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Resum

El objetivo de este estudio es llevar a cabo um sk célculos, modelizando un transporte rea
unidimensional, para simular la alteracion de waatéra y el alcance de un penacho de pH ele

derivado de la circulacion de soluciones hiperalasl a lo largo de dicha fractura. La modeliza¢

representa la fracturacion localizada en la isl®@té@uoto (Finlandia), donde se sitlan las instalaes
de ONKALO (posible futuro Almacenamiento GeoldgiBwofundo de residuos radiactivos de
actividad). Para impedir el paso del agua al répasiesta previsto sellar las fracturas con cemeSin
embargo, el continuo contacto del cemento conwh agbterranea puede degradarlo, permitiendo el
de un agua mucho més reactiva (penacho hiperaigalin

La longitud del dominio unidimensional (fractura)@e 200 m y los célculos se realizan para tierdp

hasta 10000 afios. Se ha asumido una temperatustactnigual a 25°C, excepto en unos pocos ¢
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donde se ha incorporado un pulso de calor de 206 afi




En este trabajo se presentan los resultados ogersen de los célculos realizados a partir deigmode
transporte reactivo Retraso (REactive TRAnspoi$Ofutes). En estos calculos se han tenido en ¢
varias soluciones de pH elevado, varias velocidatiedlujo y varias superficies de los miners
primarios.

Una conclusién que es comun en todos los casosesk goca no tiene la capacidad de amortiguam
suficiente para reducir considerablemente el phadeoluciones que circulan en el dominio de célg
Sin embargo, hay una cierta reduccién del pH patag condiciones de flujo mas lento, (ii) los easle
pH mas bajo, (iii) cuando se incluyen en los cdlsuhinerales secundarios que contienen Mg, Vi
cuando las superficies de reaccion de los minelesarios son mas grandes (debido por ejemplo
presencia de una harina de falla)..

Otra observacion importante es que los resultaniosraly diferentes dependiendo de la inclusion del
minerales secundarios que contengan Mg en losloal€brucita, saponita). En la mayoria de los cg
si se incluyen los minerales secundarios con Mpréaipitacion de brucita y saponita causa el delide
la porosidad en la entrada de la fractura. Por pérde, si la modelizacién se realiza sin miner
secundarios que contengan Mg, hay un aumento el@dada de la fractura para los casos con solue
iniciales con un pH menor a 12. Este aumento g¢mitasidad estd causado por la disolucion de cal
Para los casos en que la solucion inicial tienpHimas alto, hay un sellado en el inicio de latfrecpor
precipitacion de C-S-H, independientemente de ¢usndn en el estudio de minerales secundarios
contengan Mg o no.

Los resultados de los calculos incorporando un@acién de temperatura a lo largo del tiempo muas
gue la anomalia (pulso de calor) es demasiado Ipa@neecausar efectos significativos y duraderos.

A la vista de todos los resultados, el posibleasgiellde la fractura por las soluciones de pH eleyadece
ser una posibilidad muy factible. Este selladoasedherente con los resultados de los experimete
laboratorio y de campo (Grimsel Test Site) realimaen el proyecto GTS-HPF y con los estudios pss
de los efectos de penachos de pH elevado en diésréipos de rocas. El sellado de la porosidach
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fractura significaria que el flujo de la solucidntravés de la fractura se podria ralentizar o @efen

rapidamente. Sin embargo, para llevar a cabo leslod no se ha considerado ningin cambio a lml
del tiempo en la porosidad y permeabilidad. Losltados pueden considerarse como una estimaci
la posible evolucién quimica del sistema en casgude el flujo de la solucién continuara a pesar
sellado en la entrada de la fractura (desacoplam@mpropiedades quimicas y fisicas).
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RESUMEN

El objetivo de este estudio es llevar a cabo umi sk calculos, modelizando un transporte reactivo
unidimensional, para simular la alteracion de uatéira y el alcance de un penacho de pH elevado
derivado de la circulacidon de soluciones hiperaleal a lo largo de dicha fractura. La modelizacién
representa la fracturacion localizada en la isl@téuoto (Finlandia), donde se sitdan las instadaes

de ONKALO (posible futuro Almacenamiento GeolégiBoofundo de residuos radiactivos de alta
actividad). Para impedir el paso del agua al repasiesta previsto sellar las fracturas con cemesin
embargo, el continuo contacto del cemento con@h agbterranea puede degradarlo, permitiendo el pas
de un agua mucho mas reactiva (penacho hiperaigalin

La longitud del dominio unidimensional (fractur&) @e 200 m y los célculos se realizan para tierdpos
hasta 10000 afios. Se ha asumido una temperatustactaigual a 25°C, excepto en unos pocos casos
donde se ha incorporado un pulso de calor de 20€. afi

En este trabajo se presentan los resultados oeersen de los célculos realizados a partir deigmdde
transporte reactivRetraso (REactive TRAnsport of SOlutés) estos calculos se han tenido en cuenta
varias soluciones de pH elevado, varias velocidatedlujo y varias superficies de los minerales
primarios.

Una conclusién que es comun en todos los casogeskgoca no tiene la capacidad de amortiguamiento
suficiente para reducir considerablemente el pHagesoluciones que circulan en el dominio de célcul
Sin embargo, hay una cierta reduccion del pH patag condiciones de flujo méas lento, (ii) los aasle

pH maés bajo, (iii) cuando se incluyen en los césuhinerales secundarios que contienen Mg, y (iv)
cuando las superficies de reaccion de los minemiesarios son mas grandes (debido por ejemplo a la
presencia de una harina de falla).

Otra observacién importante es que los resultaglosraly diferentes dependiendo de la inclusién deno
minerales secundarios que contengan Mg en losloal@orucita, saponita). En la mayoria de los gasios
se incluyen los minerales secundarios con Mg, daipitacion de brucita y saponita causa el seltb@a
porosidad en la entrada de la fractura. Por otréepai la modelizacién se realiza sin minerales
secundarios que contengan Mg, hay un agrandamémia entrada de la fractura para los casos con
soluciones iniciales con un pH menor a 12. Esteesmionde la porosidad esta causado por la disolucién
de calcita. Para los casos en que la soluciorairtieine un pH mas alto, hay un sellado en elanitg la
fractura por precipitacion de C-S-H, independiem®si® de la inclusion en el estudio de minerales
secundarios que contengan Mg o no.

Los resultados de los calculos incorporando unesi@n de temperatura a lo largo del tiempo muastra
que la anomalia (pulso de calor) es demasiado Ip@neecausar efectos significativos y duraderos.

A la vista de todos los resultados, el posibleagielide la fractura por las soluciones de pH eleyadece

ser una posibilidad muy factible. Este selladoaseoherente con los resultados de los experimel#os
laboratorio y de campo (Grimsel Test Site) realimaen el proyecto GTS-HPF y con los estudios pgevio
de los efectos de penachos de pH elevado en diésréipos de rocas. El sellado de la porosidacade |
fractura significaria que el flujo de la soluciéntravés de la fractura se podria ralentizar o @eten
rapidamente. Sin embargo, para llevar a cabo lleslod no se ha considerado ningin cambio a lmlarg
del tiempo en la porosidad y permeabilidad. Losltados pueden considerarse como una estimacion de
la posible evolucion quimica del sistema en adesaue el flujo de la solucién continuara a pesdr d
sellado en la entrada de la fractura (desacopldm@mpropiedades quimicas y fisicas).

Palabras clave: modelizacién, pH, fractura, pomausicC-S-H, brucita, saponita, portlandita, cemento



RESUM

L'objectiu d’'aquest estudi és dur a terme una sélge calculs, modelitzant un transport reactiu
unidimensional, per simular l'alteracié d’'una fraret i I'abast d’'una ploma de pH elevat derivat de |
circulacié de solucions hiperalcalines al llargaliasta fractura. La modelitzacio representa leduras
localitzades a l'illa de Olkiluoto (Finlandia), ee situen les instal-lacions de ONKALO (possibkeirfu
Emmagatzematge Geologic Profund de residus radlisadialta activitat). Per impedir el pas de I'agu
al diposit esta previst segellar les fractures amient. No obstant, el continu contacte del cins@nb
I'aigua subterrania pot degradar-lo, permetentslg@iuna aigua molt més reactiva (ploma hiperaiadli

La longitud del domini unidimensional (fractura)ds200 m i els calculs es realitzen per a temgdmde
a 10.000 anys. S’ha assumit una temperatura cdrigtaal a 25 °© C, excepte en uns pocs casos on s’ha
incorporat un pols de calor de 200 anys.

En aquest treball es presenten els resultats guérexien dels calculs realitzats a partir del abeli
transport reactitRetraso (REactive TRAnsport of SOlutds) aquests calculs s’han tingut en compte
diverses solucions de pH elevat, diverses velacitatflux i diverses superficies dels minerals grim

Una conclusié que és comu en tots els casos élaqoea no té la capacitat d'amortiment suficiest p
reduir considerablement el pH de les solucionsaipegilen en el domini de calcul. No obstant aixdhdn
una certa reduccié del pH per a (i) les condicibm$lux més lent, (ii) els casos de pH més baii},quan
s'inclouen en els calculs minerals secundaris queenien Mg, i (iv) quan les superficies de readeis
minerals primaris sGn més grans (degut per exemfggresencia d’'una farina de falla) .

Una altra observacio important és que els resusdtsmolt diferents depenent de la inclusié o no de
minerals secundaris que continguin Mg en els calhiucita, saponita). En la majoria dels casos'hsi
inclouen els minerals secundaris amb Mg, la presm@ de brucita i saponita causa el segellat de la
porositat a I'entrada de la fractura. D’altra banglda modelitzaci6 es realitza sense mineralarsggris
que continguin Mg, I'entrada de la fractura es fsrgran per als casos amb solucions inicials angiHun
menor a 12. Aquest augment de la porositat esgataer la dissolucié de calcita. Per als casapéra
solucié inicial t¢ un pH més alt, hi ha un segedlatl'inici de la fractura per precipitacié de CHS-
independentment de la inclusié en I'estudi de nailsesecundaris que continguin Mg o no.

Els resultats dels calculs incorporant una variadg temperatura al llarg del temps mostren que
I'anomalia (pols de calor) és massa breu per cafsates significatius i duradors.

A la vista de tots els resultats, el possible dagde la fractura per les solucions de pH elegailda ser
una possibilitat molt factible. Agquest segellatisecoherent amb els resultats dels experiments de
laboratori i de camp (Grimsel Test Site) realitzatsel projecte GTS-HPF i amb els estudis previs de
efectes de plomes de pH elevat en diferents tigusodues. El segellat de la porositat de la fractur
significaria que el flux de la solucié a través ldefractura es podria alentir o aturar rapidaméid.
obstant, per dur a terme els calculs no s’ha censidcap canvi al llarg del temps en la porositat i
permeabilitat. Els resultats poden considerar-se ooa estimacioé de la possible evolucié quimica del
sistema en cas que el flux de la solucié continogdgrat el segellat a I'entrada de la fractura
(desacoblament de propietats quimiques i fisiques).

Paraules clau: modelitzacié, pH, fractura, poros@aS-H, brucita, saponita, portlandita, ciment



ABSTRACT

The objective of this study is to perform a seridsscoping calculations (one-dimensional reactive
transport modeling) simulating the alteration dfacture and the extension of the high-pH plumesiagi
from the circulation of hyperalkaline solutions mdpthe fracture. The modeling represents a fracture
located on the island of Olkiluoto (Finland), wh&@®8IKALO facilities are located (possible future Pee
Geological Repository of high level waste). Injagtiof cement is expected to seal the fractures and
prevent the flow of water to the galleries of tkegasitory. However, the continuous contact withugib
water can degrade the cement, allowing the floa ofuch more reactive solution (hyperalkaline plume)

The length of the one-dimensional domain is 200 ealculations were performed for times up to
10000 years. A constant temperature equal {€ 2fs assumed in the calculations, except in echeses
where a short-lived (200 a) heat pulse was incateadrinto the calculations.

A series of scoping calculations covering a ranfelifierent high-pH solutions, flow velocities and
primary mineral surface areas were performed. Taleutations were performed with the Retraso
(REactive TRAnsport of SOlutegactive transport code.

A conclusion that is common to all the cases is tite rock does not have sufficient buffering cagyao
significantly reduce the pH of the circulating g@uas within the calculation domain. However, there
some reduction of pH for (i) the slowest flow cdaiahs, (i) the lowest pH cases, (ii) when Mg-
containing secondary minerals are included in #ieutations, and (iv) when reactive surface ardabe
primary minerals are larger (due, for instancehtpresence of fault gouge).

Another important observation is that there isgmiicantly different result depending on the irgitbn or
not of Mg-containing secondary minerals (brucitapanite) in the calculations. In most cases, if Mg
secondary minerals are included, the precipitadiolorucite and saponite causes the sealing of figrats
the fracture inlet. On the other hand, if the modgls performed without Mg secondary mineralsy¢he
is an increase in porosity at the fracture inlettfee cases with incoming solutions with pH lessntii2.
This increase in porosity is caused by the diseniunf calcite. For the highest pH cases, theseaing

of the fracture inlet by C-S-H, regardless of thelusion of Mg-containing secondary minerals.

The results from the calculations incorporatingagiable temperature history show that the tempegatu
anomaly (heat pulse) is too short-lived to causesagnificant and lasting effects.

In view of all the results, sealing of the fractung the high-pH solutions seems to be a very defini
possibility. This sealing would be consistent witie results of the laboratory and field (GrimsekfTe
Site) experiments conducted within the GTS-HPFquband with previous studies of the effects ohhig

pH plumes on different types of rocks. The seabthfracture porosity would mean that flow of soduti
through the fracture would slow down or stop ratipgickly. However, no feedback between porosity and
permeability changes was implemented in the cdicuis. The results can be considered as an estimate
of the possible chemical evolution of the systenthia case that fluid flow would continue despite th
sealing of porosity at the fracture inlet (unconglof chemical and physical properties).

Keywords: modeling, pH, fracture, porosity, C-SHtcite, saponite, portlandite, cement
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1. INTRODUCTION

Currently, radioactive materials are used in several areas of human activity ssch a
medicine, industry, research, education and enprgguction. One of the problems of
nuclear energy is the generatiohradioactive waste These wastes must be properly
isolated until the virtual disappearance of itswitgt Deep geological repositorgeems
the most suitable option for final disposal of thiaste. Deep geological repository is
based on isolating the waste in a confining rockymaeters deep. For this, we have to
find a rock with hydraulic, mechanical, geochemicatructural and stability
characteristics suitable for optimal isolation. Osfethese rocks may be crystalline
rocks such as granites and gneisses. Their mablgmnois the existence of fractures,
through which radionuclides may be transportediriprove on isolation, fractures of
the confining rock may be sealed by injecting cefrteninhibit the flow of water to
store the waste storage. However, the interactioigroundwater with cement can
induce the formation and liberation of hyperalkalsolutions along fractures.

Thus, the objective of this study is the realizatxd numerical modeling to investigate
the effect on the mineralogy of the host-rock, ealuBy the hyperalkaline solution. At
the same time, it studies the capacity of the hadt-to neutralize the solution.

The model aims to represent the Deep GeologicabstEpy, currently being developed
in Olkiluoto, Finland. This repository is built in a large rociassif formed by gneiss,
which include some fractures. Injecting of cementused to seal the fractures and
prevent the passage of water to the galleries efrépository. However, the cement
could deteriorate over time by the contact withexaf his would cause more water to
pass the cement and, consequently, increase thknélkby reacting with it. When this
hyperalkaline water flows through the fracture, réacts with the rock through
dissolution-precipitation reactions.

The reactive transport modeling will try to findtonhich minerals are dissolved and
which precipitated along the fracture over timed @valuate possible changes in the
fracture porosity.

The results presented in this work are publishe@®pIVA in a report (Montori et al,,
2008).



2. BACKGROUND

Before starting with the subject of the projedsinecessary to understand what a deep
geological repository is, besides knowing the canta the study area. Also, it is
important to describe the grouting and possibleshgfaline plume.

The information presented in the following chapt@4d, 2.2 and 2.3) is based largely
on the compilation published by Astudillo (2001)daBadillo-Almaraz and Vargas
(2007).

2.1. Radioactive Waste

The radioactive wastes are materials that contiioactive isotopes above a legally
established level. They are often byproducts ofualear process, such as nuclear
fission, but they can also be generated duringptteeessing of fuel for reactors or
nuclear weapons or in medical applications suchad®therapy or nuclear medicine.
Residues are classified into Low and Intermediateel West (LILW), with half-lives
of radioactive isotopes at or below 30 years, anghH.evel Waste (HLW), with
radioactive isotopes with half-lives exceeding 8ang.

These wastes must be properly isolated and confumedl their activity has almost

disappeared. It is believed that this occurs d@si after their half-life. For the LILW is

sufficient to isolate them in surface storage. Butthe HLW, we need other final

management systems to ensure their isolation anfineoent for tens or hundreds of
thousands of years.

Deep geological repository seems the most appteprsafe and viable option for the
final management of this waste. The design of thie of storage has developed a
breakthrough in recent years. The following secsommarizes its performance and
characteristics.

2.2. Deep geological repository — how it works

2.2.1. Definition and characteristics

Deep geological repository (DGR) is the isolatidnwaste, whether fuel elements or
high level waste, by designing a series of nataral artificial barriers to a depth of
between 300 and 800 meters (see Figure 1).

This type of storage is based on the confining mickE that certain geological
formations have, provided they are stable, haveeatdhickness and a holding capacity
without preferential migration pathways. This fagtreflected in many deposits (oil,
gas, metals, etc.) that have been confined foiansgl of years without contact with the
atmosphere in places that have met a number obgieal, geochemical, structural and
hydrogeological requirements.
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Figure 1 - Schematic of a repository from Astudillo (2001).

The operation of the DGR is based on the so-cathedti-barrier principle, which
involves combining a series of artificial and natuparriers to isolate waste from the
biosphere (Figure 2). Each of the barriers will o8¢ conditions of isolation and
specific delay, with a redundant system as a whole.

With the imposition of such barriers, the aim ism@ximize the transit time of any

stored radionuclides that could be released, Soifthiaey were to reach the biosphere,
their activity had declined sufficiently to achieaa absence of undesirable impact to
humans and the environment.
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Figure 2 - Artificial and natural barriers. Image from Salamaais University website
(http://ocw.usal.es/ciencias-experimentales/gestiesresiduos-radiactivos/contenidos).

2.2.2. Engineering barriers (artificial)

The engineered barriers are designed considerangtaracteristics of the host rock and
the conditions of pressure, temperature and raadiats which will be subject in the
different phases of long-term operation of theligciOn the other hand, they must be
connected with the natural barrier system.



The components of these barriers must meet cdyéaic requirements:
» Isolate the repository from water from the geolagtwarrier.
* Provide mechanical protection against possiblargeisr disruptive events.
* Maximum retardation of radionuclide release
» Dissipation of heat from the waste and gas fronnosaon of the containers

The components of the artificial or engineeringieas are:

A. The chemical form of the waste itself.

B. The storage metal canisters.

C. The filling and sealing materials (engineered learof compacted clay).
A. Chemical form of the residue
The solubility of materials containing radionuckdis low and offers a high resistance
to corrosion. Therefore, if the site is appropriated barriers are well designed and
built, it would take millions of years to completissolution because of the small
volume of water which could be in contact with thaste.

B. Metal storage canisters

The canisters are used to contain the high-leve”A T
waste, being in direct contact with fthey are waste .
a basic component within the multi-barrier
concept of a repository, both during their
operational phase and the long term. During the
operational phase should be able to tightly
confine waste and protect it structurally against
any tension that might occur in the handling
process, in addition to dissipate heat.
Furthermore, it is important to provide
biological shielding to allow handling.

T
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Carbon steel
canister

-
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Mixed canister
(steel-copper)

Canister for
vitrified waste

Once the phase of handling and repository
construction is finished, the canisters should
confer structural strength against ground
movement, slowing the arrival of water to

waste and dissipating heat properly. It also has
the function of retarding the release of the
radionuclides, due to the interaction between
radionuclides and canister degradation
products.

The capsules must be of materials that dissipaggnl:;teefs_ (E'&()airrrr:zlg: fc;forr:egzltjgi)"rgge
heat well, corrosion resistant (to slow the(2001). (B) image from Wikipedia
arrival of water to waste), high durability (to Websit(,e (http://en.wikipedia.org/wiki/
protect mechanically to waste) and stabIekBS_3)_

forehead to radiation.



The most common materials for making capsules epger, titanium and carbon steel
(see Figure 3). Copper is thermodynamically stabid has high resistance to corrosion;
however, its mechanical strength is lower than othaterials like steel. On the other
hand, titanium materials can not guarantee cedarability because, although they
have a high mechanical and corrosion strength, éineysensitive to localized corrosion
and become brittle in presence of. Hinally, carbon steel capsules are mechanically
very resistant and corrosion behavior is good. Hawme they can generate
accumulations of gas and have a shorter serviee lif

C. Engineering barrier of compacted clay

Between the canisters and the geological formatéolype of compacted clay that
allows the sealing of the repository is emplacduke Thosen clay material is bentonite
(Figure 4), commonly originated from the alteratminvolcanic rocks (volcanic glass).

Bentonite mostly contains clay minerals of the diteegroup. These clay minerals are
phyllosilicates, with structural features that amftheir spectacular properties of
hydration, sealing and retention.

BLOCKS OF COMPACTED
BENTONITE

GUIDE TUBE

Figure 4 —Engineering barrier of compacted clay (bentonite).
Images retrieved from Astudillo (2001)

The properties of bentonite are:

i)  Hydro-mechanical properties.

The bentonite has the ability to absorb water, wmaryn volume and increasing its
plasticity thereby causing the sealing of the fnees and fissures of the repository
environment and protecting it mechanically from wrd deformations. Its low

permeability slows the arrival of water. Also bamte has adequate capacity to
dissipate heat and gas (when saturated).

i)  Geochemical properties.

» High cation exchange capacity to maintain relayivanstant water chemistry,
being able to retain radionuclides.

» High specific surface area that contributes to gniicant retention of
radionuclides and to conservation of water chemistr



* Long-term stability against chemical and physichhrges because is a very
stable natural material.

Thanks to these properties, the bentonite barasithe ability to:

* Minimize the volume and flow of wateiThe minimization of the access of
water to the metal canister and the residue. Hgdrdientonite seals the
fractures and fissures generated on the excavation.

» Constant water chemistryt has the ability to stabilize and homogenize the
chemical composition of water.

* Mechanical protectianlt holds the mechanical stresses from the gec#bgi
barrier, thus protecting the container from mectarileformation of the ground
motion.

» Retardationlt delays the transport to the geosphere of radibdes that can be
liberated.

» Heat dissipationit dissipates the heat in the waste and the gasrgted in the
corrosion of containers.

2.2.3. Natural barriers

Natural barriers play a key role in the storagevatte, since they will influence the
operation of other barriers and, in turn, are respgme for longer-term safety of the
system, even considering the degradation of enggdeearriers and the occurrence of
undesirable events.

They are divided into two systems: biosphewmhich represents the whole of
ecosystems (soil, water, living things, etc.) tlesteive the impact of the repository, and
geospherewhich is the geological formation where the refmyiis located and the
waters and gases contained in it. The latter hgwgdwent radionuclides, which come
from the repository and that are carried by grousigw from reaching the biosphere in
short periods of time.

The geological barrier is defined by the princighat nature has a great capacity for
retention and preservation, as demonstrated blatge deposits preserved for millions
of years. For this reason, it is essential a g@becion process and characterization for
the identification of geological formations withethiydraulic, mechanical, geochemical,
structural and stability characteristics appropriat meet the basic requirements that are
required for a geological barrier.

The functional requirements of the geological fatiorafor working as a barrier are:

« Protect the set of engineered barriers, ensuriaglestconditions for physical-
chemistry, hydraulics, mechanics and geochemistry.

* Ensuring a low water flow, slow and steady in thpasitory.

* Preventing migration of radionuclides from the rgipary and to biosphere.

» Allow constructive and operational viability of thepository.

* Isolate the repository from human activity.



Furthermore, to meet these requirements, geologgpalsitory must have:

» Lithological uniformity and structural simplicity.

* Thickness, depth and size large enough to isolaerépository from natural
processes or human activities.

* Tectonics and seismic stability.

* Low permeability and hydraulic gradient.

e Conditions for retention of radionuclides (reduciaigd retardation capacities,
immobilization).

» Ability to perform or simulate its operation usingmerical modeling.

The lithologies of geological formations that méleése characteristics may be very
different. However, at present, the main litholsgibat are considered at international
level are: crystalline rocks (granites, gneissels)y rocks (plastic and compacted) and
evaporite rocks (stratiform and diapirs). This dnesexclude other lithologies that may
meet the conditions above (volcanic tuff, schists,).

Below are the most important features of the miéiologies:
A. Crystalline rocks (granites, gneisses)

They originate from the solidification of magma kit the lithosphere. They can rise to
shallow levels in orogenic processes. Also, theylma subject to the subsequent stages
of geological deformation that may produce fractgrat all levels, erosion, etc. This
group also includes the metamorphic derivativethe$e igneous rocks.

The crystalline rocks are characterized by:

* Low permeability.

* Low solubility of the minerals they contain.

» Variable chemical retention capacity and high redapacity.

« High resistance to mechanical and chemical altanati

* Tectonic stability

* Moderate thermal conductivity.

» Stable during excavation

« High compressive strength.

» Diffusive transport of solutes in the matrix andvective/dispersive transport in
fractures and fissures.

B. Clay rocks

Clay rock is any type of rock containing a high gwdion of clay fraction or clay
minerals. This group includes a wide spectrum dfolbgies, ranging from non-
consolidated clays and muds to low-grade metamorpbcks. They are formed in
sedimentary environment and, over time, may hawvkergone consolidation processes,
with expulsion of water and precipitation of minlsrédiagenesis) giving rise to rocks



composed of clay minerals, with a variable degreeompaction, together with other
minerals that may have precipitated (carbonatdfgtes, silica, etc.).

According to its origin, hydraulic, mechanical agglochemical properties can be very
variable, but they are always characterized by:

* Very low permeability.

» Diffusive transport of solutes.

» High retention capacity.

» Variable plasticity and self-sealing capacity
* Low thermal conductivity.

* Low solubility of their minerals.

* Lower resistance to erosion.

* Need for support systems during excavation.
* Mineralogical / chemical homogeneity

» High salinity of pore waters.

C. Evaporitic rocks

These are sedimentary rocks originating from tleeipitation of salts by evaporation of
water or from high-salinity brines. The rocks arad®a mainly of chlorides, sulfates and
carbonates.

These salts may have been covered by later matepadducing recrystallization and
adaptation to new conditions of pressure and teatpex (formation of rock salt). The
salts have a much lower density than the rest dfnsntary rocks, high thermal
conductivity and plastic behavior. This allows et to be mobilized, ascending to
lower pressure or loading areas (salt diapirs). Agnibe salts, halite (NacCl), either as a
stratiform deposit or a diapir, is considered afable lithology for a repository.

The main features are:

* Very low permeability and porosity.

* High thermal conductivity.

» Little or no fracturing, due to its plasticity
» Self-sealing properties.

» [Easy excavation.

* Low retention capacity.

* High erosion and dissolution.

* Very low water content.

2.3. International situation

Internationally, it is considered that the Deep IBgical Repository (DGR) is the safest
and most viable solution for the end managemehigif-level radioactive wastdlany
countries are developing specific technology fokimg it operational.



The most advanced country in this type of storagheUnited States since it already
has a plant in operation called Waste IsolationtARlant (WIPP), located in Carlsbad
(New Mexico). The DGR is built in stratiform satirfnations at a depth of 600 m. and
is designed to house high-level radioactive wasie fthe American military program.
Preparations are also under way for another repgsfor civilian source HLW in
Yucca Mountain (Nevadalhis facility will be located in a volcanic tuff fmation of
the Nevada desert.

In the Americas there are two countries that ar&imgaprogress in this area, Canada
and Argentina.

Canada has developed the technology and the concept of ,D@fusing it on the
storage in granites. The project is technicallysilele but it needs a program to gain
public support. Studies have been carried out bysfi Atomic Energy of Canada
Limited (AECL) and Ontario Power Generation. Thisustry has an Underground
Laboratory in granites in Pinawa (Winnipeg). Italso considering building a waste
storage for low and intermediate activity in clay@yestones (King, 2006).

In the case ofArgentina, since the 80's they are trying to implement tiyjze of
storage, but it is being hampered by social regecti-or this reason, it has developed a
Strategic Plan for Radioactive Waste Managementavbemmunication to the public
must be a key factor.

In Western Europe, many countries are developiig) dtorage system. For example,
Germany already decided in the 60’s that all radioactivaste would be stored in deep
geological formations and began research for theglamement of waste in salt deposits.
The Gorleben salt dome was selected, based on mdorwiteria and geoscience.
However, in recent years its development has sladeadh. A more complete analysis
on gas generation, human intrusion, recoverabgity,is being perfomed, together with
the search for other potential sites.

The management of high level wasteFrance is based on three programs, one on
partitioning and transmutation, one on long-termperary storage and a third on deep
geological repository. Since 1999 there is an ugdend laboratory at Bure
(Meuse/Haute-Marne) in a compacted clay of Call@xderdian age. Research to
characterize these clays and analyze its vialaBty repository is under way.

The program of geological storage Bweden is developing from underground
laboratories (Stripa and Aspo) to make the necgssaentific studies and to develop
technologies. Simultaneousl, a site selection psbeen used to choose three possible
areas: Oskarshamm, Tierp and Osthammar.

In addition, Switzerland has the Grimsel underground laboratory in graaitd Mt
Terri underground laboratory in clay for the teclagacal and scientific development of
the DGR. . In turn, Switzerland has a temporaryagfe for all types of radioactive
waste in Wirenlingen (Zwilag).
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In the case ofBelgium, studies have focused on storage in plastic clays.
underground laboratory called HADES-URL has beeatad in Mol.

The Netherlandsis also interested in developing this type ofagey; but it will only be
allowed if it is shown that the isolated waste ni&yrecoverable for a long period of
time.

Among the countries of Eastern Europtyssia has been doing injections of liquid
radioactive waste in deep geological formationscesirthe 60's. A plan for the
identification of low-permeability deep geologidatmations is also under way.

Ukraine, the third largest producer of radioactive waptans to build a DGR in 2030
that would be located in crystalline rocks near@bbyl.

Asian countries such &hina andJapan have developed studies to search for possible
sites of DGR. China has selected a granitic areth@fGobi desert for that purpose.
Japan is developing two underground rock laboragotd investigate the feasibility of
the disposal of high level waste. One of them isrystalline rock (Mizunami) and the
other one in sedimentary rock (Honorobe).

Concerning the situation i®pain, since 1987 studies have been conducted for the
acquisition of knowledge for the disposal of waistddGR, having developed generic
designs storage systems for three types of geabfgpomations: clay, granite and salt.
However, the Sixth Plan for Radioactive Waste Mamagnt approved by the
government in July 2006 gave priority to the aualley of temporary storage for the
waste for the next 60 years. Thus, decisions athautinal disposal solution have been
postponed for about 15 years.

2.4. Situation in Finland

According to Astudillo (2001), together with Swed®&mland currently holds the EU's
most advanced program in the field of final dispafaspent nuclear fuel. It has been
preparing for storage for over 25 years.

In 1999, after conducting a program of detailed sélection and environmental impact
assessment, the island of Olkiluoto, located inntlumicipality of Eurajoki, was chosen
as the most suitable site for the realization BfGR. Subsequently, in December 2000,
the project was approved by the Government.

Construction work of underground facilities for tteek characterization site, known as
ONKALO, began in June 2004. Alongside, several stigations are being performed
to characterize in detail the possible future ré@pog It is planned to be completed by
2012, with an operational DGR possible for 2020.
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2.5. Onkalo

The information presented in the following
chapters (2.5.1 and 2.5.2) is based on the data
the Posiva website (http://www.posiva.fi/en).

2.5.1. Geographical Location

Onkalo is the name given to the underground
research facility built for the characterization of
rock for the disposal of spent nuclear fuel in
Finland. It is situated on the island of Olkiluato
the municipality of Eurajoki, in southwestern
Finland, as shown in Figure 5.

The main information presented in this chapter is
based on the article published by Soler and Made
(2006).

2.5.2. Current status of work in Onkalo

The Posiva company began building Onkalo in

June 2004 and from the beginning of its|

construction in situ investigations have been
done. Onkalo design (shown in Figure 6) consists
of an access tunnel of 5.5 m wide and 6.3 m high
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Figure 6 - Design Onkalo facilities.(A) Schematic structurehsf facilities; (B) 3D view of the

facilities. Diagrams taken from Posiva websiteglitivww.posiva.fi/en)

The underground tunnels, which will constitute fimal reservoir of radioactive waste,
are being excavated in Onkalo. These facilitiesenly serve as research base for the
characterization of the area. In figure 7 areasaaly excavated can be seen.
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During excavation, the data is being collected aablogical, hydrological and
geochemical researches are being carried out tacteaize the reservoir rockhe
excavation of the tunnel, besides facilitate tharabterization of the rock, it also
provides an opportunity to develop new techniquegxzavation and final disposal
techniques in realistic conditions. In future, #héscilities may be used as an example
of construction and of repository.

ONKALO

SITUATION 23.5.2008 o o Personnei Shaft
I
it -290 m
P
i

Tunnel Length

3842 m Wentilation Shafl {in)
Tunnel Depth -290 m

367 m

Figure 7 - Current status (September 2009) of undergroundwataans Onkalo.
Diagram taken from Posiva website (http://www.padiXen)

2.5.3. Geological context

To understand the origin of the lithology of theait is necessary to understand the
regional geology of Olkiluoto (summarized belowrfr&arki and Paulaméaki, 2006).

Olkiluoto is located in the southern part of théaRanta region, an area in southwestern
Finland where the bedrock is composed of metasedane and metavolcanic rocks
deformed and metamorphosed during the Paleopratier&vecofénnica orogeny, ca.
1910 - 1800 million years ago. This bedrock rockamposed of migmatites and high-
grade mica gneisses that may contain cordieritémanite or garnet porphyroblasts.
Occasionally, mafic and intermediate volcanic arbphies, uralite porphyrites and
hornblende gneisses occur as interlayers in sustdrsequences.

In the region there are also materials from the dgesterozoic (between 1.600-1.000
million years ago) originated in the cratonic statef Svecofennides. The oldest
materials found in thi&ra are batholiths of granitic composition produce@@ #nillion
years ago. Subsequently, approximately 1.400-180@n years ago, typical fluvial
and deltaic sediments were deposited. These setimehich were intruded at later
stages by olivine diabase dikes, have been presérva graben structure.
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The sequence of geological events that occurrethénstudy area is summarized
according to the study of Mattila et al (2008):

1)
2)

3)
4)

5)
6)
7
8)
9)

1.830-1.650 MaCompressive deformation related with the Sveaufénorogeny

(formation of thrust faults)

1.650-1.550 Ma Extensional tectonics related to the emplacenoéngranites
(intrusion of diabase dikes and formation of Satd&graben)

1.560-1.270 MaFormation of strike-slip faults with reactivatiohold structures
1.270-1.100 Ma Extensional period related to the onset of Sveowmagian
orogeny

900-600 Ma Neoproterozoic exhumation stage

600-420 Ma Platform sedimentation stage

420-350 MaForeland during the Caledonian orogeny stage

Opening of the North Atlantic and western elevatibiscandinavia

Neotectonic movements (postglacial and recent arusbvements)

2.5.4. Olkiluoto lithology

Olkiluoto rocks can be divided into four groups (kigand Paulaméki 2006, Andersson
et al. 2007) that are gneisses, migmatites gneid¥8&-gneisses (TGG = tonalite-
granodiorite-granite) and pegmatitic granites. €hare also diabase dikes that cut the
previous groups. The following map (Figure 5) shomesdisposition of these materials.

4 Foliation (strike and dip direction) | ***" " 3 ume

4 Deep drilhole

. Shallow drillhole
—— Drillhole profile
—— Investigation trench
g [|[Cdsteara
g 1623000 1524000 1525000 1526000 1827000 1528000

GEOLOGICAL MAP OF OLKILUOTO

Compiled by: Aulis Karki, Kivitieto Oy
Seppo Paulaméki, GTK
2007

N

Figure 8 - Olkiluoto lithologic map extracted from Mattila &k (2008).
The Olkiluoto area is boxed in black.

The group ofgneissesincludes homogeneous quartz mica-bearing gneissegjed
mica gneisses and hornblende or pyroxene-bearinfie rgaeisses. Thenigmatitic
gneisseshave about 20 - 40% of leucosoma. They can bel@livinto three subgroups
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according to their migmatite structure: veined gees, stromatic gneisses, and
diatexitic gneisses. Th&GG gneissesare medium-grained, relatively homogeneous
rocks that may have blastomylonitic foliation, asemble plutonic, unfoliated rocks.
Pegmatitic granitesare leucocratic rocks that contain garnet, tourmeaind cordierite
phenocrysts.

2.5.5. Olkiluoto brittle deformation (fractures)

From the previous explanation in the secti®®.3. Geological contexndaccording to
Mattila et al (2008) we can conclude that in the study area therefa@ue main
deformational phases (Figure 6) which are:

A)

B)

C)

D)

Compressive deformation (1.830-1.650 Ma in ageXimection NW / SE to
NWWI/SEE related to Svecofénnica orogeny which catise formation of faults.
Extensional tectonics (1.650-1.550 Ma ago) relatedthe emplacement of
granites, the intrusion of diabase dikes and the&tion of graben Satakunta. The
intrusion of diabase dikes occur in NEE-SWW diractiln this period old thrusts
are reactivated with dip-slip component.

Between 1560 and 1270 million years ago, compressaformation with a very
important strike-slip component very important farnstrike-slip faults and
reactivates ancient structures (the old faults @activated with strike-slip
component).

After the previous compressive period, there islence of several reactivation of
faults in extensional regime (dip-silp componentthe Mesoproterozoic (related
to the onset of Sveconorwegian orogeny), Neoprateco(states of exhumation)
and Lower Cambrian (foreland sedimentation).

~1850-1830 to 1560 Ma

Diabase dyke I." | | P
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v
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Figure 9 - Schematic representation
(Mattila et al,2008) of brittle

deformation at the island of
Olkiluoto from 1850 Ma onwards.
(A) Thrust with crustal shortening at
about 1850-1830 Ma to 1560 Ma
ago; (B) Extension with intrusion of
diabase dikes (1560 Ma ago); (C)
Formation of strike-slip faults with
reactivation of older structures at
approximately 1560-1270 Ma; (D)
Extension and reactivation of
existing structures after previous
situations. Thick arrows indicate the
direction of maximum crurstal
contraction or extension and thin
arrows the sense of movement.



The faults generated during these deformationabgercan act as water flow channels
to the repository depth. These fractures can causélems in the isolation of
radioactive waste. The most conductive ones wilsealed with cement (grouting) to
minimize water flow.

2.6. Grouting and possible hyperalkaline plume

The main information presented in this chapteraiseal on the article published by Soler
and Méader (2006).

Posiva is planning to inject cement (grouting)he most conductive fractures near the
repository, in order to reduce the flow of water.

According to Soler (2007), the hydration of Portlacement clinker is a complex
process which consists of a series of successiemiclal reactions. The main reactions
of the mixture of water and gypsum with Portlancheat clinker are:

2 CaSi0s + 7 HO = CaSiO3(0OH)g + 3 Ca(OH) Q)
alite -SCH portlandite

2 C3Si0O, + 5 HO = CaSiO3(0OH)g + Ca(OH) (2)
belite C-S-H portlandite

CaAl,Fe01p+ 7 HO = Fe0s; + CaAl,(OH);, + Ca(OH) 3)
ferrite hydrogarnet  portlandite

CaO + HO = Ca(OH) “4)

portlandite
aluminate gypsum ettringite

ettringite aluminate monosulfate

As seen in these chemical reactions, the hydratioeement clinker (alite, belite,
tricalcium aluminate, ferrite) and added gypsumseauthe formation of portlandite, C-
S-H gel, hydrogarnet, ettringite, monosulfate aod oxide.

The interaction between groundwater and this cercanses the formation of high pH
solutions (pH 12.5-13.5), mainly due to the disgofuof the portlandite (Ca (Ok))of
the hydrated cement. These solutions may react tiéhrocks hosting the repositories
and change their physical and chemical properties.

The evolution of the chemical composition of theluBons resulting from the
degradation of cement in contact with groundweagetivided into different phases:

» First stage the solution composition is dominated by the alisson of the
alkali hydroxides in the cement, giving an inifedl of about 13.5.
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» Second stageis dominated by the dissolution of Ca(QHiving a pH of
around 12.5.

» Third stage: is characterized by the dissolution of the CSldgas.

»= Finally, phases other than CSH are dissolved (tateitringite and secondary
gibbsite). pH drops to normal groundwater values.

The hyperalkaline solutions associated with thet fiwo stages are chemically very
aggressive. That is to say, they are very far frequilibrium with respect to the
minerals in the hosting rock formations. For tldason, they may induce the dissolution
and precipitation of different mineral phases. Theation of the different stages
depends on the amount of the cement and on the diugroundwater circulating
through the system. In principle, the durationldo# first stage is short (exchange of a
very few pore volumes in the cement). The main eamcegards the second stage.

For grouting, Posiva is also planning to use spéoia alkali cement. This is why in
our calculations, besides Ordinary Portland Cenfentially planned), we also use
solution compositions corresponding to the leacluihgpw alkali cement, which has a
smaller portlandite content.
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3. OBJECTIVE

It is currently planned to use cement grout to sealductive fractures at the ONKALO
site in Finland (potential site for a deep geolagrepository for high-level radioactive
waste). The interaction between groundwater ang@thiet may cause the formation and
release of hyperalkaline solutions along thesetdras (Fig. 10). The objective of this
study was to perform a series of scoping calcutatigone-dimensional reactive
transport modeling) simulating the extension of tigh-pH plume and its associated
mineralogical alteration. The work was based onlimpmeary calculations by
Lehikoinen et al. (2007).

100 m

Repository depth

CARB. REQUCTION

=900 m
Figure 10 - Schematic cross section showing the concept behadalculations. The

grout used to seal the fracture could interact wgtloundwater, causing the release of
hyperalkaline solutions. Cross section is from Asglen et al. (2007).

The goal was to perform a sensitivity analysis bgrging the values of flow velocity,
fracture aperture, solution composition (includthg effects of using different types of
cement) and temperature. The calculations wer@peed in a one-dimensional system
in this first modeling effort. However, calculat®mvould have to be performed in two
or three dimensions to capture the possible ewaiuti the fluid flow field in a system
subject to changes in porosity and permeabilitysoAlsince a feedback between
porosity and permeability changes was not implestkim the calculations, the results
can be considered as an estimate of the possibhaical evolution of the system in the
case that fluid flow would continue despite thelisgaof porosity at the fracture inlet
shown by the results (uncoupling of chemical angsptal properties). Even under a
spatially and temporally variable flow field, sewiof the fracture inlet would most
probably impose an overall decrease in flow ratesgathe fracture or fracture system
and a decrease in the extension of the high-pH @lunthe direction of flow.
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4. METHODOLOGY

4.1. Modelcode and Governing Equations

The calculations were performed with the Retraswtiee transport code (Saaltink et
al., 2004), which numerically solves the equatiohgonservation of solute mass for
each component in the system. For the calculatmerformed in this study, these
equations were of the form

0(¢U j)

; =0fpou,)-odqu, )+ R, j=1, .M (1)

whereU; is the total concentration in solution of compadnenprimary specief @is
porosity,t is time,D is the effective diffusion coefficient plus the chanical dispersion
coefficient,q is the Darcy fluxRy, is the mineral dissolution (-) or precipitation fate,
Vim IS the stoichiometric coefficient ¢fin mineralm, andN. is the number of primary
species in the system.

The combined diffusion-dispersion coefficiénis given by
D =aq+D, 2)

wherea is the longitudinal dispersivity ard is the effective diffusion coefficient.

The reaction terniy results from the sum of all the individual minenadter reactions
which affect the concentration of tfiéspecies

Ny
R =- .V infn ®3)

m

wherer,, is the net rate of precipitatiom (> 0) or dissolution {, < 0) of mineral per
unit volume of rock,v,, is the number of moles gfper mole of mineram, and N, is
the number of minerals present in the rock.

In order to describe how the reaction rate t&ns treated in Retraso, it is useful at this
moment to introduce the concepts of primary andrseéary species. The total number
of species in solutionN,,, ), can be distributed betweé¥, primary species (also called
components) andN, secondary species. The number of primary spedie¥ (vhich is
the number of independent chemical components ansttstem, will be given by the
total number of speciesN,,) minus the number of independent chemical equalibr

relating them. The different equilibrium relationsh can be written as the production
or destruction of one mole of secondary species take the form
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C

A - ZVUA} (i=12,..N, ) (4)

where A; and A are the chemical formulas of the primary and sdaon species,
respectively, andv; is the number of moles of primary specig¢sin one mole of

secondary species. The chemical equilibria provide an algebraic linktween the
primary and secondary species via the law of mas®mafor each reaction. The
concentration of a secondary species given by

Vi

X =k Mng) G=12..N,) (5)

=1

where theK; are the equilibrium constants of reaction (8), gndand y, are the
activity coefficients of the primary and secondapecies, respectively. The activity
coefficients are calculated according to the extenDebye-Hickel formulation, given
by

AZiZIJIZ bl

1rBy 17 ©

logy; = -
where Z is the ionic charge antl is the ionic strength. The parameteris an ion size

parameter and is included in the thermodynamichdaia (Eq3nr database, Wolery et

al., 1990). The parametess, B andb are dependent on temperature and are tabulated
in Helgeson and Kirkham (1974).

The expression
NX
U =Ci+> v X, N
i=1

defines the total concentration of primary specjedJ; (Reed, 1982; Lichtner, 1985;

Kirkner and Reeves, 1988). Also, in this formulatf the transport-reaction equation,
it is assumed that the diffusion coefficients dre same for all the aqueous species
(both primary and secondary).

The mineral reaction rate laws implemented in thaecre of the form

r = sgrloglQ, /K,]) Aﬂz[ |‘J 3 ] (8)

where sgn means sigQ),, is the ion activity productK,, is the equilibrium constant of
the mineral dissolution reaction (ionic activityopguct at equilibrium), A, is the
mineral surface area per unit volume of rodk, is the growth or dissolution rate
constant (in units of moles of mineral per unitface area per time), is the activity
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of an inhibiting or catalyzing species, raisedioceanpirically determined powep, and
f(AG) is a function describing the dependence of the oat solution saturation state

(this function guarantees that the rate is zeematlibrium). The summation term refers
to different parallel reactions for a given miner&br instance, two or three parallel
reactions are commonly used to be able to desdhkerate under different pH
conditions.

The rate constant at a given temperatlgg)is calculated according to

E.(1 1
Kot =K, seXpg —| ——= 9
mT — Km2s F{ R (T25 TJ] 9)

where ky, o5 is the rate constant at %5 E, is the apparent activation energy of the
reaction,Ris the gas constant aiids temperature (K).

The ion activity product is defined as
NC
Q. =[]apr (10)

where a; are the activities of the species making up theenal m, and v, are the

stoichiometric coefficients. The effect of solutisaturation state is given by the last
term of Eq. (7), which can be expressed in termshef Gibbs Free Energy of the

reaction(AG)
RT K.

M and n are two positive numbers which are normally deteeth experimentally. If
no experimental information is available, it is goon practice to make bothl and n
equal to unity, which reflects the dependence efrtat rate of an elementary reaction
on solution saturation state, as derived from TtenmsBState Theory (Lasaga, 1998).

f(AG) =

Mineral grains are assumed to be spherical, wiir thhole surface area in contact with
fluid (“floating” grains). Mineral volume fractionsnd surface areas are calculated
according to

(omz_”riNm (12)
3
A, =41 N, (13)

wherery, is the grain radius, and Nis the number of grains per volume of rock
(constant for each mineral).
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Mineral volume fractions are updated by making afsie calculated reaction rates and
the duration of the time increment for each timgpstlong the simulation (amounts of
mineral dissolved or precipitated at each time )st§vain radii and mineral surface
areas are updated according to Egs. 12 and 13.

The spatial discretization of the reaction-transplifferential equations (Eqg. 1) is done
following the finite element method. The resultialgyebraic non-linear equations are

solved using Newton's method.
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4.2. Conceptual Model and Parameters

The goal of the one-dimensional reactive transpaftulations was to perform a
sensitivity analysis of the possible effects of kthgh-pH plume by changing the values
of flow velocity, fracture aperture, solution congit®on and temperature.

The length of the one-dimensional domain was 20&hch calculations were performed
for times up to 10000 years. A constant temperagqgreal to 28C was assumed in the
calculations, except when otherwise indicated. legushows the spatial discretization
used in the 1D domain. Smaller elements (smabgrwere used near the fracture inlet.
Initial porosity was 0.5 in all cases. Flow velgcwas constant for each case, i.e. no
coupling between changes in porosity and flow ve&en into account. Constant values
of the dispersivity §=2m) and effective diffusion coefficienD{=5.0E-10 ni/s) were
also used. This point has to be taken into accaoin@n interpreting the results of the
simulations. The boundary condition for the transgguation (Eq. 1) at the inlet was
set to a mass flux equal to the water flow timesttital aqueous concentratidd) (for
each component.

::> Ax= | AXx= | Ax = AX =
Ctant 0.2m|{0.5m| 1.0 m 20m
flow

2 6 10 200 m

Figure 11 - Schematic diagram showing the dimensions andadiicretization in the
one-dimensional domain.

The initial set of cases (flow velocities, fractapertures, solution compositions) that
was taken into account is summarized in Table lticHahat the flow velocities are
larger than the value of 1.6xtkg/nf/s used by Lehikoinen et al. (2007). Table 2
shows the chemical composition of the solutionsdu® the transport boundary
condition at the inlet. The different solutions amtended to simulate the leaching of a
conventional cement (pH 12) or low-pH cements. $bkition composition for the pH
12 case (Table 2) corresponds to the one repostdgtihikoinen et al. (2007). Solution
compositions for the pH 10.5 and pH 11 cases walilated by dilution of the pH 12
solution. For simplicity, iron (pyrite and Fe spegiin solution) was not included in the
simulations, given the small amount of pyrite ie thck (2.5 vol%).

Based on experimental data supplied by Posiva l{sestom leaching experiments
using hydrated cements with different compositipragjditional compositions of the
high-pH solutions were formulated (Tables 3a, EXperiments had been performed at
12°C and 56C, using two types of leaching solutions with diéfiet salinities. The
experimental results at 42 using the more saline leaching solution (OL-S&ditions
more similar to the simulated case; Table 3a) wesed to formulate these
compositions. An additional set of solution comgiosss, corresponding to the results
of the leaching experiments at®C2and using the fresh leaching solution (ALL-MR)
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are included in the calculations (Table 3b). Noticat, unlike in the initial cases, the
lower-pH compositions do not correspond to a ddutof the solution with the highest
pH.

The composition of the initial solution (Olkiluotgroundwater) in the fracture was
estimated from the data in Andersson et al. (2007a depth between 300 and 400 m.
Equilibrium with respect to calcite, kaolinite, Klflspar and quartz was also imposed.
This composition is given in Table 4. Given thethftpw velocities (Table 1) and small
residence times of water along the fracture (0032.2 a), the composition of the initial
groundwater is not a determinant factor in thealwons.

Table 1 -Parameter values for the different modeling runs.

Q [l/a] Q(kg/nf/s)  pH width [m] volume aperture [m]

3154 107 105 1.0 0.010
3154 10 11 0.010
3154 107 12 0.010
631 5x10° 10.5 0.004
631 5x10° 11 0.004
631 5x10° 12 0.004
158 2.5x10 10.5 0.002
158 2.5x10 11 0.002
158 2.5x10 12 0.002
32 10° 10.5 0.001
32 10° 11 0.001
32 10° 12 0.001

Table 2 - Composition (pH and total concentrations in mol/kgO) of the high-pH
solutions flowing into the fracture in the modaiitial cases. All three solutions are
supersaturated with respect to brucite, sepiolitel aaponites. The pH 12 solution is
also supersaturated with respect to C-S-H (Ca/Sk71.667).

pH Al Carbonate Ca Cl K Mg Na S04 Si02
12 3.70E-07 7.50E-06 2.20E-02 7.98E-02 3.10E-04 2.50E-03 4.90E-02 6.50E-04 2.70E-04
11 2.59E-08 5.25E-07 1.54E-03 5.61E-03 2.17E-05 1.75E-04 3.43E-03 4.55E-05 1.89E-05
10.5 7.77E-09 1.58E-07 4.62E-04 1.69E-03 6.51E-06 5.25E-05 1.03E-03 1.37E-05 5.67E-06

The mineralogical composition of the rock (fracjuemd the values of the mineral
surface areas and porosity (Table 5) were basdatiase reported by Lehikoinen et al.
(2007). Flat mineral surfaces originally measuredtwe fracture walls were converted
into spherical grains filling the fracture. As asué#t, the smaller fracture apertures
contain larger mineral surface areas?/(mifracture). To simulate initially small
precipitation rates for the secondary minerals,|swsues of the initial surface areas
(0.001 n¥/m®) were used for the secondary precipitates.
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Table 3a - Composition (pH and total concentrations in mol/KkgO) of the high-pH
solutions derived from experimental results usimg $aline leaching solution (OL-SR).
Concentrations equal to Tomol/kg_HO (shaded) correspond to measurements below
detection limit. The isolution (pH 12.17) is supersaturated with resgedbrucite and
portlandite. The ¥ solution (pH 11.60) is supersaturated with respecbrucite and
saponites. The8one (pH 9.7) is supersaturated with respect toatites scolecite,
sepiolite, stilbite and saponites.

pH Al Carbonate Ca Cl K Mg Na S04 Si02
1217 1.00E-06 1.00E-06 1.20E-01 4.20E-01 6.00E-04 1.00E-06 2.10E-01 2.30E-05 5.00E-06
1160 1.00E-06 1.00E-06 1.10E-01 4.20E-01 6.00E-04 4.00E-06 2.10E-01 4.00E-05 2.00E-05
9.70 1.00E-06 1.00E-06 1.00E-01 4.10E-01 8.00E-04 2.00E-03 2.05E-01 8.00E-05 7.00E-05

Table 3b - Composition (pH and total concentrations in mol/KgO) of the high-pH
solutions derived from experimental results ushgftesh leaching solution (ALL-MR).
Concentrations equal to Tomol/kg_HO (shaded) correspond to measurements below
detection limit. The*Lsolution (pH 12.45) is supersaturated with resgedtrucite and
portlandite. The ¥ solution (pH 11.90) is supersaturated with respecbrucite and
saponites. The'3one (pH 10.60) is supersaturated with respect Ititey illite, K-
feldspar, quartz, laumontite, mesolite, scole@apiolite, stilbite and saponites.

pH Al Carbonate Ca Cl K Mg Na S04 Si02

1245 1.00E-06 1.00E-06 1.90E-02 1.60E-03 1.00E-04 1.00E-06 2.50E-03 3.00E-05 5.00E-06
11.90 1.00E-06 1.00E-06 4.00E-03 1.01E-03 1.50E-04 1.00E-06 2.50E-03 4.00E-05 1.00E-04
10.60 1.00E-06 1.00E-06 5.00E-04 1.79E-03 2.00E-04 3.00E-06 2.40E-03 2.50E-04 1.00E-03

Table 4 - Composition (pH and total concentrations in mol/kgO) of the initial
solution in the fracture.

pH Al Carbonate Ca Cl K Mg Na S04 Si02
8 3.57E-08 9.42E-05 4.99E-02 2.38E-01 3.07E-04 4.00E-03 1.30E-01 2.63E-04 1.04E-04

The potential secondary minerals that were takemancount are C-S-H gel (5 different
phases with different Ca/Si ratios, ranging fromadnorphous silica— to 1.67), brucite,
portlandite, zeolites (analcime, laumontite, masgplinatrolite, scolecite, stilbite,
phillipsite, mordenite), sepiolite and saponites,(€l, K, Mg and Na saponites). The
solubilities of the different minerals are from tBg3nr database included with the code,
except for the C-S-H gel. The solubilities of tHeapes corresponding to the C-S-H gel
were calculated from the model given by Kulik aneréten (2001).

All the reactions (speciation in solution and malereactions) and their associated
equilibrium constants are given in Tables 6 an&dme calculations were run under
variable temperature. Tables 8 and 9 show the petsasl needed to calculate the
equilibrium constants at temperatures differentmfr@S’C. These parameters were
derived from the original thermodynamic parameterthe Eq3nr database and Kulik
and Kersten (2001).
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Table 5 - Initial mineralogical composition (volume fractisnand surface areas).
Surface areas are reported for the 4 different ealof fracture aperture (0.01, 0.004,
0.002 and 0.001 m).

MINERAL V (m3/m3) Aot (M?/m3)  Aooos (MZm3) Aoz (M2/m3)  Ac.o1 (M?/m3)

Calcite 0.199 5.62E+01 1.41E+02 2.81E+01 5.62E+02
Kaolinite 0.067 2.52E+01 6.30E+01 1.26E+02 2.52E+02
Illite 0.075 2.84E+01 7.10E+01 1.42E+02 2.84E+02
Quartz 0.044 2.50E+01 6.25E+01 1.25E+02 2.50E+02
Cordierite 0.019 1.06E+01 2.65E+01 5.31E+01 1.06E+02
Albite 0.037 2.12E+01 5.31E+01 1.06E+02 2.12E+02
K-feldspar 0.033 1.90E+01 4.74E+01 9.48E+01 1.90E+02

Pyrite (V=0.025) not included

Reaction rate laws for the primary minerals wergebleon those reported by Lehikoinen
et al. (2007; illite, quartz, cordierite) and alBom the scientific literature (albite,
calcite, K-feldspar, kaolinite). Fast reaction ratenstants were used for all the
secondary minerals, simulating conditions closéot@l equilibrium for those phases.
Precipitation of albite and K-feldspar was inhiditey imposing a large supersaturation
threshold for precipitation.
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Table 6 - Equilibrium constants (log K, 26) and stoichiometric coefficients for equilibria $olution (speciation). Reactions are written
as the destruction of 1 mole of the species ititsecolumn.

Reacti on log K Primary species

al +3 ca+2 cl - hco3- sio2(aq) k+ ng+2 na+ h+ so4-2
al (oh) 2+ 10. 0991 1.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 -2.000 0.000
al (oh) 3(aq) 16. 1577 1.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 -3.000 0.000
al (so4) 2- -4.9000 1.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 2.000
al (oh) 4- 22. 1477 1.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 -4.000 0.000
al oh+2 5.0114 1.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 -1.000 0.000
al so4+ - 3. 0100 1.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 1. 000
ca(h3sio04) 2(aq) 15.0532  0.000 1.000 0.000 0.000 2.000 0.000 0.000 0.000 -2.000 0.000
cacl + 0.6956 0.000 1.000 1.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
cacl 2(aq) 0.6436 0.000 1.000 2.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
caco3(aq) 7.0017  0.000 1.000 0.000 1.000 0.000 0.000 0.000 0.000 -1.000 0.000
cah2si 04(aq) 18.5616  0.000 1.000 0.000 0.000 1.000 0.000 0.000 0.000 -2.000 0.000
cah3si 04+ 8.7916  0.000 1.000 0.000 0.000 1.000 0.000 0.000 0.000 -1.000 0.000
cahco3+ -1.0467 0.000 1.000 0.000 1.000 0.000 0.000 0.000 0.000 0.000 0.000
caoh+ 12. 8500 0.000 1.000 0.000 0.000 0.000 0.000 0.000 0.000 -1.000 0.000
caso4(aq) -2.1111  0.000 1.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 1. 000
co2(aq) -6.3447 0.000 0.000 0.000 1.000 0.000 0.000 0.000 0.000 1.000 0.000
oh- 13.9951 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 -1.000 0.000
h2si 04- 2 22.9116 0.000 0.000 0.000 0.000 1.000 0.000 0.000 0.000 -2.000 0.000
co03-2 10.3288 0.000 0.000 0.000 1.000 0.000 0.000 0.000 0.000 -1.000 0.000
hso4- -1.9791 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 1. 000 1. 000
kcl (aq) 1.4946 0.000 0.000 1.000 0.000 0.000 1.000 0.000 0.000 0.000 0.000
khso4(aq) -0.8136 0.000 0.000 0.000 0.000 0.000 1.000 0.000 0.000 1. 000 1. 000
koh(aq) 14.4600 0.000 0.000 0.000 0.000 0.000 1.000 0.000 0.000 -1.000 0.000
kso4- -0.8796 0.000 0.000 0.000 0.000 0.000 1.000 0.000 0.000 0.000 1. 000
ng( h3si 04) 2(aq) 13.7232 0.000 0.000 0.000 0.000 2.000 0.000 1.000 0.000 -2.000 0.000
ng4(oh) 4+4 39.7500 0.000 0.000 0.000 0.000 0.000 0.000 4.000 0.000 -4.000 0.000
ngcl + 0.1349 0.000 0.000 1.000 0.000 0.000 0.000 1.000 0.000 0.000 0.000
ngco3(aq) 7.3499 0.000 0.000 0.000 1.000 0.000 0.000 1.000 0.000 -1.000 0.000
ngh2si 04(aq) 17.4816 0.000 0.000 0.000 0.000 1.000 0.000 1.000 0.000 -2.000 0.000
ngh3si 04+ 8.5416 0.000 0.000 0.000 0.000 1.000 0.000 1.000 0.000 -1.000 0.000
nghco3+ -1.0357 0.000 0.000 0.000 1.000 0.000 0.000 1.000 0.000 0.000 0.000
ngoh+ 11.7851 0.000 0.000 0.000 0.000 0.000 0.000 1.000 0.000 -1.000 0.000
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Table 6 -(continued)

Reacti on

ngso4(aq)
nacl (aq)
naco3-
nahco3(aq)
nahsi 03(aq)
naoh( aq)
naso4-

hsi 03-

log K

. 4117
. 7770
. 8144
. 1541
. 3040
. 1800
. 8200
. 9525

[cNololoNoNoNeNe]

Primary species

al +3
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000

coooooo00

ca+2
000
000
000
000
000
000
000
000

[cNolooNoNol e

cl -

. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000

[cNeoNoNaok N NeoNe]

hco3-

. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000
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S

i 02(aq) k+

000 0.000
000 0.000
000 0.000
000 0.000
000 0.000
000 0.000
000 0.000
000 0.000

[cNololoNoNoNal o

ng+2
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000

oePrPPRPPPO

na+

000
000
000
000
000
000
000
000

RPORPRRFRLPOPFRPOO

h+

. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000

ol NeoloNoNoNol

s04- 2
. 000
. 000
. 000
. 000
. 000
. 000
. 000
. 000



Table 7 - Equilibrium constants (log K, 26) and stoichiometric coefficients for the differemineral reactions. Reactions are written as
the dissolution of 1 mole of mineral.

Reacti on log K Primary species

al +3 ca+2 cl - hco3- sio02(aq) k+ ng+2 na+ h+ so4-2
albite 1.9098 1.000 0.000 0.000 0.000 3.000 0.000 0.000 1.000 -4.000 0.000
calcite 1.8487 0.000 1.000 0.000 1.000 0.000 0.000 0.000 0.000 -1.000 0.000
cordierite~hydr 46.4048 4.000 0.000 0.000 0.000 5.000 0.000 2.000 0.000 -16.000 0.000
illite 7.0602 2.300 0.000 0.000 0.000 3.500 0.600 0.250 0.000 -8.000 0.000
k-f el dspar -1.1300 1.000 0.000 0.000 0.000 3.000 1.000 0.000 0.000 -4.000 0.000
kaolinite 5.1007 2.000 0.000 0.000 0.000 2.000 0.000 0.000 0.000 -6.000 0.000
quartz -3.9993 0.000 0.000 0.000 0.000 1.000 0.000 0.000 0.000 0.000 0.000
csh-00 -1.2000 0.000 0.000 0.000 0.000 1.000 0.000 0.000 0.000 0.000 0.000
csh-04 6.4767 0.000 0.560 0.000 0.000 1.390 0.000 0.000 0.000 -1.120 0.000
csh-08 24.6311 0.000 1.820 0.000 0.000 2.270 0.000 0.000 0.000 -3.640 0.000
csh-12 18.8013 0.000 1.200 0.000 0.000 1.000 0.000 0.000 0.000 -2.400 0.000
csh- 1667 29.1328 0.000 1.670 0.000 0.000 1.000 0.000 0.000 0.000 -3.340 0.000
anal ci ne 5.3191 0.960 0.000 0.000 0.000 2.040 0.000 0.000 0.960 -3.840 0.000
brucite 16.2980 0.000 0.000 0.000 0.000 0.000 0.000 1.000 0.000 -2.000 0.000
| aunontite 11.9573  2.000 1.000 0.000 0.000 4.000 0.000 0.000 0.000 -8.000 0.000
nesolite 11.9183 1.990 0.660 0.000 0.000 3.010 0.000 0.000 0.680 -7.960 0.000
nordenite -6.0300 0.940 0.290 0.000 0.000 5.060 0.000 0.000 0.360 -3.760 0.000
natrolite 16.8110 2.000 0.000 0.000 0.000 3.000 0.000 0.000 2.000 -8.000 0.000
phillipsite 87.3700 3.000 0.000 0.000 0.000 5.000 3.000 0.000 0.000 -12.000 0.000
portlandite 22.5552  0.000 1.000 0.000 0.000 0.000 0.000 0.000 0.000 -2.000 0.000
scol ecite 14. 1674  2.000 1.000 0.000 0.000 3.000 0.000 0.000 0.000 -8.000 0.000
sepiolite 30.4439 0.000 0.000 0.000 0.000 6.000 0.000 4.000 0.000 -8.000 0.000
stilbite -0.8087 2.180 1.020 0.000 0.000 6.820 0.010 0.000 0.140 -8.720 0.000
saponite-ca 26.0080 0.330 0.170 0.000 0.000 3.670 0.000 3.000 0.000 -7.320 0.000
saponite-h 25.0501 0.330 0.000 0.000 0.000 3.670 0.000 3.000 0.000 -6.990 0.000
saponite-k 25.7254 0.330 0.000 0.000 0.000 3.670 0.330 3.000 0.000 -7.320 0.000
saponi t e- ng 25.9702 0.330 0.000 0.000 0.000 3.670 0.000 3.160 0.000 -7.320 0.000
saponi t e- na 26.0639 0.330 0.000 0.000 0.000 3.670 0.000 3.000 0.330 -7.320 0.000
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Table 8 - Coefficients for the calculation of the equilibmwonstants for equilibria in solution (speciati@s a function of temperature.
In K = f,InT +fp + f3T + £/ T + 5/ T

Reacti on fl fz f3 f4 f5

al (oh) 2+ -3.1641E+01 2.0018E+02 -5.0184E-05 1.0079E+03 -1.2296E+03
al (oh) 3(aq) 2. 2779E+01 -1.8548E+02 1. 0545E-04 2.7677E+04 2.7081E+03
al (oh) 4- 1. 2802E+03 -8. 1663E+03 - 1. 2389E+00 4. 6037E+05 -2. 7876E+07
al (so4) 2- 1. 5352E+01 -1.2424E+02 -1.8177E-04 2.6203E+04 -5.9511E+03
al oh+2 5.2714E+01 -3. 3778E+02 -5.4911E-02 2. 1860E+04 -7.0863E+05
al so4+ 6. 6574E+02 -4.2081E+03 - 7. 0552E-01 2. 3154E+05 - 1. 4058E+07
co2(aq) -1.2376E-06 3.4661E+01 1.0266E-09 -4.8556E-04 3.1010E-02
c03-2 3. 0068E+02 -1.9050E+03 -3.0720E-01 1.0740E+05 -6.6801E+06
ca(h3si 04) 2(aq) 6. 0672E+02 - 3. 8438E+03 -6. 1349E-01 2. 1505E+05 - 1. 3323E+07
caco3(aq) 3. 3235E+02 - 2. 0958E+03 -3.2687E-01 1. 1458E+05 - 6. 0879E+06
cacl + -7.7775E-07 4.2740E+01 6.4548E-10 -3.0499E-04 1. 9468E-02
cacl 2(aq) -4, 4687E-09 2.0243E+01 4.0159E-12 -1.6053E-06 9.3257E-05
cah2si o4(aq) 3. 2655E+02 -2.0797E+03 -3.2830E-01 1. 1925E+05 -7.5881E+06
cah3si 04+ 1. 1200E+02 -6.9758E+02 -1.1931E-01 4.3797E+04 -1.9792E+06
cahco3+ 6. 1709E+02 -3.9196E+03 -6. 0905E-01 2. 1560E+05 - 1. 2683E+07
caoh+ 2. 4101E+02 -1.5445E+03 -2.4994E-01 8. 9405E+04 -6.1020E+06
caso4(aq) -2.6862E+02 1.7165E+03 2.6939E-01 -9.0164E+04 6. 0723E+06
h2si 04- 2 2.2957E+02 -1.5145E+03 -1.1881E-01 1.1038E+05 -6.7123E+06
hso4- -2.9350E+02 1.8821E+03 2.9647E-01 -1.0429E+05 6.6943E+06
hsi 03- 3. 5492E+02 -2.2777E+03 -3.4618E-01 1. 3365E+05 - 8. 3658E+06
kel (aq) 2. 6361E+02 -1.6715E+03 -2.6135E-01 9.2507E+04 -5.2790E+06
khso4(aq) 5. 6348E+02 - 3. 6025E+03 -5.5401E-01 2.0876E+05 -1.2882E+07
koh(aq) -3.1114E-06 3.3295E+01 2.5817E-09 -1.2203E-03 7.7909E-02
kso4- 3. 5078E+02 -2.2360E+03 -3.4289E-01 1.2684E+05 -7.8100E+06
ng( h3si 04) 2(aq) -1.1129E-06 3.1599E+01 9.2454E-10 -4.3601E-04 2.7805E-02
ng4(oh) 4+4 6. 76 74E+02 -4. 4158E+03 -5. 3437E-01 2. 8754E+05 - 1. 3656E+07
ngco3(aq) 3. 3044E+02 -2. 1029E+03 -3. 3087E-01 1.2130E+05 -7.7916E+06
ngcl + 3. 5643E+02 -2.2487E+03 - 3. 4554E-01 1.2302E+05 - 6. 6449E+06
ngh2si o4(aq) 4.5059E- 07 4.0253E+01 -3.7423E-10 1.7657E-04 -1.1263E-02
ngh3si 04+ 3.8278E-07 1.9668E+01 -3.1752E-10 1.5018E-04 -9.5913E-03
nghco3+ 3. 3586E+02 -2. 1451E+03 -3. 3127E-01 1. 2459E+05 -7. 9994E+06
ngso4(aq) -2.6862E+02 1.7114E+03 2.6939E-01 -9. 0164E+04 6. 0723E+06
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Table 8 -(continued)

Reacti on
naco3-

nacl (aq)
nahco3(aq)
nahsi 03(aq)
naoh( aq)
naso4-

oh-

ngoh+

POONPMRPLPNRE

=

. 2474E+03
. 9504E+02
. 2713E+02
. 4503E+02
. 9779E+02
. 1335E+02
. 2654E+02
. 3200E+01

fo

-7.
-1.
- 8.
. 8235E+03
-1.
. 8007E+03
-3.
. 1649E+01

9285E+03
8745E+03
1208E+02
9469E+03

3614E+03

-1.
-2.
-5.
- 2.

-4,

2138E+00
8917E-01
5008E- 02

. 3870E-01

1694E-01

. 9383E-01

8986E- 01

. 1467E- 02
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N

. 3593E+05
. 0494E+05
. 3289E+04
. 5447E+05
. 2835E+05
. 0910E+05
. 8746E+05
. 8818E+04

fs

-2.
- 6.
-1.
. 8050E+06
- 8.
. 8308E+07
-1.
-1.

5258E+07
2703E+06
6410E+06

5795E+06

0950E+07
8624E+06



Table 9 - Coefficients for the calculation of the equilibmwconstants for the different mineral reactionadanction of temperature.
IN K =fyInT +f + 5T + £/ + f5/ T2

Reacti on fq fo fa fa fs

albite 9. 2733E+02 -6.0831E+03 -7.4320E-01 3.9652E+05 - 2. 7064E+07
calcite 3. 2804E+02 - 2. 0809E+03 - 3. 3256E-01 1.1664E+05 -6. 7526E+06
cordierite~hydr 2. 1179E+03 - 1. 3841E+04 -1.8284E+00 9. 1046E+05 -5. 5804E+07
illite 1. 3083E+03 - 8. 5454E+03 -1.1073E+00 5. 4845E+05 - 3. 5726E+07
k-f el dspar 8. 9170E+02 -5. 8444E+03 -7.1904E-01 3. 7862E+05 - 2. 6162E+07
kaolinite 8. 1713E+02 -5. 3315E+03 -7.0764E-01 3. 3980E+05 - 2. 1434E+07
quartz 2. 3189E+02 -1.5311E+03 -1.7198E-01 1. 0045E+05 -7.5533E+06
csh-00 -1.4814E+01 9.5578E+01 1.2713E-02 -6.4701E+03 3.5273E+05
csh-04 1. 8244E+00 -1.1599E+01 -6.6655E-05 4.8182E+03 -2. 1059E+03
csh-08 5. 7470E+00 - 3. 4874E+01 - 3. 3052E-05 1. 7550E+04 -7.5826E+02
csh-12 4. 0692E+00 -2. 7419E+01 -3.0931E-04 1.4229E+04 -9.4128E+03
csh- 1667 4.8947E+00 -3.4103E+01 1.5461E-04 2.1827E+04 3.5744E+03
anal ci ne 7.3072E+02 -4.7770E+03 -6. 0057E-01 3. 0787E+05 -2. 0242E+07
brucite 1. 3208E+02 - 8. 4520E+02 -1.2303E-01 5.7698E+04 -2.3667E+06
| aunontite 1. 3884E+03 -9. 0865E+03 -1.1471E+00 5. 9046E+05 - 3. 8674E+07
nmesolite 1. 2254E+03 - 7. 9803E+03 -1.0473E+00 5. 0715E+05 - 3. 2244E+07
nordenite 1. 3552E+03 -8. 9033E+03 -1.0633E+00 5. 7984E+05 -4. 0856E+07
natrolite 1. 2076E+03 -7.8689E+03 -1.0161E+00 5.0414E+05 - 3. 2048E+07
phillipsite -1.1323E-06 2.0118E+02 9.3847E-10 -4.4459E-04 2.8414E-02
portlandite 1. 1676E+02 -7.3747E+02 - 1. 1354E-01 5. 4022E+04 -2. 0603E+06
scolecite 1. 2347E+03 -8. 0383E+03 -1.0641E+00 5. 1182E+05 - 3. 2299E+07
sepiolite 1. 9381E+03 -1.2684E+04 -1.5221E+00 8.3057E+05 -5.5122E+07
stilbite 2. 1448E+03 - 1. 4040E+04 -1. 7398E+00 9. 0236E+05 -6. 1298E+07
saponite-ca 1. 3650E+03 -8. 9155E+03 -1.1207E+00 5. 8235E+05 - 3. 7393E+07
saponite-h 1. 3476E+03 - 8. 8050E+03 - 1. 1030E+00 5. 7555E+05 - 3. 7053E+07
saponi te-k 1. 3583E+03 -8.8706E+03 - 1. 1132E+00 5. 7897E+05 - 3. 7289E+07
saponi te-ng 1. 3686E+03 -8.9407E+03 -1.1235E+00 5. 8406E+05 - 3. 7468E+07
saponi te-na 1. 3649E+03 -8. 9145E+03 -1.1177E+00 5. 8186E+05 - 3. 7398E+07
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Table 10 -Rate parameters for the different minerals. Mugtipntries for a given

mineral refer to different parallel reactions (sumtion term in the rate law).

S

r, = ngﬂOg[Qm/Km])Anz (km,r afi*

Mineral Ea (kcal/mol) ks (mol/nf/s) M n p
albite 14.3 1.00E-10 0.4 14 0.49
albite 14.3 1.77E-15 0.4 14 -0.30
calcite 8.0 1.00E-02 1 1 0.66
calcite 8.0 1.00E-06 1 1 0
illite 13.0 1.00E-11 1 1 0.34
illite 13.0 1.70E-13 1 1 0
illite 13.0 3.00E-17 1 1 -0.40
K-feldspar 12.9 1.00E-10 1 1 0.50
K-feldspar 12.9 2.50E-17 1 1 -0.45
kaolinite 15.0 1.70E-11 1 1 0.50
kaolinite 15.0 2.50E-17 1 1 -0.30
quartz 17.0 4.60E-14 1 1 0
quartz 17.0 5.10E-17 1 1 -0.50
cordierite 15.0 1.60E-04 1 1 1.00
cordierite 15.0 6.30E-12 1 1 0
cordierite 15.0 1.30E-18 1 1 -0.80
Second. mins.  15.0 1.00E-08 1 1 0
References.

Albite: Chou and Wollast, 1985; Burch et al., 1988jer and Lasaga, 1998.
Calcite: Morse and Arvidson, 2002.

lllite: Lehikoinen et al., 2007; Brantley, 2005.

K-feldspar: Schweda, 1989,1990; Blum and Stillin395.

Kaolinite: Nagy et al.,1991; Ganor et al., 1995.

Quartz: Lehikoinen et al., 2007; Brantley, 2005.

Cordierite: Lehikoinen et al., 2007.
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5. RESULTS.
The presentation of the results has been orgaazéollows:

(a) Comparison of results within a first group of threéerence cases (Q = 631 I/a,
pH 10.5, with and without Mg secondary mineralsz@31 l/a, pH 10.5, only
without Mg secondary minerals). These cases had jp@sented previously in a
progress report. This first comparison has beern kepa separate chapter to
facilitate the presentation of the main processes.

(b) Comparison between all the cases (Table 1), cayrelpg to the initial set of
high-pH solution compositions (Table 2).

(c) Comparison of results for the case with Q = 631alid making use of (i) the
initial set of high-pH solution compositions (Tak®, (i) high-pH solution
compositions derived from cement leaching experimeusing the saline
leaching solution (Table 3a), (iii) high-pH soluti@ompositions derived from
cement leaching experiments using the fresh legcbatution (Table 3b), and
(iv) the initial set of high-pH solution composii® (Table 2) and a variable
temperature history caused by the heat generatithe avaste.

(d) Comparison of results between the reference ca@=a631 l/a and the same
case but using larger (x100) reactive surface dmabe primary minerals. This
case is intended to investigate the potential efiétarger surface areas caused,
for instance, by the presence of a fault gouge.

5.1. Reference Cases

Two different modeling runs were performed for eaase shown in Table 1; one
including Mg-containing secondary minerals (brucgepiolite, saponites) and another
one without those minerals. The reason is thatiptaton of these Mg-containing
minerals leads to a quick sealing of the fractuneti A feedback between porosity,
permeability and fluid flow has not been implemeite these calculations. Therefore,
modeling runs with and without Mg-containing secarydminerals serve as a means to
bracket the possible chemical evolution of theeyst

Only three sets of results will be shown in thistes (Table 11). The case with a pH
11 input solution is similar to the case with pH3L.@nd will not be shown here. Only
the run without Mg-containing secondary minerald e shown for the case with pH
12, because precipitation of C-S-H leads to théregaf the fracture inlet, even without
allowing the precipitation of Mg- containing miné&ya
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Table 11 -Parameter values for the different modeling rudlsaded values correspond
to the cases shown in this section.

Q[l/a]  Q(ka/nf/ls) pH  volume aperture [m]

3154 10° 10.5 0.010

3154 107 11  0.010

3154 107 12 0.010

631 5x10° 10.5 0.004 with and without Mg-secondary minerals
631 5x10° 11  0.004

631 5x10° 12 0.004only without Mg-secondary minerals
158 2.5x10 10.5 0.002

158 2.5x10 11  0.002

158 2.5x10 12 0.002

32 10° 10.5 0.001

32 10° 11  0.001

32 10° 12 0.001

5.1.1. O =6311l/a, pH 10.5, no Mg-containing secondargearls

Results (mineral contents and pH; Figs. 12, 13)slm@wn for times equal to 1000,

5000, and 10000 a. The most striking feature isinbeease in porosity at the fracture
inlet, caused by the dissolution of calcite. Thesdlution of calcite at the fracture inlet
causes the advance of a reaction front, markedhdgharp boundary in calcite content
and porosity. Another feature is the precipitatmfinmesolite (Na-Ca zeolite) further

down the fracture. Notice also that cordierite oligsd very quickly along the whole

domain (it is already completely dissolved at t 80Q a). The magnitude of the
dissolution of the other primary minerals is veryadl (their contents are practically
unaltered after 10000 a).

Regarding solution composition (Figs. 13, 14), ewtihat the rock is not reactive
enough to change in any substantial measure thefptde incoming solution. The
concentrations of the major components (Na, Caa6t) Mg do not change along the
fracture, because reaction rates are too smalltéo #ne large concentrations in the
incoming solution (flow rates are large). Cl and,S®e not involved in any mineral
reaction. Carbonate concentration increases shagdy the fracture inlet due to the
dissolution of calcite. Silica increases slightjoray the fracture due to minor
dissolution of aluminosilicates and quartz. K cartcation remains practically unaltered
(only minor dissolution of illite and K-feldspai\l concentrations show larger changes
(they are affected by several mineral reactionduging mesolite), but they are always
less that 10 mol/kg_HO. The kink in the Si and Al concentration curvesresponds
to the point where mesolite precipitation starts.

5.1.2. O =631 l/a, pH 10.5, with Mg-containing secondaniperals

Mineralogical evolution for this case (Fig. 15)sisnilar to the previous one, but with a
very significant difference. The intense precipitatof brucite (Mg(OH)) right at the
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fracture inlet causes the quick sealing of thetinac Ca-saponite also precipitates at the
fracture inlet and further down the domain. Thdiagaof fracture porosity would mean
that flow of solution through the fracture woulast However, no feedback between
porosity and permeability changes has been impleadan the calculations. The results
can be considered as an estimate of the possibhaical evolution of the system in the
case that fluid flow would continue despite thelisgaof porosity at the fracture inlet
(uncoupling of chemical and physical properties).

Regarding solution composition (Figs. 16, 17), emtthat the rock is not reactive

enough to change in any substantial measure theffghe incoming solution (except

for a slight decrease in pH in early stages). Tdrecentrations of the major components
(Na, Ca, Cl) do not change along the fracture, bseaeaction rates are too small to
alter the large concentrations in the incoming tofu(flow rates are large). However,

marked changes in Mg concentration can be obsedussdto the precipitation of brucite

(only at the fracture inlet) and saponite. Al @idconcentrations are also affected by
these reactions (the sharp gradients at about 1i@0Fgy. 8 correspond to the advancing
mesolite-saponite reaction front). Carbonate coimagon increases sharply near the
fracture inlet due to the dissolution of calcite. ddncentration remains practically

unaltered (only minor dissolution of illite and Kiispar).

5.1.3. Q=631 1l/a, pH 12, no Mg-containing secondary matse

The mineralogical evolution for this case (Fig. $8Bbws that the precipitation of C-S-H
(Ca/Si = 1.2) at the fracture inlet causes theisgalf the fracture. The precipitation of
this phase only happens with the pH 12 input sofutNotice also that the magnitude of
calcite dissolution is much smaller than in thevpres cases, due to the fact that the
incoming pH 12 solution is already close to equilim with respect to calcite. As in the
previous cases, the rock is not reactive enougihaémge in any substantial measure the
pH of the incoming solution (Fig. 13). Solution goosition remains also rather
constant (Fig. 19). Only Al concentration increasgmificantly along the fracture, due
to aluminosilicate dissolution (Al is not capturky the precipitating C-S-H gel in the
calculations).

5.1.4. Conclusions

One-dimensional reactive transport calculationsehbgen performed to simulate the
alteration of a fracture and the extension of thghdpH plume arising from the
circulation of hyperalkaline solutions through tinecture. The calculations have been
performed with the Retraso reactive transport code.

The results from three different cases have beewstin this section (reference cases,
Table 11). The results show that the rock is nattige enough to neutralize the high
pH of the incoming solutions in any of the casew. the case with a pH 10.5 (and also
pH 11) incoming solution, an increase in porositythe fracture inlet caused by the
dissolution of calcite is observed if no Mg-contagmsecondary minerals are included
in the calculations. However, if those minerals iacuded, the precipitation of brucite
leads to a quick sealing of the fracture inlet. $kaling of the fracture is also observed
for the case with a pH 12 incoming solution. Instbase, the sealing is caused by the
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precipitation of C-S-H gel (Ca/Si = 1.2), even with including Mg-containing
secondary minerals in the calculations.

The sealing of fracture porosity would mean thatvflof solution through the fracture
would slow down or stop rather quickly. However, fieedback between porosity and
permeability changes has been implemented in thmuleions. The results can be
considered as an estimate of the possible chemicduition of the system in the case
that fluid flow would continue despite the sealinfy porosity at the fracture inlet
(uncoupling of chemical and physical properties).
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Figure 12a -Volumetric mineral content and porosity for the eagth input pH equal
to 10.5 and without including Mg-containing secorydaninerals. t = 1000 a. The
second plot is a close up of the region near thettre inlet.
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Figure 12b -Volumetric mineral content and porosity for the eagth input pH equal
to 10.5 and without including Mg-containing secorydaninerals. t = 5000 a. The
second plot is a close up of the region near thettre inlet.

39



g
=)
=]

o
©
oS

4
©
S

°
3
=}

o
@
S

V(m3/m3)
o
a
o

I
»
S

o
w
S

o
N
=}

o
e
o

o
=}
S

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200

Distance (m)

B albite O calcite O cordierite M illite @ k-feldspar @ kaolinite @ quartz @ mesolite O Porosity

=
=3
S

o

©

o
.

o

@

o
.

o©

3

o
.

o

@

o
.

V(m3/m3)
o
ol
o

0.40

0.30

0.20

0.10

0.00
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Distance (m)

‘ @ albite O calcite O cordierite Millite @ k-feldspar @ kaolinite @ quartz @ mesolite O Porosity ‘

Figure 12c -Volumetric mineral content and porosity for the eagth input pH equal
to 10.5 and without including Mg-containing secorydainerals. t = 10000 a. The
second plot is a close up of the region near thettre inlet.
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pH, without Mg minerals

13 ~ —pH105,t=1000 a
— pH105,t=5000a
pH 10,5, t = 10000 a

pH 11, t=1000 a
12

——pH 11, t=5000 a

——pH 11, t =10000 a

pH

——pH12,t=1000 a

11 ——pH12,t=5000a

pH 12, pH = 10000 a

10 T T T T T T T T T 1
0O 20 40 60 80 100 120 140 160 180 200

Distance (m)

Figure 13 - Solution pH vs. distance for all the cases (no Mgtaining secondary
minerals allowed). Notice that curves for each pHl dne on top of another.
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t = 10000 a
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Figure 14 - Total concentrations vs. distance for the case wiglut pH equal to 10.5
and without including Mg-containing secondary madert = 10000 a.
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Figure 15a -Volumetric mineral content and porosity for the e€agth input pH equal
to 10.5 and including Mg-containing secondary matgert = 1000 a. The second plot is
a close up of the region near the fracture inlet.
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Figure 15b -Volumetric mineral content and porosity for the eagth input pH equal
to 10.5 and including Mg-containing secondary matgrt = 5000 a. The second plot is
a close up of the region near the fracture inlet.
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Figure 15c -Volumetric mineral content and porosity for the eagth input pH equal
to 10.5 and including Mg-containing secondary matert = 10000 a. The second plot
is a close up of the region near the fracture inlet
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pH, with Mg minerals
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Figure 16 - Solution pH vs. distance for all the cases (inahgdiMg-containing
secondary minerals).
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Figure 18a -Volumetric mineral content and porosity for the e€agth input pH equal
to 12 and without including Mg-containing secondaryerals. t = 1000 a. The second
plot is a close up of the region near the fractumet.
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without including Mg-containing secondary minerals. 10000 a.
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5.2. Initial Cases. Comparison of Q = 3154, 631, 1 58, 32 l/a.

In this chapter the results for the different flamd pH values shown in Table 1 will be
compared. Two simulations are associated with eash; one including Mg-containing
secondary minerals (brucite, sepiolite, saponites) another one without including
them.

As mentioned previously, a feedback between porgsé@rmeability and fluid flow has
not been implemented in the calculations. Modelmgs with and without Mg-

containing secondary minerals serve as a meangdckdt the possible chemical
evolution of the system.

5.2.1. Q =3154,631, 158, 32 I/a, pH 10.5, no Mg-contairgecondary minerals

(Mineral contents and pH; Figs. 20, 26)
In all cases, the following observations can beenad

e anincrease in porosity at the fracture inlet, edusy the dissolution of calcite
» precipitation of mesolite (Na-Ca zeolite) furthewh the fracture

» quick dissolution of cordierite (it is already coleely dissolved at t = 1000 a)
e minor dissolution of other primary minerals

The main difference between the different caseghi& reaction fronts (calcite
dissolution, mesolite precipitation) advance fastdren flow is also faster (shorter
residence time of the solution). Stilbite (Ca-Neolite) precipitation can also be
observed in the case with the slowest flow (longesidence time of solution).

Notice that the rock is not reactive enough to geain any substantial measure the pH
of the incoming solution. At most, a minor reduatio pH can be observed when flow
is slowest.

5.2.2. Q0 =3154, 631, 158, 32 l/a, pH 10.5, with Mg-coniia secondary minerals

(Mineral contents and pH; Figs. 21, 27)

Mineralogical evolution for these cases is simitathe previous ones, but with a very
significant difference. There is an intense preatpn of brucite and Ca-saponite at the
fracture inlet that causes the quick sealing otttree porosity. The precipitation of

brucite stops in the first centimeters, but thecymitation of Ca-saponite continues
along the domain. The anomalous Ca-saponite peilak 40000 a may be related to the
calcite dissolution front, but it could also refl@cnumerical artifact.

The sealing of the fracture (Mg-minerals) is fastden flow is faster. For instance, for

Q = 32 l/a there is no precipitation of brucite amul sealing at t = 1000 a and only
partial sealing at t = 10000 a. Moreover, Ca-sapoamnd stilbite precipitate towards the
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end of the domain. In the case of Q = 158 l/a, ¢haling of the fracture inlet is
complete at 10000 a, but not at 1000 a.

As in the case without Mg minerals, the rock is meaictive enough to change the pH of
the incoming solution. Only with the slowest flowalves is there a minor decrease in
pH. The somewhat larger decrease at t = 1000 théosmallest pH and flow values is
caused by the dissolution of a small amount of reim@ cordierite (not yet completely
dissolved).

5.2.3. 0 =3154, 631, 158, 32 1/a, pH 11, no Mg-contairsegondary minerals

(Mineral contents and pH; Figs. 22, 26)

Results of this case are very similar at the casgle pH 10.5 and no Mg-containing
secondary minerals. For all cases there is anaserén porosity at the fracture inlet,
precipitation of mesolite further down the fractufast dissolution of cordierite and
minor dissolution of the other primary minerals.

The differences between the different flow casestlae same as before. Reaction fronts
(calcite dissolution, mesolite precipitation) adeanfaster when flow is also faster
(shorter residence time of the solution). Additignahe amount of primary mineral
dissolution and secondary mineral precipitatiom given position is larger when flow
is slower. This is especially evident in the cakenesolite (larger amounts of mesolite
at a given location when flow is slower). This effés caused by the larger reactive
surface areas of primary minerals when flow is gloggmaller fracture aperture; Table
5). This effect was too small to be noticeablehm tase with a pH 10.5 input solution.

5.2.4. Q =3154,631, 158, 32 l/a, pH 11, with Mg-contagqnsecondary minerals

(Mineral contents and pH; Figs. 23, 27)

Mineralogical evolution for this case is similar toe case with pH 10.5 and Mg-
containing secondary minerals. The only differeiscie larger amount of precipitation
of brucite and Ca-saponite that seals the frackwme all flow values there is sealing of
the fracture inlet since early times.

5.2.5. 0 =3154, 631, 158, 32 l/a, pH 12, no Mg-contairsegondary minerals

(Mineral contents and pH; Figs. 24, 26)

The mineralogical evolution for this case showd tha precipitation of C-S-H (Ca/Si =
1.2) at the fracture inlet causes the sealing @fithcture. The precipitation of this phase
only happens with the pH 12 input solution and @enmportant when flow is slower
(larger surface areas and reactivity of primaryerafs; Table 5).

There is precipitation of mesolite too. The advantdhe mesolite reaction front is
faster when flow is also faster. Notice also tlmathese cases the magnitude of calcite
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dissolution is very small compared with the pregi@ases. This effect is due to the fact
that the incoming pH 12 solution is already clasedquilibrium with respect to calcite.

As in the other cases, the rock is not reactiveughato change in any substantial
measure the pH of the incoming solution.

5.2.6. Q =3154, 631, 158, 32 I/a, pH 12, with Mg-contagqmsecondary minerals

(Mineral contents and pH; Figs. 25,27)

This case is very similar to the previous one, dmaling of the fracture inlet is caused
by brucite and Ca-saponite in addition to C-S-H/8a 1.2).

5.2.7. Conclusions

The results show that for pH 10.5 and 11 incomiolgit®ons, there is an increase in
porosity at the fracture inlet if Mg secondary nmale are not taken into account.
However, there is a sealing of the fracture intatised by the precipitation of brucite
(mainly) and Ca-saponite, if Mg secondary mineeatsincluded.

For a pH 12 incoming solution there is sealing la# fracture inlet regardless of the
inclusion or not of Mg-containing secondary minsralhe precipitation of C-S-H
(Ca/Si = 1.2) is responsible for the sealing.

For all cases, there is faster sealing of fracamd faster calcite dissolution at inlet
when flow is faster. In addition, there is locathore primary mineral dissolution and
secondary mineral precipitation when flow is slowsre to the larger reactive surface
areas of primary minerals (related to the smatkeettire aperture).

The results show that the rock is not reactive ghaiw neutralize the high pH of the

incoming solutions in any of the cases. At mostniamor reduction in pH can be
observed when flow is slowest.
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Figure 20a - Volumetric mineral content and porosity for theseawith input pH equal to 10.5 and without inclugliklg-containing

secondary minerals. t = 1000 a. The plot represémsfirst 15 meters of the fracture.
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Figure 20b - Volumetric mineral content and porosity for the easith input pH equal to 10.5 and without includiNg-containing
secondary minerals. t = 10000 a. The plot represéme first 15 meters of the fracture.
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Figure 20c - Volumetric mineral content and porosity for the eagith input pH equal to 10.5 and without includiNg-containing
secondary minerals. t = 10000 a.
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Figure 21a -Volumetric mineral content and porosity for the eagth input pH equal to 10.5 and including Mg-aning secondary
minerals. t = 1000 a. The plot represents the fl'stmeters of the fracture
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Figure 21b - Volumetric mineral content and porosity for the eagith input pH equal to 10.5 and including Mg-aning secondary

minerals. t = 10000 a. The plot represents the fifs meters of the fracture.
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Figure 21c -Volumetric mineral content and porosity for the e&agith input pH equal to 10.5 and including Mg-@intng secondary
minerals. t = 10000 a.
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Figure 22a - Volumetric mineral content and porosity for the easith input pH equal to 11 and without includinggddontaining
secondary minerals. t = 1000 a. The plot represémsfirst 15 meters of the fracture.
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Figure 22b - Volumetric mineral content and porosity for the easith input pH equal to 11 and without includingyddontaining
secondary minerals. t = 10000 a. The plot represéme first 15 meters of the fracture.
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Figure 22c - Volumetric mineral content and porosity for the easith input pH equal to 11 and without includingyddontaining
secondary minerals. t = 10000 a.
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Figure 23a -Volumetric mineral content and porosity for the eagith input pH equal to 11 and including Mg-coniag secondary

minerals. t = 1000 a. The plot represents the fi'stmeters of the fracture.

1.00 1.00
0907 Seallng O Porosity 0.0 1 Seallng: -
0.80 Bru Clte @ mesolite 0.80 - © P0r05|.ly
070  brucite . Brucite, B ezl
.70 .70 rucite
m stilbite H
. Sapon |te) O saponite-ca
. 0.60 H O saponite-ca _. 0.60 ( 1
g Mesolite | 2 8 Mesolite | |sawer:
g 0507 o kaolinite E R P N— :ta;o:::lte
> 040 B k-feldspar > 0401 . i"'i:e spar
0.30 - iIIite. . 0.30 O cordierite
O cordierite Icit
0.20 O calcite 0.20 ° CIE:I €
m albite 8 albite
0.10 0.10
0.00 0.00
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Distance (m) Distance (m)
]
1.00 1.00
0.90 0.90 )
o o Porosty Sealing: o Porosy
0.80 1 Seal I ng . @ mesolite 0.80 1 B ru Clteg @ mesolite
.70 1 i .70 bruci
o B r u C I te y ; :::)Colite-ca o "t ; s::;ctl:te-ca
_. 060 1 . _0.60 | ( )
a (Sapor"te) M It O quartz g Saponl e O quartz
2 0.50 - eSO I e @ kaolinite % 0.50 o kaolinite
 ———————
> .40 = !(-‘feldspar > 0.0 4 J\ ] .k-‘feldspar
milite millite
0.30 1 O cordierite 0.30 4 O cordierite
0.20 1 O calcite 0.20 O calcite
' m albite ’ m albite
0.10 0.10
0.00 0.00
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Distance (m) Distance (m)

64




Figure 23b -Volumetric mineral content and porosity for theeagth input pH equal to 11 and including Mg-coniag secondary
minerals. t = 10000 a. The plot represents the fifs meters of the fracture.
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Figure 23c -Volumetric mineral content and porosity for the eagith input pH equal to 11 and including Mg-coniag secondary
minerals. t = 10000 a.
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Figure 24a - Volumetric mineral content and porosity for the easith input pH equal to 12 and without includinggddontaining
secondary minerals. t = 1000 a.
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Figure 24b - Volumetric mineral content and porosity for theseawith input pH equal to 12 and without includikig-containing
secondary minerals. t = 10000 a.
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Figure 24c - Volumetric mineral content and porosity for the easith input pH equal to 12 and without includinggddontaining
secondary minerals. t = 10000 a. The plot represéme first 15 meters of the fracture.
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Figure 25a -Volumetric mineral content and porosity for the eagith input pH equal to 12 and including Mg-coniag secondary
minerals. t = 1000 a.
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Figure 25b - Volumetric mineral content and porosity for the easith input pH equal to 12 and including Mg-coniag secondary
minerals. t = 10000 a.
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Figure 25c -Volumetric mineral content and porosity for the eagith input pH equal to 12 and including Mg-coniag secondary
minerals. t = 10000 a. The plot represents the fifs meters of the fracture.
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Figure 26 - Solution pH vs. distance for all the cases (withaatuding Mg-containing
secondary minerals).
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Figure 27 -Solution pH vs. distance for all the cases (inahgdMg-containing

secondary minerals).
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5.3. Q=631 l/a. Comparison of (A) High-pH solution 1 (T = 25°C), (B) High-
pH solution 1 (Variable T), (C) High-pH solution 2 (Experimental, T =
25°C) and (D) High-pH solution 3 (Experimental, T=  25°C)

In this chapter the results for a reference case @31 I/a) with constant or variable
temperature and those corresponding to high-pHtisaokl derived from leaching
experiments (leaching with OL-SR saline solutiod &i.L-MR fresh solution at 1°T)
will be compared. Two simulations are associatetth wach case; one including Mg-
containing secondary minerals (brucite, sepiol@ponites) and another one without
including them.

Figure 28 shows the evolution of temperature indbmain for the case with variable
temperature.

Temperature (°C)

0 100 200 300 10 000

Time (years)

Figure 28 -Evolution of temperature used in the cases witlatée temperature.

The results from the cases with constant or vagiadinperature (high-pH solution 1)
are almost identical. On the other hand, the behasf the model including the
experimental high-pH solutions shows some defipégicularities. There are no major
variations of pH along the domain in any of theesa@-igs. 26, 27).

5.3.1. Q=631 l/a, lower pH cases, no Mg-containing secondanerals

(Mineral contents and pH; Figs. 29, 35, 36)

The cases with variable temperature and constamdrature are very similar. In both
cases, as in the previous chapter, there is aedserin porosity at the fracture inlet
caused by the dissolution of calcite, precipitatidnmesolite further down the fracture,
quick dissolution of cordierite and minor dissodutiof other primary minerals.
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The case using the high-pH solution from leachesig using a saline leaching solution
(pH 9.7) shows a very significant difference widspect to the other cases. The intense
precipitation of mesolite right at the fractureeintauses the sealing of the fracture. This
precipitation is due to the composition of this bdary water (high-pH solution 2),
which is richer in Ca, Na, Si and Al than the @litsolution (high-pH solution 1). High-
pH solution 2 is already supersaturated with retsfeseveral zeolites (Table 3a). This
water is richer in carbonate too; in consequeneetis less dissolution of calcite than
in the other two cases (the calcite dissolutiontfierdvances more slowly).

In the same way, the case with the experimentdi-pld solution from leaching tests
using a fresh leaching solution (pH 10.6) also showense mineral precipitation right
at the fracture inlet, which causes the sealintheffracture. In this case the mineral is
stilbite. This precipitation is due to the compiositof this boundary water (high-pH
solution 3), which is richer in Na, Si and Al thdre initial solution (high-pH solution
1). The small increase in pH at early times (Fig. $nall step in pH at about 80 m) is
due to the dissolution of previously precipitatedesolite combined with the
precipitation of stilbite (advance of a stilbite-soéite reaction front). In addition, this
case also shows minor quartz precipitation (thenmag high-pH solution is slightly
supersaturated with respect to quartz).

5.3.2. 0=631 l/a, lower pH cases, with Mg-containing s&@oy minerals

(Mineral contents and pH; Figs. 30,37,38)

The cases with variable temperature and constampdrature are very similar. Their
main features are already described in sectio2 5idtense precipitation of brucite and
Ca-saponite at the fracture inlet that causes thiekgsealing of fracture porosity;
precipitation of Ca-saponite further down the dampai

In the case with high-pH solution 2 (pH 9.7) thels®y of the fracture inlet by brucite
and saponite occurs more slowly than in the otlases. Also, the calcite dissolution
front advances more slowly.

For high-pH solution 3 (pH 10.60), the sealing loé¢ fracture inlet also occurs more
slowly than for high-pH solution 1 (pH 10.50), batthis case the minerals responsible
for the sealing of porosity are stilbite and sapanThere is also minor precipitation of
quartz. The small increase in pH at early timeg.(B8; small step in pH at about 80 m)
is due to the dissolution of previously precipithtenesolite combined with the
precipitation of stilbite (advance of a stilbite-goéte reaction front).

5.3.3. 0=631 l/a, intermediate pH cases, no Mg-contaisgwpndary minerals

(Mineral contents and pH; Figs.31,35,36)

The cases with variable temperature and constampdrature are very similar. Their
main features are already described in sectio3 5(acrease in porosity at the fracture
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inlet, precipitation of mesolite further down th@adture, fast dissolution of cordierite
and minor dissolution of the other primary mineydlee cases with high-pH solution 2
(pH 11.6) and high-pH solution 3 (pH 11.9) showggr#ation of C-S-H (Ca/Si = 1.2)
but not at the fracture inlet (no sealing).

5.3.4. 0=631 l/a, intermediate pH cases, with Mg-contajréecondary minerals

(Mineral contents and pH; Figs. 32,37,38)

The cases with variable temperature and constampdrature are very similar. Their
main features are already described in section™4é. main difference shown by the
case with high-pH solution 2 (pH 11.6) and high-dution 3 (pH 11.9) is in the fact
that sealing of the fracture inlet occurs more $jowdditionally, sealing in the case of
high-pH solution 3 (pH 11.9) is caused by sapomgtead of brucite, and it is not yet
complete (porosity > 0) after 10000 a. There is glecipitation of C-S-H (Ca/Si = 1.2)
further down the domain.

5.3.5. Q=631 l/a, higher pH cases, no Mg-containing seapnthinerals

(Mineral contents and pH; Figs. 33,35,36

The cases with variable temperature and constanpdeture continue being very
similar and the experimental case (high-pH soluBicend 3) are substantially different.
In the four cases there is a sealing of the fracinlet. However, in the cases with high-
pH solution 1 (pH 12) the sealing is caused by B8-$2 and in the case with high-pH
solution 2 (pH 12.17) and 3 (pH 12.45) the sealngaused by portlandite. Moreover,
there is precipitation of C-S-H 1.667 further dotie domain in the cases with high-pH
solution 2 and 3. The advance of the calcite digswl front is also faster, due to the
fact that the high-pH solutions 2 and 3 are mordeusaturated with respect to calcite
than the pH 12 solution.

5.3.6. 0=631 l/a, higher pH cases, with Mg-containing s&lesy minerals

(Mineral contents and pH; Figs. 34,37,38)
These cases are similar to the ones shown in 8e6t®5, but they show precipitation

of brucite (all cases) and saponite (only high-pHuton 1) at the fracture inlet in
addition to C-S-H and portlandite.
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Figure 29a - Volumetric mineral content and porosity for the easith lower pH and without including Mg-containirsgcondary

minerals. t = 1000 a. The plot represents the fifstmeters of the fracture.
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Figure 29b - Volumetric mineral content and porosity for the easith lower pH and without including Mg-containirsgcondary
minerals. t = 10000 a. The plot represents the fifs meters of the fracture.
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Figure 30a -Volumetric mineral content and porosity for theeagth input lower pH and including Mg-containingcendary minerals. t
= 1000 a. The plot represents the first 15 metéthe fracture.
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Figure 30b - Volumetric mineral content and porosity for the eagith lower pH and including Mg-containing secondainerals. t =
5000 a. The plot represents the first 15 metethefracture.
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Figure 30c -Volumetric mineral content and porosity for the easth lower pH and including Mg -containing secandminerals. t

5000 a.
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Figure 31a -Volumetric mineral content and porosity for theeagth intermediate pH and without including Mg-taining secondary
minerals. t = 1000 a.
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Figure 31b -Volumetric mineral content and porosity for the €agdth intermediate pH and without including Mg-taining secondary
minerals. t = 10000 a.
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Figure 32a -Volumetric mineral content and porosity for theeadth intermediate pH and including Mg-containgpndary minerals. t
= 1000 a. The plot represents the first 15 metéthe fracture.
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Figure 32b -Volumetric mineral content and porosity for theeagth intermediate pH and including Mg-containsgcondary minerals.
t = 10000 a. The plot represents the first 15 nmetdrthe fracture.
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Figure 32c -Volumetric mineral content and porosity for the &agth intermediate pH and including Mg -containsgcondary minerals.

t = 10000 a.
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Solution 1 (pH = 12; T = 2&)

Solution 1 (pH = 12; variable T)

Figure 33a - Volumetric mineral content and porosity for the e€asith higher pH and without including Mg-contaigirsecondary
minerals. t = 1000 a.
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Figure 33b - Volumetric mineral content and porosity for the eagith higher pH and without including Mg-contaigirsecondary
minerals. t = 1000 a. The plot represents the fifstmeters of the fracture.
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Figure 33c - Volumetric mineral content and porosity for the easith higher pH and without including Mg-contaigirsecondary
minerals. t = 10000 a.
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Figure 33d - Volumetric mineral content and porosity for the eagith higher pH and without including Mg-contaigirsecondary
minerals. t = 10000 a. The plot represents the fifs meters of the fracture.
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Figure 34a -Volumetric mineral content and porosity for theeadth higher pH and including Mg-containing secandminerals.

t = 1000 a.

Solution 1 (pH = 12; T = 2&)
0.90 -
0.80 O Porosity
@ mesolite
0.70 1 @cshi12
m brucite
& 0.60 O saponite-ca
E 050 @ quartz
E e @ kaolinite
> 0.40 1 m k-feldspar
millite
0.30 O cordierite
O calcite
0.20 m albite
0.10
0.00
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200
Distance (m)
Solution 2 (pH = 12.17; T = 25°Q)
0.90
ool Portlandite Groosiy |
0.70 m portlandite
/ C-S-H 1667 0 csh-1667
0.60 @ brucite
:’oE‘ J_ O quartz
? 0.50 / v o kaolinite
= @ k-feldspar
0.40 milite
O cordierite
030 O calcite
| albite
0.20
0.10
0.00
0O 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200
Distance (m)

Solution 1 (pH = 12; variable T)

0.90 |
0.80 O Porosity
C _ S _ H 1 2 . @csh12
0.70 1 MeSOIlte @ mesolite
® brucite
. 0.60 1 O saponite-ca
2 @ quartz
® 0.50 .
£ -5 O kaolinite
> 0.40 1 | k-feldspar
millite
0.30 O cordierite
O calcite
0.20 m albite
0.10 -
0.00
0O 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200
Distance (m)
Solution 3 (pH = 12.45; T = 25°C)
0.90
w0 Portlandite Py r—
0.70 4 | portlandite
/ C-S-H 1667 0 osh-1667
0.60 | brucite
:’v)E‘ l o quartz
? 0.50 [ \ 4 o kaolinite
Y | k-feldspar
0.40 milite
O cordierite
030 O calcite
m albite
0.20
0.10
0.00

0O 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200

Distance (m)

92




Figure 34b -Volumetric mineral content and porosity for theeaath higher pH and including Mg-containing secandminerals.
t = 1000 a. The plot represents the first 15 metdrhe fracture.
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Figure 34c -Volumetric mineral content and porosity for theeadth higher pH and including Mg-containing secandminerals.

t = 10000 a.
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Figure 34d -Volumetric mineral content and porosity for theeaath higher pH and including Mg-containing secandminerals.
t = 10000 a. The plot represents the first 15 nmetdrthe fracture.
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Figure 35 - Solution pH vs. distance for HIGH-pH SOLUTION 1£T25°C and T
variable). Without including Mg-containing seconganinerals.
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Figure 36 - Solution pH vs. distance for HIGH-pH SOLUTIONS & & Without
including Mg-containing secondary minerals.
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Figure 37 - Solution pH vs. distance for HIGH-pH SOLUTION

variable). Including Mg-containing secondary miniksta

1+4T25°C and T
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Figure 38 -Solution pH vs. distance for HIGH-pH SOLUTIONS & &nIncluding Mg-
containing secondary minerals.
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5.4. Q=631l/a, pH =10.5. Comparison of referen ce case with a case with
large surface areas (X100) for primary minerals.

(Mineral contents and pH; Figs. 39 - 42)

In this chapter, a reference case with pH 10.5tigplution has been used to evaluate
the potential effect of larger surface areas fompry minerals. These large surface
areas could be caused, for instance, by the presdracfault gouge.

Two simulations are associated with each casejraheding Mg-containing secondary
minerals (brucite, sepiolite, saponites) and aradhe without including them.

The results of large surface area cases follovsémee trend as the reference cases, but
the magnitude of the reactions is larger:

e More primary mineral dissolution (at t = 10000h& only remaining primary
minerals in the domain are calcite and kaolinite)

* More secondary mineral precipitation (saponite, atiess stilbite)

» Larger decrease of pH (not enough to neutralizesdthgtion)

When Mg-containing secondary minerals are takea adcount, the precipitation of
brucite and saponite causes the sealing of theufamlet.
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Figure 39a - Volumetric mineral content and porosity for the e€agith input pH equal to 10.5 and without includiltgy-containing
secondary minerals. t = 1000 a. The plots at thiédmo represent the first 15 meters of the fracture
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Figure 39b - Volumetric mineral content and porosity for the easith input pH equal to 10.5 and without includiNg-containing
secondary minerals. t = 10000 a. The plots at thidm represent the first 15 meters of the fracture
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Figure 40b - Volumetric mineral content and porosity for the eagith input pH equal to 10.5 and including Mg-aning secondary
minerals. t = 1000 a. The plots at the bottom repre the first 15 meters of the fracture.
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Figure 40b - Volumetric mineral content and porosity for the eagith input pH equal to 10.5 and including Mg-aning secondary
minerals. t = 10000 a. The plots at the bottonpresent the first 15 meters of the fracture.
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Figure 41 - Solution pH vs. distance for all the cases (withaatuding Mg-containing
secondary minerals).
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Figure 42 - Solution pH vs. distance for all the cases (inahgdiMg-containing
secondary minerals).
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6. DISCUSSION AND CONCLUSIONS

One-dimensional reactive transport calculationsehbgen performed to simulate the
alteration of a fracture and the extension of thghdpH plume arising from the

circulation of hyperalkaline solutions through tliecture. A series of scoping

calculations covering a range of different high-gutions, flow velocities and primary
mineral surface areas have been performed. Thébpmssfect of a limited temperature
anomaly (heat pulse) has also been evaluated. dlcalations have been performed
with the Retraso reactive transport code.

A conclusion that is common to all the cases is$ tha rock does not have sufficient
buffering capacity to significantly reduce the pHitlee circulating solutions within the
calculation domain. However, there is some reduactib pH for (i) the slowest flow
conditions, (ii) the lowest pH cases (pH 10.5, 9(if) when Mg-containing secondary
minerals are included in the calculations, and {en reactive surface areas of the
primary minerals are larger (due, for instancehtopresence of fault gouge).

Another important observation is that there isgmniicantly different result depending
on the inclusion or not of Mg-containing secondaryerals (brucite, saponite) in the
calculations. In most cases, if Mg secondary misegiee included, the precipitation of
brucite and saponite causes a sealing of porosttyedracture inlet. On the other hand,
if the modeling is performed without Mg secondarinenals, there is an increase in
porosity at the fracture inlet for the cases witboming solutions with pH less than 12.
This increase in porosity is caused by the disgniubf calcite. For the highest pH
cases, there is sealing of the fracture inlet y-B-with Ca/Si = 1.2 (pH 12 solution) or
portlandite (pH 12.17 and pH 12.45 solutions, dsgivfrom leaching experiments),
regardless of the inclusion of Mg-containing se@gdninerals.

For the lower pH cases using solution compositaersved from leaching experiments
using a low-pH cement (pH 9.7 and 10.6) there alirsg of the fracture inlet even
without including Mg-containing secondary minerdls.these cases, mesolite (Na-Ca
zeolite) and stilbite (Ca-Na-K zeolite) are respbilesfor this sealing, respectively.

Table 12 shows the total amounts (number of mobésprimary species that have
entered the domain with the incoming high-pH solutand the net balance between
mineral precipitation (+) and dissolution (-) fdret different cases and for different
times. For the cases with intense precipitatioMgfcontaining secondary minerals, the
amounts of Mg precipitated are very similar to #raounts that have entered the
domain. The Mg in the secondary minerals is doneihdly the Mg entering the domain,
rather than by the Mg initially present in the rdak cordierite and illite). In the cases
when there is a net dissolution of Mg (negativeuga), this Mg comes essentially from
the dissolution of cordierite. Only in the casehaldrger surface areas (x100) is there a
significant contribution from the dissolution ofite.

In relation to the study of the effect of varialiemperature, there are no significant
differences between this case and the reference @& temperature anomaly (heat
pulse) is too short-lived to cause any significantl lasting effects. Only for the case
without Mg-minerals and pH 12, the sealing of trecfure inlet during the heat pulse is
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caused by C-S-H with a larger Ca/Si ratio (1.68His C-S-H with Ca/Si = 1.667 is
transformed into C-S-H with Ca/Si = 1.2 after temapere goes down to 5.

Notice that only a few discrete C-S-H phases witled Ca/Si ration have been taken
into account in the calculations. The use of adssdilution model, which would allow a
continuum of Ca/Si ratios, would probably give G4Sprecipitates with a range of
compositions, rather than a unique phase with agialue of Ca/Si.

In view of all the results, the possibility of segl of the fracture by the high-pH

solutions seems to be a very definite possibilityis sealing would be consistent with
the results of the laboratory and field (Grimses$fT8ite) experiments conducted within
the GTS-HPF project (Mader et al., 2006; Pfinggteal., 2006; Soler et al., 2006; Soler
and Mader, 2005, 2007) and with previous studiethefeffects of high-pH plumes on
different types of rocks (Steefel and Lichtner, 49Qichtner and Eikenberg, 1995;

Adler, 2001; Read et al., 2001; Pfingsten, 2002ya8a et al., 2002; Soler, 2003;
Gaucher et al., 2004).

The sealing of fracture porosity would mean thatflof solution through the fracture
would slow down or stop rather quickly in the maakebne-dimensional system. Flow
could bypass the sealed section of the fractureaitwo- or three-dimensional
calculation. No feedback between porosity and pabiiey changes has been
implemented in the calculations. The results carcdmesidered as an estimate of the
possible chemical evolution of the system in theectnat fluid flow would continue
despite the sealing of porosity at the fractureti@incoupling of chemical and physical
properties).
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Table 12 - Total number of moles of primary species that batered the domain

(entry) or reacted (precipitation(+)/dissolution)-)for the different cases and for
different times.
omay| pH wh;\gtjr]t/l\ng time (a) N“n':‘;z;“ Al ca cos Si K Mg Na
1000 Entry 2.5E-04] 1.5E+01 5.1E-03 1.8E-01 2.1E-01f 1.7E+00] 3.3E+01]
pptn/dsitn -8.4E+00] -2.1E+00{ -2.2E+01} -4.7E+00| -1.8E+00] -3.2E+01 1.8E+01]
without Mg 5000 Entry 1.2E-03] 7.4E+01] 2.5E-02 9.1E-01] 1.0E+00] 8.4E+00| 1.6E+02
pptn/dsitn -8.6E+00 1.4E+00] -2.6E+01| -3.2E+01] -8.6E+00| -3.3E+01] 1.8E+01)
10000 Entry 2.5E-03] 1.5E+02 5.1E-02| 1.8E+00] 2.1E+00] 1.7E+01] 3.3E+02
105 pptn/dsltn -8.8E+00] 5.4E+00{ -3.1E+01] -6.5E+01] -1.7E+01] -3.4E+01f 1.7E+01
1000 Entry 2.5E-04] 1.5E+01 5.1E-03] 1.8E-01 2.1E-01] 1.7E+00] 3.3E+01
pptn/dsitn -1.2E+01] 1.3E+01f -4.6E+00| 2.3E-01] -1.0E+00] -2.1E+01] 1.6E+01
with Mg 5000 Entry 1.2E-03]  7.4E+01] 2.5E-02) 9.1E-01] 1.0E+00] 8.4E+00| 1.6E+02
pptn/dsitn -1.2E+01] 1.6E+01] -9.3E+00| -1.9E+01] -7.3E+00| -1.5E+01] 1.6E+01)
10000 Entry 2.5E-03] 1.5E+02 5.1E-02 1.8E+00] 2.1E+00] 1.7E+01] 3.3E+02
pptn/dsitn -1.2E+01] 1.9E+01] -1.4E+01|] -4.5E+01] -1.5E+01| -6.6E+00| 1.6E+01)
1000 Entry 8.3E-04] 4.9E+01 1.7E-02 6.0E-01] 6.9E-01] 5.6E+00] 1.1E+02
pptn/dsitn -8.9E+00] 2.1E+00{ -1.8E+01} -1.7E+01] -2.9E+00] -3.2E+01f 1.9E+01
without Mg 5000 Entry 4.1E-03] 2.5E+02 8.4E-02| 3.0E+00] 3.5E+00] 2.8E+01] 5.5E+02
pptn/dsitn -8.9E+00] 1.0E+01|{ -2.0E+01} -9.2E+01] -1.4E+01] -3.3E+01f 2.1E+01]
10000 Entry 8.3E-03] 4.9E+02 1.7E-01] 6.0E+00] 6.9E+00[ 5.6E+01] 1.1E+03|
32 1 pptn/dsitn -8.7E+00) 1.9E+01] -2.3E+01| -1.8E+02] -2.7E+01|f -3.5E+01] 2.3E+01]
1000 Entry 8.3E-04] 4.9E+01 1.7E-02] 6.0E-01] 6.9E-01f 5.6E+00] 1.1E+02|
pptn/dsitn -1.2E+01] 1.8E+01] -1.4E+00| -2.9E+00] -1.8E+00| -1.6E+01] 1.7E+01)
with Mg 5000 Entry 4.1E-03] 2.5E+02 8.4E-02] 3.0E+00] 3.5E+00] 2.8E+01] 5.5E+02
pptn/dsitn -1.2E+01] 2.5E+01|f -3.0E+00| -5.8E+01] -1.2E+01] 5.7E+00] 1.9E+01
10000 Entry 4.1E-03] 2.5E+02 8.4E-02] 3.0E+00] 3.5E+00] 2.8E+01] 5.5E+02
pptn/dsitn -1.2E+01] 3.4E+01] -4.8E+00] -1.3E+02| -2.4E+01] 3.3E+01] 2.1E+01]
1000 Entry 1.2E-02| 7.0E+02 2.4E-01] 8.6E+00] 9.9E+00] 8.0E+01] 1.6E+03
pptn/dsitn -1.1E+01] 1.2E+02[ -4.5E+00| 6.3E-02] -8.2E+00] -3.2E+01 1.7E+01)
without Mg 5000 Entry 5.9E-02| 3.5E+03] 1.2E+00] 4.3E+01] 5.0E+01f 4.0E+02| 7.8E+03|
pptn/dsitn -2.6E+01] 4.6E+02[ -2.5E+01} -1.2E+01] -3.7E+01] -3.6E+01f 1.2E+01
10000 Entry 1.2E-01] 7.0E+03] 2.4E+00] 8.6E+01] 9.9E+01] 8.0E+02 1.6E+04
12 pptn/dsitn -5.4E+01] 7.1E+02| -2.7E+01] -2.1E+01] -6.5E+01] -3.9E+01f 6.3E+00
1000 Entry 1.2E-02| 7.0E+02) 2.4E-01] 8.6E+00] 9.9E+00] 8.0E+01] 1.6E+03
pptn/dsitn -2.0E+01] 9.5E+01] -2.8E-03] 4.4E+00] -7.1E+00] 7.1E+01] 1.3E+01)
with Mg 5000 Entry 5.9E-02| 3.5E+03| 1.2E+00] 4.3E+01] 5.0E+01f 4.0E+02| 7.8E+03|
pptn/dsitn -2.2E+01] 4.2E+02[ -1.4E-01] 1.6E+01] -3.4E+01f 3.8E+02] 1.2E+01)
10000 Entry 1.2E-01] 7.0E+03] 2.4E+00] 8.6E+01] 9.9E+01] 8.0E+02] 1.6E+04
pptn/dsitn -3.0E+01] 6.8E+02| -4.5E-01] 3.0E+01} -6.0E+01] 7.8E+02| 1.2E+01
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Table 12 (continued)- Total number of moles of primary species that éwigred the
domain (entry) or reacted (precipitation(+)/dissbtin(-)) for the different cases and
for different times.

Qual | pH |, /Mg time (&) | NUTPETOT |y Ca co3 si K Mg Na

1000 Entry 1.2E-03] 7.3E+01] 2.5E-02 9.0E-01] 1.0E+00[ 8.3E+00] 1.6E+02

pptn/dsitn -1.7E+01 1.6E+01| -2.2E+01] -1.1E+01] -2.2E+00] -6.3E+01] 3.7E+01

. Entry 6.1E-03] 3.6E+02 1.2E-01] 4.5E+00] 5.1E+00| 4.1E+01] 8.1E+02
without Mg 5000

pptn/dsitn -1.7E+01] 8.2E+00] -3.9E+01] -7.8E+01] -1.1E+01] -6.4E+01] 3.7E+01]

10000 Entry 1.2E-02| 7.3E+02 2.5E-01] 9.0E+00Q 1.0E+01f 8.3E+01] 1.6E+03

10.5 pptn/dsitn -1.7E+01] -2.6E+00[ -6.0E+01} -1.6E+02] -2.1E+01] -6.6E+01 3.7E+01]

1000 Entry 1.2E-03] 7.3E+01] 2.5E-02 9.0E-01] 1.0E+00[ 8.3E+00] 1.6E+02

pptn/dsitn -3.3E+01 1.8E+01f -1.1E+01] 1.1E+00] -1.3E+00] -2.6E+01] 2.7E+01

with Mg 5000 Entry 6.1E-03] 3.6E+02 1.2E-01] 4.5E+00] 5.1E+00| 4.1E+01] 8.1E+02

pptn/dsitn -3.6E+01 1.1E+01f -3.0E+01] -3.5E+01] -8.9E+00] 5.5E+00] 2.7E+01

10000 Entry 1.2E-02| 7.3E+02) 2.5E-01] 9.0E+00Q 1.0E+01f 8.3E+01] 1.6E+03

pptn/dsitn -3.6E+01] -1.9E+00] -5.3E+01} -8.2E+01] -1.8E+01] 4.6E+01] 2.5E+01]

1000 Entry 4.1E-03] 2.4E+02 8.3E-02| 3.0E+00] 3.4E+00] 2.8E+01] 5.4E+02

pptn/dsitn -1.8E+01] 3.2E+01] -7.3E+00] -2.6E+01] -3.5E+00] -6.3E+01] 3.7E+01]

X Entry 2.0E-02 1.2E+03 4.1E-01] 1.5E+01] 1.7E+01f 1.4E+02| 2.7E+03|
without Mg 5000

pptn/dsitn -1.8E+01] 3.7E+01f -1.5E+01] -1.5E+02| -1.7E+01] -6.5E+01f 3.6E+01

10000 Entry 4.1E-02] 2.4E+03 8.3E-01] 3.0E+01] 3.4E+01] 2.8E+02] 5.4E+03

158 11 pptn/dsitn -1.9E+01] 4.2E+01|f -2.5E+01] -2.8E+02| -3.3E+01] -6.7E+01f 3.6E+01

1000 Entry 4.1E-03] 2.4E+02 8.3E-02] 3.0E+00] 3.4E+00] 2.8E+01] 5.4E+02

pptn/dsitn -4.1E+01] 2.8E+01] -3.5E+00] -5.4E+00] -2.4E+00| 2.6E+00| 2.7E+01]

with Mg 5000 Entry 2.0E-02 1.2E+03 4.1E-01] 1.5E+01] 1.7E+01{ 1.4E+02| 2.7E+03|

pptn/dsitn -4.1E+01] 3.2E+01] -1.1E+01] -9.8E+01] -1.4E+01] 1.1E+02] 2.7E+01]

10000 Entry 4.1E-02] 2.4E+03 8.3E-01] 3.0E+01] 3.4E+01] 2.8E+02] 5.4E+03

pptn/dsitn -4.1E+01] 3.6E+01|f -2.1E+01] -2.1E+02| -2.8E+01] 2.5E+02| 2.6E+01

1000 Entry 5.8E-02 3.5E+03] 1.2E+00] 4.3E+01] 4.9E+01 4.0E+02] 7.7E+03|

pptn/dsitn -4.3E+01] 2.1E+02[ -2.0E-01} 2.0E+01] -9.1E+00] -6.4E+01f 2.8E+01

. Entry 2.9E-01 1.7E+04] 5.9E+00) 2.1E+02| 2.4E+02] 2.0E+03] 3.9E+04]
without Mg 5000

pptn/dsitn -1.5E+02] 8.9E+02] -1.2E+00 9.7E+01] -4.3E+01] -6.7E+01] -8.2E+00

10000 Entry 5.8E-01) 3.5E+04| 1.2E+01] 4.3E+02] 4.9E+02[ 4.0E+03| 7.7E+04

12 pptn/dsitn -2.9E+02] 1.6E+03[ -2.4E+00| 1.9E+02) -7.9E+01f -7.1E+01] -5.5E+01]

1000 Entry 5.8E-02| 3.5E+03] 1.2E+00] 4.3E+01] 4.9E+01f 4.0E+02| 7.7E+03|

pptn/dsitn -6.5E+01 1.6E+02| -5.5E-02| 2.9E+01] -8.1E+00] 3.9E+02 1.8E+01

with Mg 5000 Entry 2.9E-01 1.7E+04] 5.9E+00) 2.1E+02| 2.4E+02] 2.0E+03] 3.9E+04]

pptn/dsitn -1.1E+02| 7.2E+02| -4.7E-01] 1.3E+02] -3.9E+01] 2.0E+03| 1.5E+00

10000 Entry 5.8E-01 3.5E+04] 1.2E+01] 4.3E+02] 4.9E+02 4.0E+03] 7.7E+04]

pptn/dsitn -1.7E+02] 1.3E+03| -1.0E+00| 2.5E+02| -7.3E+01, 3.9E+03| -1.8E+01
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Table 12 (continued)- Total number of moles of primary species that é@iered the
domain (entry) or reacted (precipitation(+)/dissttin(-)) for the different cases and
for different times.

omal| pH Whi‘;‘gﬂ‘t ’Mg time (a) N“n’:‘(:’lz;"f Al ca cos si K Mg Na

00 [E0tY 4.9E-03] 2.0F+02] 1LOE.01 3.6E+00] 4.1E+00] 3.3E+01 6.56+02

opin/dsin | 3.4E+01] _5.4E+01] -2.1E+01] -6.0E+00] -2.3E+00| -1.3E+02 _7.4E+01]

4 Entry 25602]  15E+03]  5.0E-01] 18E+01] 21E+01] L7E+02] 3.2E+03
without Mg 5000

opin/dsin | 3.56+01] -1.2E-01] -8.4E+01] -8.66+01] -1.1E+01] -1.3E+02 7.2E+01]

o000 |Entry A0E-02] 2.9E+03] LOE+00| 3.6E+01] 4.1E+01] 3.3E+02] 6.56+03

10.5 pptn/dsitn -3.7E+01| -6.7E+01| -1.6E+02| -1.8E+02] -2.2E+01| -1.3E+02 7.0E+01]

000 |Entry 40E03] 2.9E+02] LOE-01] 3.6E+00] 4.1E+00] 3.3E+01] 6.56+02)

pptn/dsitn -9.2E+01] 2.6E+00| -4.1E+01] 3.7E+00] -1.5E+00| -2.6E+00| 3.7E+01]

withMg | 5000 [ENTY 256-02]  15£+03] _5.0E.01] LBE+01 2.1E+01 17E+02] 3.2E+03

ppin/dsin | -1.2E+02] 5.2E+01] -1.1E+02] 1.8E+00] -9.6E+00] 1.3E+02 _3.4E+01]

10000 Entry 4.9E-02] 2.9E+03] 1.0E+00 3.6E+01] 4.1E+01 3.3E+02| 6.5E+03]

ppin/dsin | -L4E+02] -1.3E+02] -LOE+02] -3.0E+00] 2.06+01] 2.9E+02] _2.2E+01]

000 |Entry 16502 9.76+02] 3.3E-01] 12E+01] LAE+01] L1E+02 2.2E+03

pptn/dsitn -3.7E+01] 6.7E+01| -7.8E+00| -2.4E+01] -3.6E+00| -1.3E+02| 7.3E+01]

_ Entry 8.0E.02] 49E+03] L7E+00| 6.0E+01] 6.8E+01] 55E+02] L1E+04
without Mg 5000

pptn/dsitn -3.9E+01] 49E+01| -3.9E+01] -1.6E+02| -1.8E+01| -1.3E+02 7.1E+01]

10000 Entry 1.6E-01 9.7E+03| 3.3E+00| 1.2E+02 1.4E+02 1.1E+03 2.2E+04]

1 | 1 opin/dsin | -4.2E+01] _2.6E+01] -7.7E+01] -3.2E+02] -3.56+01] -1.3E+02] _6.8E+01]

000 |ENtY ToE-02] 97E+00] 33601 12E+0l] LAE+01] L1Er02| 2.2E+03

ppin/dsin | 1.1E+02| 4.2E+01] -0.8E400] 3.9E-01] 2.86+00] 9.7E+01] _4.2E+01]

withMg | 5000 EDLY 8.2E02] 4.9E+03] L7E+00| 6.0E+01] 6.8E+01 55E+02] L1E+04

pptn/dsitn -1.1E+02| 2.3E+01| -4.0E+01] -9.5E+01] -1.5E+01 5.4E+02| 4.0E+01

o000 |ENY 1.6E.01] 9.7E+03] 3.3E+00] 12E+02] L4E+02] L1E+03] 2.2E+04

ppin/dsin | -1.2E+02] -1.1E-01] -7.0E+01] -2.1E+02] -3.06+01] 1.1E+03 _3.6E+01]

1000 Entry 2.3E-01] 1.4E+04 4.7E+00 1.7E+02 2.0E+02 1.6E+03 3.1E+04]

ppin/dsin | -1.76+02] _4.8E+02] -5.06-01] 8.3E+01] -9.4E+00| -1.3E+02] _2.9E+01]

without Mg 5000 Entry 1.2E+00 6.9E+04 2.4E+01] 8.5E+02| 9.8E+02 7.9E+03] 1.5E+05

pptn/dsitn -3.7E+02| 1.7E+03] -2.9E+00 4.3E+02] -4.6E+01| -1.3E+02| -4.4E+01]

o000 |ENY 2.36+00] _1LAE+05| A4.7E+01] L7E+03 2.0E+03] L6E+04] 3.1E+05

12 pptn/dsitn -4 ,9E+02| 2.9E+03| -5.6E+00] 8.7E+02] -8.8E+01| -1.3E+02| -8.3E+01]

000 |Entry 23E.01] 14E+04] 47E+00| 17E+02] 20E+02] 16E+03 3.1E+04

ppin/dsin | -1.86+02] 3.4E+02] -2.56-01] 1.1E+02| -8.4E+00] 1.6E+03 _2.0E+01]

with Mg 5000 Entry 1.2E+00 6.9E+04 2.4E+01] 8.5E+02| 9.8E+02] 7.9E+03] 1.5E+05)

ppin/dsin | -3.5E+02] 1.5E+03| -LOE+00] 5.4E+02| -4.1E+01] 7.9E+03 -4.1E+01]

10000 Entry 2.3E+00| 1.4E+05 4. 7E+01 1.7E+03 2.0E+03] 1.6E+04] 3.1E+05

pptn/dsitn -4 5E+02| 2.8E+03| -4.1E+00| 1.1E+03] -8.0E+01] 1.6E+04| -7.7E+01]
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Table 12 (continued)- Total number of moles of primary species that éwigred the
domain (entry) or reacted (precipitation(+)/dissbtin(-)) for the different cases and
for different times.

omal| pH Whi‘z;g‘t /Mg time (a) N“ﬂ':‘(')’;;“ Al ca cos si K Mg Na

000 [ENY 256071 15E+03] 5.0E.01] LBE+01] 2.1E+01] 17E+02] 3.2E+03

opin/dsin | 7.76+01] _7.3E+01] -8.36+01] 4.7E+00] -2.3E+00] 2.7E+02] _16E+02

. Entry 1.2E-01 7.3E+03] 2.5E+00| 8.9E+01| 1.0E+02 8.3E+02| 1.6E+04
without Mg 5000

pptn/dsitn -1.2E+02| -2.1E+02| -3.9E+02| -1.1E+02] -1.1E+01] -3.2E+02 1.7E+02

o000 |ENY 25E.01] L5E+04] 5.0E+00| 18E+07| 2.1E+02] L7E+03 3.2E+04)

105 pptn/dsitn -1.6E+02| -5.9E+02| -7.7E+02| -2.8E+02] -2.3E+01| -3.2E+02 1.6E+02

000 |Entry 25E.02] 1.56+03] 5.0E-01] 18Er01] 2.1E+01] 1.7E+02] 3.2E+03

ppin/dsin | 2.76+02] -4.9E+01] -1.1E+02] 16£+01] -1.8E+00| 1.5+02] 4.0E+01]

with Mg 5000 Entry 1.2E-01 7.3E+03] 2.5E+00| 8.9E+01| 1.0E+02 8.3E+02| 1.6E+04

ppin/dsin | -5.8E+02] 3.9E+02] -4.4E+02] 55£+01] -1.0E+01] 7.9E+02] -L5E+01]

10000 Entry 2.5E-01] 1.5E+04 5.0E+00| 1.8E+02 2.1E+02] 1.7E+03 3.2E+04]

pptn/dsitn -5.9E+02| -7.8E+02| -8.3E+02 1.4E+02] -2.1E+01] 1.3E+03] -3.1E+01]

000 |Entry 8.2E.02] 4.9E+03] L7E+00| 6.0E+01] 6.8E+01] 556402 L1E+04

pptn/dsitn -8.7E+01] 1.4E+02| -4.1E+01] -2.1E+00| -3.6E+00| -3.2E+02] 1.8E+02

_ Entry 216.01] 24E+04] B.3E+00| 3.0E+07] 3.4E+02] 2.8E+03 5.4E+04
without Mg 5000

opin/dsin | -1.3E+02] -9.5E+00| -1L9E+02] -2.0E+02| -1.8E+01] -3.0E+02] 1.7E+02

10000 Entry 8.2E-01] 4.9E+04 1.7E+01 6.0E+02| 6.8E+02 5.5E+03] 1.1E+05

atsn | 1 opin/dsin | -1.7E+02] 2.0E+02] -3.0E+02] -4.4E+02] -3.6E+01] -3.0E+02] 15E+02

1000 Entry 8.2E-02] 4,9E+03 1.7E+00 6.0E+01| 6.8E+01] 5.5E+02| 1.1E+04

pptn/dsitn -3.2E+02| 7.3E+01| -3.9E+01] 5.0E+01] -3.0E+00| 5.5E+02| 9.0E+01]

with Mg | 5000 [EDLY 21E.01] 24E+04] 8.3E+00| 3.0E+07] 3.4E+02] 2.8E+03 5.4E+04

pptn/dsitn -3.5E+02| -7.3E+01| -1.9E+02] -2.2E+01] -1.6E+01 2.8E+03] 7.6E+01]

o000 |ETY 8.2E.01] 49E+04] 17E+01] 6.0FE+02] 6.8E+02] 556403 L1E+05

opin/dsin | -3.8E+02] 2.6E+02] -3.8E402] -1.1E+02| 3.1E+01] 55E+03 5.8E+01]

1000 Entry 1.2E+00 6.9E+04 2.4E+01] 8.5E+02| 9.8E+02 7.9E+03] 1.5E+05

opin/dsin | 6.56+02] 1.6E+03| -2.8E400] 4.0E+02| -9.6E+00| -3.2E+02] -8.2E+00)

without Mg 5000 Entry 5.8E+00| 3.5E+05 1.2E+02 4.3E+03| 4.9E+03 3.9E+04 7.7E+05

pptn/dsitn -7.5E+02| 4 4E+03| -1.4E+01] 2.2E+03] -4.7E+01] -3.2E+02| -4.6E+01]

o000 |ENY T2E+01]  6.0E+05| 2.4E+02] 8.5E+03] 9.8E+03 7.0E+04] LBEF06

12 pptn/dsitn -8.7E+02| 7.8E+03| -2.7E+01] 4.4E+03] -9.3E+01| -3.2E+02| -8.8E+01]

000 |Entry 1.0E+00] 6.0E+04] 2.4E+01] B8.5E+02] 9.8E+02] 7.9E+03] LBEF05

opin/dsin | -5.8E+02] 1.0E+03| -2.0E+00] 5.7E+02| -8.6E+00] 7.9E+03 _2.0E+00)

with Mg 5000 Entry 5.8E+00| 3.5E+05 1.2E+02 4.3E+03| 4.9E+03 3.9E+04 7.7E+05

ppin/dsin | 7.0E+02| _4.4E+03] -LOE+01] 2.7E+03 -4.3E+01] 3.9E+04] -4.2E+01]

10000 Entry 1.2E+01 6.9E+05 2.4E+02] 8.5E+03| 9.8E+03] 7.9E+04 1.5E+06

pptn/dsitn -8.0E+02| 8.2E+03| -2.1E+01] 5.4E+03| -8.4E+01] 7.9E+04| -8.3E+01]
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Table 12 (continued)- Total number of moles of primary species that éwigred the
domain (entry) or reacted (precipitation(+)/dissbtin(-)) for the different cases and
for different times.

omay | pH Whi‘z)'tuht /Mg time (a) N“n':‘;:;“ Al ca cos Si K Mg Na
000 |ENY 4.9E-03] 2.0E+02] 1OE-01] 3.6E+00] 4.1E+00] 3.3E+01] 6.56+02
pptn/dsitn -3.5E+01] 4 .8E+01| -2.6E+01] -5.7E+00] -2.2E+00| -1.3E+02 7.4E+01]
_ Entry 2.56-02] 15E+03 5.0E-01] 18E+01] 2.1E+01] 1.7E+02] 3.2E+03
without Mg 5000
pptn/dsitn -3.6E+01| -5.8E+00| -8.9E+01| -8.5E+01] -1.1E+01| -1.3E+02 7.2E+01]
10000 Entry 4.9E-02] 2.9E+03| 1.0E+00 3.6E+01] 4.1E+01 3.3E+02| 6.5E+03]
105 opin/dsin | -3.8E+01] 7.3E+01] -1.7E+02] -1.8E+02] 2.2E+01] -1.3E+02] _7.0E+01]
000 |ENtY 29603 206702 L.OE-01] 3.6E00] 4 1E+00] 3.3E+01] 6.5E+07
opin/dsin | -8.7E+01] _4.2E+00| -3.8E+01] 3.4E+00] -1.4E+00| -5.6E+00] _3.6E+01]
withMg | 5000 [EDLY 2.5E-02] 15E+03] 5.0E-01] 1L8E+0l] 2.1E+01 17E+02] 3.2E+03
pptn/dsitn -1.2E+02| -5.0E+01] -1.1E+02 2.6E+00] -9.4E+00| 1.2E+02 3.5E+01]
o000 |ETY 4.9E-02] 2.0E+03 1.0E+00] 3.6E+01 4.1E+01] 3.3E+02] 6.56+03
pptn/dsitn -1.4E+02| -1.2E+02| -1.9E+02| -1.1E+00] -1.9E+01] 2.8E+02| 2.3E+01]
000 |ENtY T6E-02 976407 3.3E-01] 12E+0l LAE+01] L1E+02| 2.2E+03
opin/dsin | -3.86+01] _6.5E+01] -9.0E+00] -2.3E+01] -3.4E+00| -1.3E+02 7.3E+01]
without Mg 5000 Entry 8.2E-02] 4.9E+03 1.7E+00 6.0E+01] 6.8E+01] 5.5E+02| 1.1E+04
optn/dsin | -4.0E+01] _4.7E+01] -4.0E+01] -1.6E+02| -1.7E+01] -1.3E+02 7.1E+01]
o000 |ENY 16E.01] 97E+03 3.3E+00] 12E+02] 1.4E+02] LIE+03] 2.2E+04
631 1 pptn/dsitn -4.3E+01] 2.5E+01| -7.8E+01| -3.2E+02| -3.4E+01] -1.3E+02| 6.8E+01]
vble. T o0 |Enty 16E.02] 97E+02] 3.3E-01] 12E+01] 1.4E+01] L1E+02 2.2E+03
pptn/dsitn -1.1E+02| 4.4E+01] -8.8E+00| 2.2E+00] -2.5E+00| 8.5E+01] 4.4E+01
with Mg 5000 Entry 8.2E-02] 4,9E+03 1.7E+00 6.0E+01| 6.8E+01] 5.5E+02| 1.1E+04
ppin/dsin | -1.1E+02] 2.5E+01] -3.9E+01] -9.2E+01] -1.56+01] 5.2E+02 426401
10000 Entry 1.6E-01 9.7E+03| 3.3E+00| 1.2E+02 1.4E+02 1.1E+03 2.2E+04]
pptn/dsitn -1.1E+02| 2.1E+00| -7.7E+01] -2.0E+02| -3.0E+01 1.1E+03 3.8E+01]
000 |Entry 2.36-01] 1.4E+04] 4.7E+00] 1.7E+02] 2.0E+02] L6E+03 3.1E+04
pptn/dsitn -1.6E+02| 4.6E+02 -7.9E-01] 7.3E+01] -8.8E+00| -1.3E+02] 3.0E+01]
without g | 000 [EQLY T2E+00] 6.9E104] 2.4E+01] B8.56+02] 9.8E+02] 7.0E+03 LBE05
ppin/dsin | -3.76+02] _1.6E+03| -3.1E+00] 4.1E+02| -4.4E+01] -1.3£+02 -4.3£+01]
10000 Entry 2.3E+00| 1.4E+05 4. 7E+01 1.7E+03 2.0E+03] 1.6E+04] 3.1E+05
i opin/dsin | -4.6E+02] _2.7E+03| -4.1E+00] 8.3E+02] -7.76+01] -1.3E+02 -7.4E+01]
1000 Entry 2.3E-01] 1.4E+04 4. 7E+00 1.7E+02 2.0E+02] 1.6E+03 3.1E+04]
pptn/dsitn -1.7E+02| 3.3E+02] -3.2E-01] 1.1E+02| -7.7E+00| 1.5E+03 2.1E+01]
withMg | 5000 [EDLY 12E+00] 6.9E104] 2.4E+01] 8.56+02] 9.8E+02] 7.0E+03 L5E+05
pptn/dsitn -3.4E+02| 1.5E+03] -2.0E+00 5.3E+02] -4.0E+01] 7.8E+03] -3.9E+01]
o000 |ETY 2.3E100] LAE+05| 4.7E+01 L7E+03 2.0E+03 L6E+04] 3.1E+05
ppin/dsin | -4.4E+02| 2.7E+03| -4.1E+00] 1OE+03 -7.7E+01] 1.5E+04 -7.5E+01]
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Table 12 (continued)- Total number of moles of primary species that éwigred the
domain (entry) or reacted (precipitation(+)/dissbtin(-)) for the different cases and
for different times.

omal| pH Whi‘gﬂ‘t /Mg time (a) N“ﬂ':‘(')’;;“ Al ca cos si K Mg Na
1000 [EntTY 63E-01] 63104 6.36.01] A44E01] 50E02] 1.3E+03 1.3E+06
pptn/dsiin 8.4E-01] 2.7E+01] 2.4E+00] 1.8E+01] -6.0E-01] -4.4E+01] 3.0E+01
‘ Entry 3.0E100] 3.2E05| 3.2E00] 2.2E+02] 2.5E103] 6.3E+03] _6.5E106
without Mg 5000

pptn/dsin | -1.4E+00] _6.5E+01] -2.4E+01] 2.56+01] -5.7E+00] -1.3E+02 8.7E+01]
0000 |ENTY 5.3E+00] 6.3E+05| 6.3E+00] A4.4E+02] 5.0E+03] 1.3E+04] 1.3E+07
. pptn/dsin | -2.0E+00] _ 4.6E+01] -4.86+01] 1.6E+01] -4.0E+01] -1.3E+02] 9.7E+01]
’ 1000 |Enty 5.3E-01] 6.3E+04] 6.3E.01] A4.4E+01] 5.0E+02] 1.3E+03 L1.3E+06
pptn/dsin | -6.6E+01] 3.6E+01] -2.3E+01] 2.1E+00] -2.5E+00] -5.3E+01] 5.3E+01]
wihMg | 5000 |EM 3.2E100] 3.2E+05| 3.2E100] 2.2E+02| 2.5E+03| 6.3E+03] 6.5E106
pptn/dsin | -7.16+01] _2.26+01] -6.0E+01] -7.06+01] -1.8E+01] L.1E+01] 55E+01

10000 [EOUY - : - : - : :

pptn/dsitn |- - - - - - -
1000 |Enty 53C.01] 6.3+04] 63601l 13E+01] 3.8E+02] 2.5E+00] L.3E+05
pptn/dsin | -6.16+01] _ 1.2E+02] -4.0E+00] -4.9E+01] -6.5E+00] -L.3E+02 _6.5E+01]
without Mg | 5000 |EUY 3.0E100] 3.2E+05] 3.2E+00] 6.3E+01] 1.9E+03| 1.3E+01] 6.6E105
pptn/dsin | -1.6E+02] 3.2E+02] -2.06+01] -2.6E+02] -3.1E+01] -13E+02] 2.9E+01]
10000 |Entry 5.3E100]  6.3E105] 6.3£:00] 13E+02| 3.8E+03] 2.5E+01] L3E106
631 | |, pptn/dsin | -2.8E+02] 5.4E+02] -4.0E+01] -3.36+02] -2.5E+02] -1.3E+02] 5.0E+01]
exp. ‘ 000 |Entry 5.35-01] 6.35+04] 6.36-01] 1.3E+01] 3.8E+02] 2.5£+00] L1.3E+05
pptn/dsin | -1.4E+02] 9.3£+01] -3.8E+00] -3.86+01] -6.4E+00] 2.3E+00]  3.4E+01]
withmg | 5000 |EM 3.2E+00]  3.2E+05| 3.2E+00] 6.3E+01] 1.0E+03] 1.3E+01] 6.6E+05
pptn/dsin | -2.36+02] _2.96+02] -2.0E+01] -2.6E+02] -3.2E+01] L.1E+01] -18E+00)
10000 |Entry 6.3£100] 6.3E105] 6.3£:00] 1.3E+02] 3.8E+03] 25E+01] 1.3E10§
pptn/dsin | -3.6E+02] 5.1E+02] -4.0E+01] -5.3E+02] -6.1E+01] 2.1E+01] -4.6E+01
000 [Entry 53E-01] 7.6E104] 6.36.01] 3.2E+00] 3.8E+02 6.3E-01] 1.3E+05
pptn/dsin | -2.8E+02] _3.16+03] -3.96+00] -2.86+01] -L.0E+01] -1.3E+02] -9.5E+00)
. Entry 5.3E-01] 7.6E+04] _ 6.36-01] 3.2E+00] 3.8E+02] _6.3E-01] 1.3E+05

without Mg 5000

pptn/dsin | -3.86+02] _ 1.4E+04] -2.0E+01] -9.0E+01] -4.9E+01] -1.3E+02] -4.6E+01]
0000 |ENTY 5.3E-01] 7.6E+04]  6.36.01] 3.2E+00] 3.86+02] 6.3E-01] 1.3E+05
1217 pptn/dsin | -5.0E+02] _2.7E+04] -4.0E+01] -1.7E+02] -9.36+01] -L4E+02] -8.7E+01]
000 [Entry 6.3E-01] 7.6E:04] 6.36.01] 3.2E+00] 3.8E02] 6.3E-01] 1.3E+05
pptn/dsin | -2.8E+02] 3.0E+03] -3.8E+00] -1.9E+01] -1.0E+01] 9.3£-01] -9.5E+00)
wihMg | 5000 |EM 3.2E100] _3.8E105] 3.2E+00] L.6E+01] LOE+03| 3.2E+00] 6.6E105
pptn/dsin | -3.8E+02]  1.4E+04] -2.06+01] -8.7E+01] -4.9E+01] 3.2E+00] -4.6E+01]
0000 |ENTY 5.3E+00] 7.6E+05| 6.3E+00] 3.2E+01] 3.8E+03] 6.3E+00] 1.3E+06
pptn/dsin | -5.0E+02] _2.76+04] -4.0E+01] -1.7E+02] -9.3E+01] 6.0E+00] -8.7E+01]
000 |EnnY Z9E-03] 2.0E+02] _1.OE-01] 3.6E+00] 4.1E+00] 3.3E+01] 6.5E+02
pptn/dsin | -3.4E+01]  1.3£+02] -1.0E+02] -0.86+01] -1.3E+02] -15E+02] 1.0E+02
without Mg | 5000 [ELY 25E02] 15E+03  5.0E-01] 18Er01] 2.1£+01] 1.7E+02] 3.2E+03
pptn/dsin | -3.36+01] _ 4.5E+02] -1.7E+02| -5.4E+02] -4.2E+02] 2.1E+02] 2.2E+02
0000 |ENTY 2.9E-02] 2.9E+03] LOE+00| 3.6E+01] 4.1E+01] 3.3E+02] 6.5E+03
63t | .. pptn/dsitn | -3.4E+01] _ 4.4E+02] -2.6E+02] -1.2E+03] -4.9E+02] -2.3E+02] 3.1E+02
largea | 1% 1000 |Entry 29503 2.9E+02]  L.OE-01] 3.6E+00] 4.1E+00] 3.3E+01] 6.5E+02
pptn/dsin | -4.2E+01] _ 1.26+02] -8.2E+01] -6.16+01] -1.1E+02] -5.3E+01] A4.0E+01]
wihMg | so00 |EMIY 25E-02] 156103  50E.01] 18E+01] 2.1E+01] 1.7E+02] 3.2E+03
pptn/dsin | -4.2E+01]  4.16+02] -1.5E+02| -3.6E+02] -4.0E+02] 7.0E+01] 24E+01]
10000 |Entry 79E-02] 2.0E+03] LOE+00] B3.6E+01] 4.1E+01] 3.3E:02] 6.5E:03
pptn/dsin | -4.36+01] _ 4.36+02] -2.5E+02] -8.36+02] -4.9E+02] 2.4E+02] 1.3E+02
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