0]

0

1

k+

11+

0

0

0

0

0

0

h20 hco3-

mg+2 mn+2

na+

o2(aq) sio2(o2) so4-2

sr+2

0

2

0

0

cacl+

6.96E-OT

0

1

1

0

0

0

0

0

0

0

0

0

0

0

0

0

cacl2(oq)

6.44E-01

0

1

2

0

0

0

0

0

0

0

0

0

0

0

0

0

caco3(aq)

7.00E+00

0

1

0

0

-1

0

1

0

0

0

0

0

0

0

0

0

cah2sio4(aq)

1.86E+01

0

1

0

0

-2

2

0

0

0

0

0

0

0

1

0

0

coh3sio4+

8.79E+00

0

1

0

0

-1

2

0

0

0

0

0

0

0

1

0

0

cahco3 +

-1.05E+00

0

]

0

0

0

0

1

0

0

0

0

0

0

0

0

0

caoh +

1.29E+01

0

]

0

0

-1

1

0

0

0

0

0

0

0

0

0

0

•-2.11E+00

0

]

0

0

0

0

0

0

0

0

0

0

0

0

1

0

co2(oq)

-6.34E+00

0

0

0

0

]

-1

]

0

0

0

0

0

0

0

0

0

co3-2

1.03E + 01

0

0

0

0

-1

0

1

0

0

0

0

0

0

0

0

0

fe(oh2)aq

2.06E+01

0

0

0

]

-2

2

0

0

0

0

0

0

0

0

0

0

-1

1.5

0

0

0

0

0

0

0.25

0

0

0

2.5

0

0

0

0

0

0

0.25

0

0

0

caso4(aq)

fe(oh)2+

-2.82E+00

0

0

0

1

fe(oh)3(aq)

3.68E+00

0

0

0

1

•2

fe(oh)4-

1.31E+01

0

0

0

1

-3

3.5

0

0

0

0

0

0

0.25

0

0

0

fe+3

-8.49E + 00

0

0

0

1

1

-0.5

0

0

0

0

0

0

0.25

0

0

0

fed +

1.61E-01

0

0

1

1

0

0

0

0

0

0

0

0

0

0

0

0

fecl2(aq)

2.45E+00

0

0

2

1

0

0

0

0

0

0

0

0

0

0

0

0

fed4-2

1.90E+00

0

0

4

1

0

0

0

0

0

0

0

0

0

0

0

0

feco3(aq)

5.60E+00

0

0

0

1

-1

0

1

0

0

0

0

0

0

0

0

0

feco3 +

-7.88E + 00

0

0

0

]

0

-0.5

1

0

0

0

0

0

0.25

0

0

0

fehco3 +

-2.05E+00

0

0

0

1

0

0

1

0

0

0

0

0

0

0

0

0

feoh+2

-4.11E+00

0

0

0

1

0

0.5

0

0

0

0

0

0

0.25

0

0

0

f8so4(aq)

-2.20E+00

0

0

0

1

0

0

0

0

0

0

0

0

0

0

1

0

h2(aq)

4.61E+01

0

0

0

0

0

1

0

0

0

0

0

0

-0.5

0

0

0

h2sio4-2

2.29E+01

0

0

0

0

-2

2

0

0

0

0

0

0

0

1

0

0

h4(h2sio4)4-

3.57E+01

0

0

0

0

-4

8

0

0

0

0

0

0

0

4

0

0

h6(fi2sio4)4-

1.34E+01

0

0

0

0

-2

8

0

0

0

0

0

0

0

4

0

0

hcl(aq)

6.70E-01

0

0

1

0

1

0

0

0

0

0

0

0

0

0

0

0

hs-

1.38E+02

0

0

0

0

1

0

0

0

0

0

0

0

-2

0

1

0

hsio3-

9.95E+00

0

0

0

0

-1

1

0

0

0

0

0

0

0

1

0

0

hso4-

-1.98E+00

0

0

0

0

1

0

0

0

0

0

0

0

0

0

1

0

kbr(aq)

1.74E+00

1

0

0

0

0

0

0

1

0

0

0

0

0

0

0

0

kd(aq)

1.49E+00

0

0

1

0

0

0

0

1

0

0

0

0

0

0

0

0

khso4(cq)

-8J4E-0]

0

0

0

0

1

0

0

1

0

0

0

0

0

0

1

0

koh(aq)

1.45E+0]

0

0

0

0

-1

1

0

1

0

0

0

0

0

0

0

0
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Homogeneous reactions
Stoichiometric coefficients
Species

LogK

•
br-

ca+2

tl-

fe+2

h+

h20

hco3-

k+

0

0

0

0

0

1

0

0

0

kso4-

-8.80E-01

0

0

11+ mg+2 m n + 2 na+ o2(aq) sio2(o2) so4-2 sr+2
0

0

0

1

0

lid(oq)

1.51E+00

0

0

1

0

0

0

0

0

1

0

0

0

0

0

0

0

lioh(oq)

1.36E+01

0

0

0

0

-1

1

0

0

1

0

0

0

0

0

0

0

lisc>4-

-7.70E-01

0

0

0

0

0

0

0

0

1

0

0

0

0

0

1

0

mg(ti3sio4)2(

0

2

0

0
0

1.37E+01

0

0

0

0

-2

4

0

0

0

1

0

0

mgcl +

1.35E-01

0

0

1

0

0

0

0

0

0

1

0

0

0

0

0

mgco3(aq)

7.35E+00

0

0

0

0

-1

0

1

0

0

1

0

0

0

0

0

0

mgh2sio4(aq)

1.75E+01

0

0

0

0

•2

2

0

0

0

1

0

0

0

1

0

0

mgh3sio4+

8.54E+00

0

0

0

0

-1

2

0

0

0

1

0

0

0

1

0

0

mghco3+

-1.04E+00

0

0

0

0

0

0

1

0

0

1

0

0

0

0

0

0

mgso4(aq)

-2.4IE+00

0

0

0

0

0

0

0

0

0

1

0

0

0

0

1

0

mn(oh)2(aq)

2.22E+01

0

0

0

0

-2

2

0

0

0

0

1

0

0

0

0

0
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2.39E + 01

0

0

0

0
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3

0

0
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0

2

0

0

0

0

0
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.0

0
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0

2

0

0

0

0

0
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0
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1

0

0

0

0

0
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0

1

0

0

0

0

0
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0

0

3

0

0

0

0

0

0

0

1

0

0

0

0

0
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0

0

0

0
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0

]

0

0

0

1

0

0

0

0

0
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0
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0

0

0

1

0

0

0

1

0

0

0

0

0
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0
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0

0

-1

1

0

0

0

0

1

0

0

0

0

0

mnso4(oq)

-2.35E+00

0

0

0

0

0

0

0

0

0

0

1

0

0

0

1

0

nabr(oq)

1.36E+00

1

0

0

0

0

0

0

0

0

0

0

I

0

0

0

0

nacl(oq)

7.77E-01

0

0

1

0

0

0

0

0

0

0

0

1

0

0

0

0

naco3-

9.81 E+00

0

0

0

0

-1

0

1

0

0

0

0

1

0

0

0

0
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-1.54E-01

0

0

0

0

0

0

1

0

0

0

0

1

0

0

0

0
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8.30E+00

0

0

0

0

-1

1

0

0

0

0

0

1

0

1

0

0

nah(aq)

1.42E+01

0

0

0

0

-1

1

0

0

0

0

0

1

0

0

0

0
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-8.20E-01

0

0

0

0

0

0

0

0

0

0

0

1

0

0

I

0

1

0

oh-

1.40E+01

0

0

0

0

-1

0

0

0

0

0

0

0

0

0

srd+

2.49E-01

0

0

1

0

0

0

0

0

0

0

0

0

0

0

0

1

stco3(oq)

7.46E+00

0

0

0

0

-1

0

1

0

0

0

0

0

0

0

0

1

1

0

0

0

0

0

0

0

0

0

1

0

0

0

0

0

0

0

0

0

1

I

sroh+

1.33E+01

0

0

0

0

-1

srso4(aq)

-2.30E+00

0

0

0

0

0

Mineral reactions

1

Stoichiometric coefficients
Mineral
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LogK
br-

ca+2

d-

fe+2

h+

h2o

hcO3-

k+

il+

mg+2 mn+2

na+ o2(aq) sio2(aq) sO4-2 sr+2

calcite

1.85E+02

0

1

0

0

-1

0

1

0

0

0

0

0

0

0

0

0

hematite

-1.69E+01

0

0

0

2

-4

2

0

0

0

0

0

0

0.5

0

0

0

quortz

-4.00E+00

0

0

0

0

0

0

0

0

0

0

0

0

0

1

0

0

pyrite

2.17E+02

0

0

0

1

2

-1

0

0

0

0

0

0

-3.5

0

2

0
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A.5.4.2 Cation exchange
Cation Exchange Capacity = 0.6 Mol/L
Master species = Na +
Exchange coefficient Ca + 2 = 0.5
Convention = Gaines-Thomas

A.5.5 Boundary waters
A.5.5.1 Recharge fresh water
Species

Molality

Mg 2 +

1.64 E-04

H+

3.00 E-08

HCO-

2.24 E-03

O2(aq)

1.48 E-66

cr

1.69 E-04

K+

6.65 E-05

H20

1.00 E-00

Cc 2+

9.58 E-04

Fe 2+

1.00 E-05

soj-

2.50 E-04

Br

1.00 E-20

SiO2(aq)

9.98 E-05

Mn 2 +

6.55E-06

Li+

1.44 E-06

Na+

6.69 E-04

Sr2+

2.51 E-06
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A.5.5.2 Bottom boundary water (300 m deep)
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Species

Molality

Mg 2 +

8.10 E-03

H+

3.16 E-08

HCO"

1.05 E-03

O2(oq)

1.48 E-66

cr

2.25 E-01

K+

4.50 E-04

H20

1.00 E-00

Ca 2+

4.96 E-02

Fe 2+

1.13 E-05

K

4.95 E-03

Br

3.78 E-04

SiO2(aq)

9.32 E-05

Mn 2+

1.71 E-05

Li+

8.00 E-05

Na+

1.09 E-01

Sr2+

2.45 E-04
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A.5.5.3 Baltic sea water
Species

Molality

Mg 2 +

5.43 E-03

H+

3.16 E-08

HCO"

1.47 E-03

O2(oq)

1.48 E-66

Q~

1.00 E-01

K+

2.33 E-04

H20

1.00 E-00

Ca 2+

2.43 E-03

Fe 2+

1.13 E-05

sor

3.38 E-03

Br

3.78 E-04

SiO2(aq)

9.32 E-05

Mn 2+

1.71 E-05

Li+

4.61 E-05

Na+

8.52 E-02

Sr2+

2.45 E-04
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A.5.5.4 Landfill hyperalkaline water

252

Species

Molality

Mg 2 +

4.92 E-09

H+

2.80 E-l 3

HCO,

2.24 E-03

O2(aq)

1.48 E-66

cr

1.69 E-04

K+

6.65 E-05

H20

1.00 E-00

Ca 2+

9.51 E-03

Fe 2+

1.00 E-05

so|-

2.16 E-03

Br

1.00 E-20

SiO2(aq)

9.98 E-05

Mn 2+

6.55 E-06

Li+

1.44 E-06

Na+

6.69 E-04

Sr2+

2.51 E-06
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A.5.5.5 Seafloor sediments pore water
Species

Molality

Mg 2 +

5.43 E-03

H+

3.16 E-08

HC0~

1.47 E-03

0 2 (oq)

1.48 E-66

Cl"

1.00 E-01

K+

2.33 E-04

H20

1.00 E-00

Ca 2+

2.43 E-03

Fe 2+

1.13 E-05

sor

2.60 E-02

Bt~

3.78 E-04

Si02(oq)

9.32 E-05

Mn 2+

1.71 E-05
4.61 E-05

Na+

8.52 E-02

Sr2+

2.45 E-04
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RADIACTIVAS NATURALES EN UN AMBIENTE GRANÍTICO: PLUTÔN
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CONTRIBUTION BY CTN-UPM TO THE PSACOIN LEVELS EXERCISE.
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DESARROLLO DE UN MODELO DE RESUSPFNSIÓN DE SUELOS
CONTAMINADOS. APLICACIÓN AL ARIA DE PALOMARES.
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REIACION ENTRE PARÁMETROS GEOFÍSICOS E HIDROGEOLOGICOS.
Una revisión de literatura.
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ESTUDIO DEL CÓDIGO FFSM PARA CAMPO LEJANO. IMPLANTACIÓN
EN VAX.
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DISEÑO Y CONSTRUCCIÓN DE IA COBERTURA MULTICAPA
DEL DIQUE DE ESTÉRILES DE LA FÁBRICA DE URANIO DEANDÜIAR.
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IA EVALUACIÓN DE LA SEGURIDAD DE LOS SISTEMAS
DE ALMACENAMIENTO DE RESIDUOS RADIACTIVOS. UTIUIACIÓN
DE MÉTODOS PROBABILISTAS.
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ALTERACIÓN HIDROTERMAL DE LAS BENTONITAS DE ALMERÍA.
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MAYDAY. UN CÓDIGO PARA REALIZAR ANÁLISIS DE INCERTIDUMBRE
Y SENSIBILIDAD. Manuales.
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CONSIDERACIÓN DEL CAMBIO MEDIOAMBIENTAL EN LA EVALUACIÓN
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DESCRIPCIÓN DE LA BASE DE DATOS WALKER.

02

UOi LEACHING AND RADIONUCLIDE RELEASE MODELLING UNDER
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SPANISH REFERENCE CLAY MATERIAL FOR ENGINEERED BARRIER
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SMALL MOCK UP TESTING.
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METODOLOGÍA DE ANÁLISIS DE LA BIOSFERA EN LA EVALUACIÓN
DE ALMACENAMIENTOS GEOLÓGICOS PROFUNDOS DE RESIDUOS
RADIACTIVOS DE ALTA ACTIVIDAD ESPECÍFICA.
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EVALUACIÓN DEL COMPORTAMIENTO Y DE LA SEGURIDAD
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SÍNTESIS TECTOESTRATIGRÁFICA DEL MACI70 HESPÉRICO.
VOLUMEN I.
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f5 JORNADAS DE I+D Y TECNOLOGÍAS DE GESTIÓN DE RESIDUOS
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FEBEX. ETAPA PREOPERACIONAL. INFORME DE SÍNTESIS.
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INVESTIGACIÓN DE BENTONITAS COMO MATERIALES DE SELLADO
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DE RESIDUOS RADIACTIVOS.
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MANUAL DE CESARR V.2. Código para la evaluación de seguridad
ée un almacenamiento superficial de residuos radiactivos de baja
y medio actividad.

ESTUDIOS DE CORROSION DE MATERIALES METÁLICOS
PARA CÁPSUIAS DEAIMCENAMIENTO DE RESIDUOS DE ALTA
ACTIVIDAD.
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DESARROLLO DE UN MODELO GEOQUÍMICO DE CAMPO
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ESTUDIOS DE DISOLUCIÓN DE ANÁLOGOS NATURALES
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DE (U)VI-SIUCIO REPRESENTATIVAS DE UN PROCESO
DE ALTERACIÓN OXIDATIVA.
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MANUAL DEL USUARIO DEL PROGRAMA VISUAL BALAN V. 1.0.
CÓDIGO INTERACTIVO PARA LA REAU2ACI0N DE BALANCES
HIDROLÓGICOS Y LA ESTIMACIÓN DE LA RECARGA.
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COMPORTAMIENTO FÍSICO DE ¡AS CAPSUIÀS
DEAIMCENAMIENTO.
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C0RE2Û. A CODE FOR NON-ISOTHERMAL WATER FLOW
AND REACTIVE SOLUTE TRANSPORT. USERS MANUAL VERSION 2.
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EEBEX. PRE-OPERATIONAL SJA6E. SUMMARY REPORT.
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PERFORMANCE ASSESSMENT OF A DEEP 6E0WGICAL REPOSITORY
IH6RAHITE. March 1997.

PARTICIPACIÓN DEL CIEMATEN ESTUDIOS DE RADIOECOLOGÍA
EN ECOSISTEMAS MARINOS EUROPEOS.
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FEBEX. DISEÑO FINAL Y MONTAJE DEL ENSAYO "IN SITU"
ENGRIMSEL.

PLAN DE INVESTIGACIÓN Y DESARROLLO TECNOLÓGICO
PARA IA GESTIÓN DE RESIDUOS RADIACTIVOS 1999-2003.
OCTUBRE 1999.

ANÁLOGOS ARQUEOLÓGICOS E INDUSTRIALES PARA
ALMACENAMIENTOS PROFUNDOS: ESTUDIO DE PIFIAS
ARQUEOLÓGICAS METÁLICAS.
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EEBEX. BENTONITA: ORIGEN, PROPIEDADES Y FABRICACIÓN
DEBLOQUES.

PIAN DE INVESTIGACIÓN Y DESARROLLO TECNOLÓGICO
PARA LA GESTIÓN DE RESIDUOS RADIACTIVOS 1999-2003.
REVISIÓN 2000.
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FEBEX. BENIOHITE: 0RI6IN, PROPERTIES AND FABRICATION
OF BLOCUS.

IV JORNADAS DE INVESTIGACIÓN Y DESARROLLO TECNOLÓGICO
EN GESTIÓN DE RESIDUOS RADIACTIVOS.
POSTERS DIVULGATIVOS.
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TERCERAS ¡ORNADAS DE I+D YTECNOLOGÍAS DE GESTIÓN
DE RESIDUOS RADIACTIVOS. 24-29 Noviembre, 1997. Volumenl
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IV JORNADAS DE INVESTIGACIÓN YDESARROLLO TECNOLÓGICO
EN GESTIÓN DE RESIDUOS RADIACTIVOS. POSTERS TÉCNICOS.
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TERCERAS JORNADAS DE I+D Y TECNOLOGÍAS DE GESTION
DE RESIDUOS RADIACTIVOS. 24-29 Noviembre, 1997. Volumen»
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PROGRAMA DE INVESTIGACIÓN PARA ESTUDIAR LOS EFEOOS
DE LA RADIACIÓN GAMMA EN BENTONITAS CALCICAS ESPAÑOLAS.
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MODELACIÓN Y SIMUIACIÓN DE BARRERAS OPILARES.
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CARACTERIMIÓN Y LIXIVIACIÓN DE COMBUSTIBLES NUCLEARES
IRRADIADOS Y DE SUS ANÁLOGOS QUÍMICOS.

09

FEBEX. PREOPERATIONAL THERMO-HYDRO-MECHANICAL (THM)
MODELLING OF THE "IN SIW TEST
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FEBEX. PREOPERATIOHAL THERMO-HYDRO-MECHAMCAL (THM)
MOOELUNG OF THE "MOCK UP" TEST.
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DISOLUCIÓN DEL UÛ2(s) EN CONDICIONES REDUCTORAS
Y OXIDANTES.
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FEBEX. FINAL DESIGN AND IHSTALIATION OF THE "IN SITU" TEST
ATGRIMSFL
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CATSIUS CLAY PROJECT. Calculation and testing oí behaviour
oí unsaturarted clay as barrier in radioactive waste
repositories. STAGE 1: VERIFICATION EXERCISES.
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CATSIUS CLAY PROJECT. Calculation and testing of behaviour
of unsaturarteá clay as bonier in radioactive waste repositories.
STAGE 2: VALIDATION EXERCISES AT LABORATORY SCALE.
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//¡ATERÍALES ALTERNATIVOS DE LA CÁPSULA DEAIMACENAMIFNTO
DE RESDIUOS RADIACTIVOS DE ALTA ACTIVIDAD.
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INTRAVAL PROJECT PHASE 2: STOCHASTIC ANALYSIS
OF RADIONUCLIDES TRAVEL TIMES AT THE WASTE ISOIATION
PILOT PIÁNT (WIPP), IN NEW MEXICO (USA).
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EVALUACIÓN DEL COMPORTAMIENTO Y DE IA SEGURIDAD DE UN
AIMACENAMIENTO PROFUNDO EN ARCILIA. Febrero 1999.

CATSIUSOAY PROJECT. Calculation and testing of behaviour
of unsaturatled clay as barrier in radioactive waste repositories.
STAGE 3: VALIDATION EXERCISES AT LARGE "IN SITU" SCALE.
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FEBEXPR01ECT. FULL-SCALE ENGINEERED BARRIERS EXPERIMENT
FORA DEEP GEOLOGICAL REPOSITORY FOR HIGH LEVEL
RADIOACTIVE WASTE IN CRYSTALLINE HOST ROCK.
FINAL REPORT.
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CALCULO DE IA GENERACIÓN DE PRODUCTOS RADIOLÍTICOS
ENAGUA POR RADIACIÓN a . DETERMINACIÓN DE LA VELOCIDAD
DE AL TERACIÔN DE IA MATRI1 DEL COMBUSTIBLE NUCLEAR
GASTADO.
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1999
O!

ESTRATIGRAFÍA BIOMOLECULAR.
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PALEOTERMOMÉTRICA.
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MODELOS DE FLUJO MULTIFÁSICO NO ISOTERMO
Y DE TRANSPORTE REACTIVO MULTICOMPONENTE EN MEDIOS
POROSOS.
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IV JORNADAS DE INVESTIGACIÓN YDESARROLLO TECNOLÓGICO
EN GESTIÓN DE RESIDUOS RADIACTIVOS. RESÚMENES Y
ABSTRACTS.
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ALMACENAMIENTO DEFINITIVO DE RESIDUOS DE RADIACTIVIDAD
ALTA. CARACTERI7ACIÓN Y COMPORTAMIENTO A LARGO PLA10 DE
LOS COMBUSTIBLES NUCLEARES IRRADIADOS (II).
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CONSIDERATIONS ON POSSIBLE SPENT FUEL AND HIGH LEVEL
WASTE MANAGEMENT OPTIONS.
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COMO ANÁLOGO NATURAL DEL COMPORTAMIENTO DEL
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