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Abstract
With increasing concentrations of greenhouse gases such as CO2, it is likely that major
climate change will occur by the end of the century if abatement measures are not implemented.
Carbon capture and storage (CSS) is considered a promising strategy for carbon mitigation.
However, there is the potential that sequestrated CO2 will leak from underground geological
formations. Assessment of this risk is one of the major challenges for CSS and is critical to
ensuring the success of sequestration and the safety of the human population and environment.
After injection, CO2 can dissolve into in situ brine to increasing its acidity. Acidified brine
can react with wellbore cement, potentially changing its composition and transport properties. In
this work, we develop a reactive transport model based on experimental observations to
understand and predict the property evolution of cement in direct contact with CO2-saturated
brine under diffusion-controlled conditions. This works also quantified the role of initial cement
properties such as initial portlandite content and porosity in the alteration process.
Results show alteration as initially fast before slowing down at later time. It appears that the
initial portlandite content to porosity (defined here as φ) ratio is a key parameter in determining
the evolution of cement properties. Portlandite rich cement, for which φ values are large, results
in a localized reactive diffusive front characterized by calcite precipitation. This leads to a
significant porosity reduction, which eventually clogs the pore preventing further acid
penetration. However at the cement brine interface severe degradation will occurs. This will
insure a preferential path through the degraded zone.
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The developed reactive transport model provides a valuable tool to link cement-CO2
reactions with wellbore cement behavior, and can facilitate risk assessment associated with
geological CO2 sequestration.
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1. INTRODUCTION
During the last centuries human activities have led to the release of a large amount of
greenhouse gases such as carbon dioxide, causing disturbance in the climate equilibrium
(Solomon and (eds.). 2007; Friedlingstein, Houghton et al. 2010; Montzka, Dlugokencky et al.
2011). Various studies indicate that a significant climate change is likely to occur by the end of
the century if no measures are taken to reduce the emission of greenhouse gases such as CO2 or
Methane (Hofmann, Butler et al. 2006; Solomon and (eds.). 2007; Friedlingstein, Houghton et al.
2010).
Even if CO2 is not the most effective greenhouse gases it is the most impacting one due to
the large amount that is released in the atmosphere. This is the reason why developing strategies
for carbon mitigation is one of the most important challenge to cope with global climate changes
(Hofmann, Butler et al. 2006; Solomon and (eds.). 2007; Friedlingstein, Houghton et al. 2010).
Carbon Capture and Storage (CCS) is considered as a promising option with limited impacts on
everyday activities (Bachu 2003; Bachu 2008; Benson and Cole 2008; Jenkins, Cook et al. 2012).
CCS consists of the separation and capture of CO2 followed by underground injection for longterm sequestration. In order to significantly reduce atmospheric CO2, more than a billion metric
tons of CO2 must be sequestrated each year (Benson and Cole 2008).
The most suitable geological formations for carbon sequestration are deep saline aquifer and
hydrocarbon reservoirs because of their large capacity and the presence of chemically stable cap
rocks as leakage barriers (Bachu 2003; Bachu 2008; Benson and Cole 2008; Steefel and Maher
2009; Jenkins, Cook et al. 2012). Storage of carbon in hydrocarbon reservoirs is especially
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interesting as it could be coupled to an Enhance Oil Recovery (EOR) operation and thus reduced
the overall cost of the operation.
One major concern about CCS is the possibility and impact of leakage over an extended
period of time (Curt, Brian et al. 2003; Benson and Cole 2008; Jenkins, Cook et al. 2012).
Modeling and experimental studies have shown that leakage of CO2 under certain circumstances
can result in groundwater acidification (Carroll, Hao et al. 2009; Apps, Zheng et al. 2010), heavy
metal mobilization (Zheng, Apps et al. 2009; Frye, Bao et al. 2012), and accelerated dissolution
of minerals (Wang and Jaffe 2004), all of which can have significant environmental impacts. It is
important to understand and quantify CO2-brine-cement interactions and to predict the long-term
evolution of cement properties (Middleton, Keating et al. 2012).Injection of CO2 leads to its
dissolution in the in-situ brine, increasing its acidity (reaction 1), which can potentially result in
the acceleration of reactions at the solid-brine interface (Nordbotten, Kavetski et al. 2008; Irina
2010).
CO2  H 2O  H   HCO3  2H   CO32

(1)

Abandoned wells have been reported as one of the most important leakage pathways as the
caprock is usually composed of shale which is less reactant than the cement used in wells.It is a
common occurrence to encounter thousand of abandoned wells in an area suitable to CCS
operations.In a well leakage can occur through the casing, the interface between host rock and
cement, and the well itself(Peter C 1985; Nelson 1990; Gasda, Bachu et al. 2004; Nordbotten,
Celia et al. 2004; Nordbotten and Celia 2006; Class, Ebigbo et al. 2009; Watson and Bachu 2009;
Loizzo, Akemu et al. 2011). In all of those pathways, cement alteration due to the exposure to
acidic CO2-saturated brine is a key process. Cement alteration can change the well structural
2

integrity; alter its transport properties including porosity and permeability, as well as
geomechanical properties, which can potentially generate fractures that lead to an even larger
possibility of leakage. Considering that wells are direct links between the underground formation
and the surface, only blocked by cement, changes in cement integrity is one major concerns for
CCS viability.
Understanding the key mechanism involved in wellbore cement alteration when exposed to
acidic brine is an important step in order to assess the overall risks linked to CCS.
With many variables that can contribute to the extent and time scales of cement alteration, it
is critically important to develop models to provide mechanistic and quantitative understanding
on the coupled reactive transport processes and to identify key parameters controlling long-term
wellbore integrity. Such models will enable the prediction of long-term property evolution and
will facilitate risk assessment calculations associated with geological carbon sequestration. In this
context, the objective of this work is twofold. One is to develop a reactive transport model that
couples reaction thermodynamics and kinetics with transport processes using constraints from
experimental observation under diffusion-controlled conditions (Kutchko, Strazisar et al. 2007;
Kutchko, Strazisar et al. 2008). The second objective is to use the model to systematically
understand and quantify the role of initial cement properties (in particular initial porosity and
portlandite content) in determining the rates and extent of cement compositional alteration.
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2. LITERATURE REVIEW

2.1. OILWELL CEMENTING AND PORTLAND CEMENT
To create a well, the wellbore is first drilled from the surface to the formation, then a steel
casing is inserted inside the borehole in order to prevent collapse and facilitate fluid exchanges
from the downhole to the surface. Cement slurry is then injected between the steel casing and the
formation in order to fix the casing into place and seal the void between the formation and the
steel pipe. Once a well is abandoned, cement slurry will be injected in the wellbore in order to
create a plug preventing leakage from the formation(Nelson 1990).
Cements are usually classified into classes A through H in the petroleum industry. Each of
this grades corresponding to certain properties or the presence of specific additive. Among these,
class H and the similar class G are among the most commonly used for well cementing(Taylor
1997). They are primarily composed of Portland cement which has good bonding characteristics
and resistances upon exposure to subsurface temperature, pressure, hydrocarbon and brine.
Oilwell cement is characterized by a low composition in reactive aluminates and the addition of
specific additive in order to tune the setting time and flowing capability.
The production of cement begins by mixing and heating to 1450°C limestone and clay. Then
some calcium sulfate is added to the clinker in order to control the setting rate. This unhydrated
cement is a complex material composed of tricalcium silicate (Ca3SiO5), dicalcium silicate
(Ca2SiO4),

tricalcium

aluminate

(Ca3Al2O6),

and

tetracalciumaluminoferrite

(Ca4Al2Fe2O10)(Taylor 1997). In order to harden the cement, this mixture needs to be hydrated.
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The main components of the hydrated cement are Calcium-Silicate-Hydrate (C-S-H) and
portlandite (Ca(OH)2). C-S-H is an amorphous solid phase with varying calcium to silicate
ratio.(Taylor 1997; Harris, Manning et al. 2002). It provides the majority of the solid matrix.
The properties of cement are challenging to characterize, primarily due to the sensitivity of
the hydration process to the curing conditions including temperature(Kutchko, Strazisar et al.
2007), pressure(Kutchko, Strazisar et al. 2007), and surrounding chemicals(Scherer, Kutchko et
al. 2011). Different curing processes have been reported to lead to differences in hydration
processes, which alter the chemical composition and its ability to withstand the effects of CO2brine exposure (Taylor 1997; Kutchko, Strazisar et al. 2007). Cement properties also depend on
the amount and composition of additives (Kutchko, Strazisar et al. 2011) and the cement age
(Scherer, Kutchko et al. 2011). A study of cement sample from a 19 years old well have shown a
strong depletion in portlandite related to either an increase in ettringite or an enrichment in
magnesium(Scherer, Kutchko et al. 2011). In this work the effects of cement additive have not
been studied.
Porosity of class H cement have been reported to vary from 10% to 50% (Taylor 1997). The
abundance of portlandite has been reported to vary between 10 and 25% of total mineral weight,
while the C-S-H component has been reported to vary from 65% to 80% of total mineral weight
(Taylor 1997; Kutchko, Strazisar et al. 2007).
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2.2. CEMENT CO2 INTERACTION
It is important to understand the reactions between cement and CO2 in order to assess CO2
leakage possibility, to quantify the rates of cement CO2 interactions under various conditions, and
to identify the conditions and parameters that lead to severe cement alteration(Kutchko, Strazisar
et al. 2007; Kutchko, Strazisar et al. 2008; Kutchko, Strazisar et al. 2009; Strazisar, Kutchko et al.
2009; Duguid and Scherer 2010; Tarco and Asghari 2010; Huet, Tasoti et al. 2011). Substantial
experimental work has been done to understand cement CO2 interactions in recent years. After
exposure to CO2-saturated brine, distinct zones have been observed to develop, including a
degraded (porous, decalcified) zone, a calcium carbonate (calcite) zone, and a portlandite
depletion zone, beyond which was unaltered cement (Kutchko, Strazisar et al. 2007; Duguid and
Scherer 2010; Duguid, Radonjic et al. 2011; Huerta, Hesse et al. 2013; Mason, Du Frane et al.
2013).
The precipitated calcium carbonate lead to a significant decrease in porosity and therefore
can potentially serve as a barrier for further degradation (Huet, Tasoti et al. 2011). Studies have
shown that the magnitude of alteration depends on various factors, including, temperature and
pressure conditions (Kutchko, Strazisar et al. 2007; Kutchko, Strazisar et al. 2008; Kutchko,
Strazisar et al. 2009; Matteo and Scherer 2012), the presence of and the concentration of CO2 in
brine, pH conditions, transport conditions (diffusion controlled versus advective flow) (Matteo
and Scherer 2012), and the composition of cement and surrounding rock materials (Duguid and
Scherer 2010). Duguid et al. (Duguid and Scherer 2010; Duguid, Radonjic et al. 2011) showed
that under the same exposure to carbonated brine, cement embedded in carbonate host rock
shows no degradation while those embedded in sandstones demonstrate much severe degradation.
Under diffusion-controlled conditions, alteration depths have been found to be less than 1
6

millimeter. In contrast, under conditions where advection process dominates, a few millimeters of
alteration depth have been observed within several months (Kutchko, Strazisar et al. 2007;
Kutchko, Strazisar et al. 2008; Matteo and Scherer 2012). The reactions responsible for the
degradation, however, seems to be identical under both advection and diffusion controlled
conditions (Matteo and Scherer 2012).
Studies have also found the properties of cement, including porosity and chemical
composition, as potentially important in determining the extent of alteration. Kutchko et al. found
that for cement samples that went through different curing procedures, the resulting extent of
alteration were significantly different, although the CO2 exposure conditions were the same
(Kutchko, Strazisar et al. 2007). The extent of alteration has also been found to depend on the
amount of additive in the cement (Kutchko, Strazisar et al. 2009; Strazisar, Kutchko et al. 2009),
because different chemical components can lead to different reactions and therefore different
magnitude of alteration(Kutchko, Strazisar et al. 2011). These studies suggest a link between the
extent of the alteration and the cement initial properties (Matteo and Scherer 2012).
Experimentation allows observing the results of the alteration. However catching the process
leading to this observable alteration is difficult or even impossible using only experimentation.
Simulation work gives the opportunity to understand the process happening inside the cement
core during the alteration. Carey and Lichtner conducted simulations of cement alteration
exposed to the diffusion and flow of CO2-saturated-brine and supercritical CO2 from the caprock
to the cement (Carey and Lichtner 2009). The motivation of this study was to recreate the
alteration state of a 30 years old cement sample recovered from an oilwell. Results showed two
alteration process occurring; either reaction front can be observed with precipitation of calcite
close to the cement-brine interface, or a uniform carbonation can happened without appearance of
7

distinct carbonation fronts. The first case is likely to happen in a diffusion controlled case while
the second is the result of acidic brine flowing through the cement. Huet, Tasoty et al. simulated
three cement carbonation experiments(Huet, Tasoti et al. 2011).Results show that experimental
conditions have a strong influence on the final alteration of the cement sample. They also show
that either a rather uniform diffusion of the carbonation or a localized pore clogging due to the
precipitation of calcite and a zonation similar to the one observed in (Kutchko, Strazisar et al.
2007) will take place.
With many variables contributing to the extent and time scales of cement alteration, it is
critically important to develop models to provide mechanistic and quantitative understanding on
the coupled reactive transport processes and to identify key parameters controlling long-term
wellbore integrity. Such models will enable the prediction of long-term property evolution and
will facilitate risk assessment calculations associated with geological carbon sequestration. In this
context, the objective of this work is twofold. One is to develop a reactive transport model that
couples reaction thermodynamics and kinetics with transport processes using constraints from
experimental observation under diffusion-controlled conditions (Kutchko, Strazisar et al. 2007;
Kutchko, Strazisar et al. 2008). The second objective is to use the model to systematically
understand and quantify the role of initial cement properties (in particular initial porosity and
portlandite content) in determining the rates and extent of cement compositional alteration.
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3. RESEARCH QUESTIONS

This thesis aims to respond to the following research questions:


What are the processes involved in cement degradation under exposure to CO2geological
sequestration conditions? How does this process will impact the cement properties?



How cement will evolve under long term exposure to CO2-saturated brine?



What will be the effects of initial cement properties on the degradation mechanism? What
is the sensitivity of the degradation to initial cements properties?

For a given reservoir hundreds to thousands of existing and abandonedwells can be
encounters(Ide,

et al.) this research aims to understand how their physical properties will

influence their aging process when exposed to geological carbon sequestration conditions.Here
we focus on diffusion-controlled conditions because flow velocities are typically very slow under
deep subsurface conditions (Newell, Hopkins et al. 1990).

9

4. METHODOLOGY
In this work, scanning electron microscopy (SEM) images and long-term alteration data from
Kutchko et al. were used as constraints in the base case scenario to develop a reactive transport
model to characterize the cement-CO2-brineinteraction and diffusion processes (Kutchko,
Strazisar et al. 2007). In the experiment, a Class H cement core was exposed to CO2 saturated
brine for 9 days. The SEM analysis and images revealed three distinct zones: a degraded zone
(zone I) at the brine-cement interface, a calcite zone (zone II), and an unaltered cement zone
(zone III) with a subtle portlandite depleted zone sitting right next to zone II, inside zone III, as
will be discussed later.
Then this model was used to predict the extent of cement property alteration with an array of
initial porosity and portlandite values. The porosity values were varied from 10 to 50% with an
interval of 5%, while the initial portlandite content values were varied from 5 to 45% with an
interval of 5%. A total of 81 cases were simulated in this work.
To examine the combined impact of initial portlandite and porosity, we define φ as the ratio
of volume percentage of initial portlandite to porosity:
(1)
This parameter is a quantitative measure of the initial volume “density” of portlandite per
unit pore volume percentage.

10

4.1. CEMENT REACTION NETWORK AND RATE LAWS
The reaction network includes mineral dissolution and precipitation as well as aqueous
complexation reactions. The former includes the dissolution and precipitation of C-S-H,
portlandite, and calcite. Compared to the aqueous reactions, these reactions occur at much slower
rates and are therefore considered kinetically controlled. The aqueous complexation reactions
include CO2 dissolution into the brine and the formation of carbonate-containing species. These
reactions typically occur within the time frame of milliseconds and therefore are considered
thermodynamically-controlled (Morel and Hering 1993).
Stability of cement is primarily due to the saturation of the pore water by hydroxyl groups
coming from the dissolution of portlandite. Once saturation is reached the solid matrix is in
equilibrium with the pore solution and no further dissolution occurs. The dissolution of CO2 leads
to the formation of carbonate acid, which lowers the pH of the brine. The resulting acidic brine
will create a perturbation in the cement equilibrium when it comes in contact with it.
In this work we simplify the chemistry of cement into primarily C-S-H and portlandite as
other components in class H cement are minor(Taylor 1997; Kutchko, Strazisar et al. 2007). The
C-S-H was assumed to have a common 1.8:1.0 Ca/Si mole ratio. Both C-S-H and portlandite
dissolve under low pH conditions leaching Ca(II). This leached Ca(II) and the carbonate from the
carbonic acid lead to the precipitation of calcite. The dissolution reaction also consumes H+ and
increases pH. Typically the dissolution rate for C-S-H is slower than portlandite by a factor of
two to as much as four order of magnitude. Therefore, at early times, portlandite will be the
major source of Ca(II) while the dissolution of C-S-H catches up in later time(Wolery, Jackson et
al. 1990; Baur, Keller et al. 2004; Carey and Lichtner 2011; Mason, Du Frane et al. 2013).Also
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the dissolution of the C-S-H matrix leads to the formation of silica gel (amorphous silica)
commonly observed in aged cement (Peter C 1985; Taylor 1997; Kutchko, Strazisar et al.
2007).Table 1 lists 13 reactions and their thermodynamics and kinetics parameters used in this
work.
A classical Transition State theory based rate law is used to represent the kinetics of the
reactions at the interface of solid and brine (Wolery, Jackson et al. 1990):
Equation 1 – Rate law use in Crunchflow calculations


R  Ak (a H ) (1 

IAP
)
Keq

Where R is the rate (mol/s), A is the reactive surface area (m2), k is the rate constant
(mol/m2/s), aH+ is the activity of H+ (with no units) that is essentially the product of activity
coefficient and concentration of H+, α is the parameter that characterizes the rate dependency on
H+ activity, Keq is the equilibrium constant, and IAP is the Ion Activity Product. The term

1

IAP
is an indication of the reaction direction. When IAP is smaller than Keq, the R term is
K eq

positive and therefore the mineral is dissolving. In contrast, if IAP is larger than Keq, the mineral
is oversaturated and precipitation occurs. The thermodynamic parameters for all reactions were
interpolated for a temperature of50 °C using data from the EQ3/6 database (Wolery, Jackson et
al. 1990) and thermoddem(Peter C 1985). The rate constants k and pH dependency  were
obtained by fitting the Kutchko SEM-BSE (backscattered electron) imaging data (Kutchko,
Strazisar et al. 2007) and their long-term cement alteration data (Kutchko, Strazisar et al. 2008).
The rate constant obtained for the best fit were similar to those reported in literature (Peter C
1985). The initial specific reactive surface areas for each solid phase was from Marty et al. based
12

on others’ work (Gali, Ayora et al. 2001; Baur, Keller et al. 2004; Marty, Tournassat et al. 2009).
The reactive surface area was updated at each time step during the simulation according to the
evolving volume fraction and solid mass. Extended Debye-Huckel equations were used to take
into account the salinity effects.
Table 1 - Reaction network for CO2-cement interactions, reaction thermodynamics,
and kinetics(Peter C 1985; Wolery, Jackson et al. 1990)
#

Solid phase precipitation and dissolution reactions
(Kinetics controlled)

logKeq
(Wolery,
Jackson et

*



*

-6.20

A
(m2/g)
(Peter
C
1985)
16.50

logk
(mol/m2
/s)

al. 1990)

1

Ca(OH )2 (s)  2H   Ca 2  2H 2O

2

C  S  H (s)  3.6H   1.8Ca 2  7.0H 2O  SiO2 (am) 32.60

-10.10

45.00

0.33

3

CaCO3 (s)  Ca 2  CO32

-6.10

1.0

0.08

4

-

-

-

5

Aqueous Instantaneous Reactions (Thermodynamics
controlled)
-13.30
H 2O  H   OH 
-6.09
CO2 (aq)  H 2O  H   HCO3

-

-

-

6

HCO3  H   CO32

-9.62

-

-

-

-2.54

-

-

-

0.60
0.59

-

-

-

-1.11

-

-

-

-0.45

-

-

-

2

-8.11

2
3

7

CaCO3 (aq)  Ca

8
9

CaCl   Ca2  Cl 

10

CaHCO3  Ca 2  HCO3

CaCl2 (aq)  Ca


2

2

 CO

 2Cl

 OH

21.05





0.18

11

CaOH  Ca

12

NaCl (aq)  Na   Cl 

0.73

-

-

-

13

NaHCO3 (aq)  Na  HCO3

0.024

-

-

-

* Values of logk and pH dependency  were obtained by fitting the BSE image data. All
other parameters were from cited reference.
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4.2. REACTIVE TRANSPORT MODELING
The reactive transport code Crunchflow (Steefel and Maher 2009) was used to simulate the
chemical reactions and transport process occurring during cement alteration. Reactive transport
models solve mass, energy and momentum conservation equation. Typical reactive transport
formulation partitions the chemical species into primary and secondary species, where the
primary species define the chemistry of the system and the secondary species are written in terms
of the primary species through the equilibrium constant expression of fast, instantaneous
reactions(Lichtner 1985; Steefel and Lasaga 1994). This reduces the number of equations to
equal the number of primary species, rather than the number of all involved species. Crunchflow
has been used in applications that involve flow, transport, and reaction systems that involve
complicated reactions network (Steefel and Lasaga 1994; Maher, Steefel et al. 2006; Steefel
2007; Li, Steefel et al. 2009; Li, Steefel et al. 2010; Li, Gawande et al. 2011).
In this work we focus on systems with no flow so the only transport process is diffusion. The
reactive transport equations that follow the principles of mass conservation therefore consider the
diffusion and the reaction processes mentioned above. A representative reactive transport
equation for Ca(II) is specified as follows, equations for other species would have a similar
shape:
Equation 2 – reactive transport equation for Ca(II)

(CCa ( II ) )
t

 ( DCa ( II )CCa ( II ) )  RCa (OH )2  RC  S  H  RCaCO3

Here the left side is the mass accumulation rate of Ca(II) and the terms on the right take into
account all processes that lead to the mass change of Ca(II). The first term is for diffusion. The R
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terms take into account the mass change due to various kinetic reactions that involve Ca(II),
including reactions of portlandite, C-S-H, and calcite, respectively, as outlined in Table 1.
The most common approach to calculate effective diffusion coefficient in a porous media is
based on Archie’s law. A variant of it is used in CrunchFlow to calculate the effective diffusion
coefficient (Li, Steefel et al. 2009; Steefel and Maher 2009):

De   m  D0

Where De is the effective diffusion coefficient in porous media (cm2.s-1), D0 is the diffusion
coefficient in water (cm2.s-1), ϕ is the porosity of the formation and m is the cementation factor.
This cementation factor is used to model the tortuosity of the cement and its dependency with
porosity (Steefel and Maher 2009). During the simulation the porosity changes over time. As a
result, the De values also change over time.
Values of D0at 25C were from Li and Gregory (Li and Gregory 1974)and were adjusted to
the target temperature and pressure in this work using the Stoke-Einstein equation and data
fromKestin et al. for viscosity(Li and Gregory 1974; Kestin, Khalifa et al. 1991). A cementation
factor of 4.8wasobtained by fitting to the experimental data. This is consistent with the
observations of Huet et al. that porosity reduction during cement alteration leads to large changes
in diffusivity values(Huet, Tasoti et al. 2011).
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Table 2 - Diffusion coefficients for chemical species at 50C and 30MPa(Li and Gregory
1974; Kestin, Khalifa et al. 1991)
Species
H+
Ca2+
OHClHCO3CO32CO2(aq)
SiO2(aq)
Na+
All other species

Dw (m2/s)
1.59E-08
1.36E-09
9.01E-09
3.47E-09
2.02E-09
1.63E-09
3.21E-09
1.86E-09
2.27E-09
1.00E-09

4.3. SIMULATION DOMAIN AND CONDITIONS
The Class H cement was represented by C-S-H and portlandite, as they typically occupy over
90% wt of the total cement paste (Taylor 1997). Kutchko et al. reported an initial portlandite
content of 16.4% wt. The porosity of the cement was not reported so a typical porosity of 15%
was used in the model(Taylor 1997). Values of molar volume and molecular weight were from
the EQ3/6 database (Wolery, Jackson et al. 1990). With an initial porosity of 15%, initial
portlandite content was calculated to be 13 volume %. The remaining 72 volume % was
represented by the C-S-H. The brine used in the model was a 1.0% in weight NaCl solution,
equivalent to a concentration of 0.17 mol/L. The concentration of the dissolved CO2 was 0.5
mol/L based on a calculation of CO2 solubility under the experimental condition (50 C and 30.3
MPa) using equations from Duan et al.(Duan and Sun 2003). This concentration leads to a pH
value of 2.9 as reported by Kutchko et al. (Kutchko, Strazisar et al. 2007). A typical initial pH of
13 was used in the cement pore space (Glasser 1997). Initial conditions for brine and cement
core are listed in Table 3. The system is closed with no-flux boundary condition.
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Table 3 - Initial concentrations of primary species in cement core and CO2-saturated brine.
Aqueous Species

Brine
Conc.

Cement Core
Conc.

CO2(aq)
Ca2+
ClNa+
sSiO2(aq)
pH
Mineral
Portlandite
Calcite
C-S-H
SiO2(am)
Porosity

0.50 mol/L
0.00 mol/L
0.17 mol/L
0.17 mol/L
0.00 mol/L
2.90
Volume %
0.0
0.0
0.0
0.0
100.0

0.0 mol/L
0.0 mol/L
0.17 mol/L
0.95 mol/L
0.0 mol/L
13
Volume %
13.0
0.0
72.0
0.0
15.0

The simulation was conducted in one dimension with an overall length of 10-millimeters.
The domain consists of 1,000 grid blocks with a resolution of 10 µm. Therefore, the first 6 mm of
the domain was specified as the cement core to be consistent with the experimental set up and the
remaining 4 mm was specified as the CO2 saturated brine.

4.4. QUANTITATIVE MEASUREMENT OF CEMENT ALTERATION
It is important to define which output parameters will be used as a comparison with the
experimental work and between simulations. As this work is focused on cement alteration one of
those parameters need to assess the extent of the alteration. For this purpose the alteration depth,
is chosen. The alteration depth was calculated by adding the length of the zones I, II, and the
portlandite depletion zone right next to zone II as shown in Figure 2, which accounted for the
overall length that was altered by the CO2-brine-cement interaction. This is a measure of CO2
penetration depths into the cement.
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Relative portlandite content is defined as follow



initial

portlandite content
initial porosity

This parameter corresponds to the initial portlandite content corrected for the available pore
space. It allows to link the initial conditions of the cement and thus to easily compare the
different cases for the sensitivity analysis.

4.5. POROSITY-PERMEABILITY RELATION
Finding a law linking porosity and permeability is complicated and specific to every
problem. In this work power law presented in Ghabezloo 2009 (Ghabezloo, Sulem et al. 2009)
was chosen as their work was focused on a class G cement which is very similar to class H. The
proposed porosity-permeability relationship allows us to link porosity changes with time and
space to permeability ones. It takes the following form:
perm

 ( )n
perm0
0

Where perm is the current permeability, perm0 is the initial permeability, ϕ is the current
porosity, ϕ0 is the initial porosity and n =11. The ratio gives the relative change in permeability
values of the cement.
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5. RESULTS AND DISCUSSION

5.1. BASE CASE SIMULATION FOR THE DEVELOPMENT OF A
REACTIVE DIFFUSION MODEL
The first objective is to use reactive transport modeling to reproduce the cement alteration
pattern shown in the experiments by Kuchtko et al.(Kutchko, Strazisar et al. 2007). The second
one is to use the resulting model in order to understand the process involved in cement alteration
when exposed to CO2 saturated brine.
The experiment consisted of a 9 days exposure of a class H neat cement sample to CO2saturated brine in condition similar to the one encounter in geological carbon sequestration. The
BSE image in figure 3shows the formation of three distinct zones, including a degraded zone
right at the brine-cement interface (Zone I on Figure 1-A), a calcite rich zone (zone II), and
unaltered zone (zone III), with a subtle portlandite depletion next to zone II. Our simulation
results reproduced the three distinct zones observed in the laboratory and also quantified the
amount of compositional changes in these zones, as shown in Figure 1B-F.
The first zone (zone I) sits right next to the brine-cement interface and has been degraded
significantly. Porosity values increase from the initial 15% to as high as 35% at the brine cement
interface. Portlandite has been totally depleted due to the closeness to the interface and the low
pH maintained by CO2-saturated brine. Also no calcite precipitation is observed in this zone.
After alteration this zone may lack structural integrity as most of the portlandite and part of the
C-S-H had been dissolved opening void in the mineral structure (Kutchko, Strazisar et al. 2007).
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Figure 1 - Laboratory observation and simulation output on day 9 of cement exposure to CO 2-saturated brine at
50 C and 30.3 MPa(Kutchko, Strazisar et al. 2007), with cement-brine interface at 0 mm. (A) BSE-SEM image of
cement, (B) Predicted spatial profiles of (B) porosity, calcite and portlandite volume fraction, (C) pH, (D) Total
Inorganic Carbon (TIC) (left axis) and Ca(II) (right axis), (E) calcite rate, and (F) portlandite rate. For E and F,
negative values are for dissolution rates, and positive values are for precipitation rates, zero rates means the system is
in equilibrium with the solid phase. Note that calcite precipitation rates in E mirror portlandite dissolution rates in F.
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The pH in Figure 1C shows diffusion of the acidic brine into zone II and III where
portlandite dissolves, as it can be observed by the negative rate at the interface of zone III (Figure
1F), which led to pH increase. In turn, calcite precipitated at almost exactly the same location due
to the relatively high local pH values, as shown in Figure 1E by the positive calcite rates. This
precipitation leads to a decrease in total inorganic carbon (TIC) and Ca(II) at this location (Figure
1D). Also at the interface between zone I and II, previously precipitated calcite dissolves, as
shown in Figure 1E by the negative rates. The spatial profile of calcite precipitation rate mirrors
portlandite dissolution one with the exact same shape and comparable magnitude in each specific
location, indicting the tight coupling between those two reactions. In zone II, calcite volume
percentage reaches as high as 15% after 9 days of exposure. The magnitude of calcite increase in
this zone is larger than that of the portlandite decrease, which leads to an overall porosity
decrease of approximately 2%. Portlandite dissolution at the interface of zone II and III led to a
small porosity increase over the original value, which corresponds to the subtle portlandite
decrease zone reported in Kutchko et al.(Kutchko, Strazisar et al. 2007). Zone III represents the
unaltered cement with no visual change in structure and composition.
The overall process can be summarize as follow, acidic brine is diffusing toward the inner
part of the cement core. Thus the pH level will decrease close to the interface, disturbing the preexisting equilibrium of the cement porewater. The portlandite present in the cement matrix then
dissolve releasing Ca(II). As Ca(II) diffuse toward the dissolution front it will precipitates when
the pH reach a favorable value (≈ 6pH) creating a calcite deposit, ultimately forming zone II. As
the portlandite dissolves it will also raise the pH and a pH zonation will begin to form due to the
competition between those 3 processes (acidic brine diffusion from the cement-brine boundary
toward the inner core, Portlandite dissolution (and increase in pH) in the inner reaction front and
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calcite precipitation in between.) This pH zonation correspond to the three zone that can be
observed : Unaltered cement, calcite and degraded cement. Also as the calcite precipitate it
induces a clogging of the pore in the zone II which in turn reduces the diffusion of the brine
toward the center of the cement sample. This phenomenon will increase the zonation and
potentially could lead to a reduction of the penetration speed with time.
In order to understand and predict the long term behavior of cement during its interaction
with CO2 saturated brine, the simulations were run for 365 days to reproduce Kutchko et al’s
2008 experiments (Kutchko, Strazisar et al. 2008). The cement core was different from the one
with the imaging data and has an initial cement porosity of 12% and portlandite content of 20%
in volume. Figure 2shows the long term evolution of the alteration depth, as observed by Kutchko
et al., with error bar and the simulation output(Kutchko, Strazisar et al. 2008). Both experimental
data and modeling prediction shows that the alteration depth increased fast in the first several
days, followed by a much lower rate, and eventually reached a plateau. Once this plateau is
reached no further penetration was observed.
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Figure 2 -Comparison of long-term alteration data (zone I + zone II)from Kutchko et al.(Kutchko, Strazisar et
al. 2008) and modeling prediction. Initial cement porosity is 12% and portlandite content is20% in volume.

Figure 3A-B shows the aqueous chemistry, pH and total inorganic carbon (TIC), the brinecement interface being located at 0. These two figures show the advance of the sharp diffusion
front of CO2-saturated brine with low pH and high TIC values. Spatial and temporal evolution of
solid phases are shown in Figure 3C-F.Comparison of Figure 3A and Figure 3C show that calcite
almost always precipitates right at the diffusion front where portlandite dissolves and pH is high.
The calcite zone remains a dynamic moving front. The diffusion of the acidic brine led to low pH
values and dissolves previously precipitated calcite. Coincidently, a bit further in the cement
core, acidic brine leads to the dissolution of portlandite, which in turn increases the pH and
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resulting in calcite precipitation. The diffusive reactive front continues to move inward, with the
calcite zone becoming narrower and denser with increasingly highervolume fraction in localized
zones, as shown in Figure 3C.After 100 days, the continuous precipitation of calcite at the
diffusion front lead to a total clogging of the pore, preventing further penetration of the acidic
brine, this correspond to the plateau observed in figure 2.

The degraded zone I at the left of the diffusion front expanded over time with continued
dissolution of portlandite and C-S-H. Portlandite dissolution is more significant in early times
and is quicklydepleted in the degraded zone. Over time C-S-H also dissolves contributing
significantly to the porosity increase in the zone I. On day 365, the degraded zone I is essentially
C-S-H and portlandite free. The dissolved volume of CSH and portlandite is larger than the
precipitated volume of calcite at the front, generating a high porosity zone right after the calcite
zone (zone II). The porosity figure also shows the formation of a higher porosity zone right after
the calcite zone due to the dissolution of portlandite, Figure 3D and Figure 3F, consistent with
observations in multiple experiments (Kutchko, Strazisar et al. 2007; Mason, Du Frane et al.
2013).
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Figure 3- Predicted spatial profiles on days 9, 50, 100 and 365 for (A) pH, (B) Total Inorganic Carbon (TIC),
(C) Calcite, (D) Portlandite, (E) C-S-H, (F) porosity,
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Correspondingly, the local diffusion coefficient and permeability evolve over time following
similar patterns as porosity. Figure 4A and B show the local diffusion coefficients increase by
orders of magnitude in the degraded zone after 100 days. In the calcite zone the diffusion
coefficient decreases to essentially zero after about 100 days because of pore clogging induced by
the calcite precipitation (Figure 4A). This eventually prevents the acid from diffusing into the
inner cement zone and therefore further cement alteration. Similarly, local permeability values
increase by 10 orders of magnitude in the zone I while decreased by more than 10 orders of
magnitude in the calcite zone, indicating significant change in local transport properties(Figure
4B).

Figure 4- Predicted spatial profiles on days 9, 50, 100 and 365 for (A) the ratio of the local effective diffusion
coefficient (De) over its initial value (De0), (B) local permeability over its initial value.
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5.2. SENSITIVITY TO PARAMETERS
To understand the critical parameters that control the dynamics of the cement-CO2 system,
sensitivity analysis was performed for the kinetic parameters (rate constants and pH dependence)
of portlandite, C-S-H, and calcite, as well as the cementation factor. Equilibrium constants of the
three solid phases were also varied to quantify the sensitivity of the system to the thermodynamic
limits. Figure 5 shows the spatial profile of pH and calcite volume fraction on day 9 with
different values of three most important parameters, including cementation factor, equilibrium
constant, and rate constant of calcite. The system is not very sensitive to the portlandite and C-SH parameters, indicating portlandite dissolution is not limiting.
Of all the parameters in this work, cementation factor is the single most important parameter
that determines the system behavior. With other conditions being the same, a larger cementation
factor means smaller diffusion coefficient and therefore smaller diffusion rates. In this work, it
means smaller advance rates of acidic brine, as indicated by the pH profile in Figure 5A. This
also leads to a calcite zone at the diffusion front that is closer to the cement-brine interface. In
addition, a larger cementation factor also result in sharper diffusion front and therefore narrower
calcite zone, as shown in Figure 5B. Compared to the cementation factor, the effects of rate
parameters of calcite are much smaller. Larger equilibrium constants of calcite implies high
solubility and more Ca(II) in the brine, which led to a smaller calcite zone (Figure 5D). This also
leads to a slightly faster diffusion front as the “blocking” effect of calcite zone is smaller with a
thinner calcite zone (Figure 5C). With smaller Keq values, the opposite occurs. The rate constant
of calcite dissolution and precipitation also has a relatively small effect compared to the
cementation factor. The sensitivity analysis shows that the driving force of the system dynamics
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is the diffusion process, the rate of which is controlled by the reaction-induced porosity evolution
and cementation factor.

Figure 5 - Sensitivity analysis for cementation factor (A and B), calcite equilibrium constant (C and D), and
calcite rate constant (E and F). The figures are spatial profiles of pH and calcite volume fraction on day 9.
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5.3. INFLUENCE OF INITIAL PORTLANDITE CONTENT AND POROSITY ON
CEMENT ALTERATION
5.3.1. Comparison of Two Contrasting Cases
This subsection aims to understand the role of initial porosity and portlandite content in
determining the alteration depth, the characteristics of the calcite zone, and the evolving cement
properties. Here we show the predicted porosity and calcite profiles of two contrasting examples
on days 9, 50, 100, and 200 in Figure 6. The top panels are for a portlandite rich case 1 with an
initial portlandite volume fraction of 30% and an initial porosity of 10% ( = 3.00), while the
bottom panels are for case 2 with an initial 5% portlandite and 20% porosity ( = 0.25). The
simulations were carried out using the parameters obtained in the previous section.
The model predicts the formation of zones in both cases as previously described. Over time
the calcite-rich zone and the portlandite and C-S-H depletion front move into the cement core.
Similar to the base case observations, the change is much faster in early times than in later times.
However, the two cases show very different dynamics. In case 1, the calcite zone is much
narrower and the porosity decreases from the original 10% to almost zero. The zonation
progressed inward by approximately 1.8 mm in 200 days. In contrast, in case 2, much wider and
shallower calcite zones formed, which is compensated by the dissolution of both portlandite and
C-S-H. As a result, porosity did not decrease much. Within 200 days, the diffusion front advances
by more than 4.0 mm. The dissolution of both portlandite and C-S-H leads to significant increase
in cement porosity in the degraded zone. The observed pattern can be explained by the relative
rates of reactions, calcite dissolution and precipitation, and diffusion. Portlandite dissolves faster
than C-S-H and is the major Ca source in early times. In case 1, higher portlandite content
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leaches more Ca at higher rates, which leads to much more pronounced decrease in portlandite
content in the degraded zone in early times, as shown in Figure 7A. The combination of more
leached Ca(II) and smaller available pore space with smaller porosity in turn results in faster
calcite precipitation, more localized calcite, and more pronounced relative porosity reduction.
This eventually results in a “sharp” reactive diffusion front that prevents acidic brine from further
diffusion into the cement core. With the formation of the sharp barrier, the acidic brine leads to
continued dissolution of C-S-H in zone I over time without moving inward, therefore resulting in
close to 90% porosity in the degraded zone on day 200. In case 2, however, the opposite occurs.
Lower portlandite content with larger porosity means smaller amount of dissolved Ca(II) in larger
pore space, which leads to less calcite precipitation in a wider and shallower calcite zone, and
therefore a “wide” front as shown in Figure 6F-J. Without porosity reduction, acidic brine
continues to diffuse inward and the degraded zone I expands over time. However, the extent of
degradation in zone I is less severe in this case. On day 200 the porosity in the zone I increases to
75% in case II, compared to 90% in case I.
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Figure 6 - Model prediction of spatial profiles for two cases on days 9, 50, 100, and 200. Case 1 has an initial
portlandite content of 30% volume and an initial porosity of 10% (top,  = 3.00). Case 2 has an initial portlandite
volume fraction of 5% and an initial porosity of 20% (bottom,  = 0.25). (A)- (E) for case 1: spatial profiles of pH,
portlandite, calcite, C-S-H, and porosity, and (F) – (J) for case 2, corresponding spatial profiles ofpH, portlandite,
calcite, C-S-H, and porosity. Case I shows localed sharp diffusion fronts, while case II shows shallow and wide
fronts.

5.3.2. Effects of Initial Porosity and Portlandite Content
Figure 7A presents the alteration depth on day 200 as a function of initial portlandite content
for three porosity values, 20%, 30%, and 40%, respectively. It shows that, in general, when the
initial portlandite content is less than 25%, alteration depth is much larger and is much more
sensitive to initial porosity values. At 10% initial portlandite content, the alteration depth reached
close to 6 mm with 40% initial porosity, compared to 2.4 mm with 20% initial porosity. Above
25% portlandite content, the alteration depth is not sensitive to either initial portlandite content or
porosity. This is because sharp and narrow calcite zones form with high portlandite content,
which clogs pores and prevents further cement alteration, as shown in case 1 in Figure 7. This is
consistent with previous observation that high portlandite content decreases the alteration depth,
while low portlandite content and high porosity lead to high alteration depth.
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The alteration depth at day 200 for all 81cases is shown in Figure 7B. In general, the
alteration depth reaches a maximum in the top left corner with the largest porosity and smallest
portlandite abundance, where the shallow and wide calcite zone dominates as shown in case 2 of
Figure 7, this will correspond to the cases with higher porosity and low portlandite content. The
opposite occurs, when the initial portlandite is abundant and larger than 25%. Figure 7C shows
the alteration depth as a function of φ for all 81 cases. This figure further confirms the
observation from Figure 7A and B. For φ<0.5, the alteration depth is much more pronounced and
with a much larger range of variation ranging from1.0 mm to more than6 mm. The
largestalteration depth occurs for the lowest φ value. For φ values larger than 1.0, the alteration
depth is typically smaller than 2 mm after 200 days of exposure except for a couple of extreme
cases.

Figure 7 - Predicted alteration depth after 200 days of exposure to CO 2-saturated brine in all 81 cases. (A)
Alteration depth as a function of initial portlandite content for three initial porosity values (20%, 30%, and 40%). (B)
Alteration depth as a function of initial portlandite content and porosity. (C) Alteration depth as a function of φ.
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6. CONCLUSION AND SUGGESTIONS
Although various reactive transport models have been developed before (Carey and Lichtner
2011; Fabbri, Jacquemet et al. 2012; Gherardi, Audigane et al. 2012; Jacquemet, Pironon et al.
2012), the developed model in this work allows a powerful and detailed understanding on
dominating processes and parameters during the CO2-cement interactions under diffusioncontrolled conditions, the dynamic evolution of cement compositional and transport properties,
and the tight linkage between local scale reaction-induced changes and core scale transport
properties. The developed model allows the quantitative visualization of the dynamic reactive
diffusion front represented by the calcite zone, the characteristics of which determine the longterm evolution of cement flow and transport properties. In addition, this study analyzes the
critical compositional variables that can control the long-term dynamics of cement alteration. The
insights gained here will provide valuable input for risk assessment of geological carbon
sequestration.
This work reveals the importance of the relative abundance of portlandite over initial
porosity, defined here as φ, in determining the alteration length and cement properties.
Portlandite-rich cement with large φ values (larger than 1) lead to localized, narrow, and dense
calcite zones that represent “sharp” reactive diffusion fronts, which eventually prevent further
diffusion of acidic brine and results in penetration depths limited to less than 1 mm after 200
days. However, this also results in the continued, localized long-term dissolution of C-S-H close
to the cement-brine interface. This generates preferential flow path and orders of magnitude
increase in effective permeability(García Calvo, Hidalgo et al. 2010). In contrast, portlanditepoor cement with small φ values result in a shallow calcite zone represented by a “wide” front
without a significant porosity reduction. This eventually leads to larger alteration depths.
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However, compared to portlandite-rich cement, portlandite-poor cement experiences less severe
degradation close to the cement-brine interface and less increase in effective parallel
permeability. This has interesting applications in abandoned wells that have gone through tens of
years of Ca leaching, which often result in low portlandite content (Carey, Wigand et al. 2007). If
no other reactions occur to prevent continued CO2 diffusion, these cases may lead to deep CO2
penetration into the cement core.
In this work, we examined relatively simple, class H cement that contains primarily C-S-H
and portlandite among the various types of cements have been used for different purposes(Taylor
1997). It is important to study other variables that are also important to determine the extent of
cement alteration. For example, cement containing large amount of fly-ashes has been found to
have faster CO2 penetration rates while the magnitude of alteration was typically smaller
(Kutchko, Strazisar et al. 2009). Cement with fly-ash additives is common in the oil industry.
Both experimental and field observations show striking difference in alteration depth between
neat and fly-ash-bearing cement (Kutchko, Strazisar et al. 2009; Crow, Carey et al. 2010). A
comparative study of neat and amended cements is in progress. In addition, we also chose to
focus on diffusion-controlled conditions. If advective flow does occur, the system might
experience a much deeper alteration of the cement, as has been shown in some studies (Matteo
and Scherer 2012). Nonetheless, the developed model will be a powerful tool for the
quantification and prediction of long-term cement properties in the context of risk assessment.
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APPENDIX A- INPUT FILE
TITLE
diffusion controlled cement degradation core experiment. Kutchko 2007 - 2008. 03/30/2011.
END

RUNTIME
time_units

days

time_tolerance

0.01

solver

gmres

gimrt

true

timestep_max

0.3

timestep_init

1.E-10

time_tolerance
hindmarsh

0.001
false

correction_max

10.0

debye-huckel

true

screen_output

50

database

Cement50.dbs

END

OUTPUT
time_units

days

spatial_profile
300 350 365

0.00000116 1 2 3 4 5 6 7 8 9 10 15 30 50 75 100 125 150 175 200 225 250 275

END
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TRANSPORT
distance_units centimeters
time_units

seconds

fix_diffusion 1.0E-5
cementation_exponent 4.8
dispersivity 1.0 1.0
!Li and Gregory, 1974, corrected for viscosity of seawater and temperature
D_25 H+

1.59E-04

D_25 Ca++

1.36E-05

D_25 OH-

9.01E-05

D_25 ClD_25 HCO3D_25 CO3--

3.47E-05
2.02E-05
1.63E-05

D_25 CO2(aq) 3.21E-05
D_25 SiO2(aq) 1.86E-05
D_25 Na+

2.27E-05

END

BOUNDARY_CONDITIONS
x_begin cement_core
x_end

CO2_saturated_brine

flux
dirichlet
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END

INITIAL_CONDITIONS
cement_core

1-600

CO2_saturated_brine 601-1000
END

POROSITY
porosity_update true
END

DISCRETIZATION
distance_units millimeters
xzones 1000 0.01
END

MINERALS
! rates in log(mol/m^2/s)
Portlandite
Calcite

-label HH
-label default

-rate -6.2
-rate -6.1

CSH(1.8)

-label default

-rate -10.1

SiO2(am)

-label default

-rate -10

END
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FLOW
time_units

years

distance_units meters
constant_flow

0.0

END

TEMPERATURE
set_temperature 25.0
!All parameters adjusted for 50C
END

PRIMARY_SPECIES
H+
CO2(aq)
Ca++
Na+
SiO2(aq)
ClEND

SECONDARY_SPECIES
HCO3CO3-CaCO3(aq)
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CaCl+
CaCl2(aq)
CaHCO3+
CaOH+
NaCO3NaCl(aq)
NaHCO3(aq)
OHEND

Condition CO2_saturated_brine
units

molar

temperature

25.0

!All parameters adjusted for 50C
pH
CO2(aq)

2.9
0.5

Ca++

1.0E-8

Na+

charge

SiO2(aq)
Cl-

1.0E-8
0.17

! Mineral name <volume fraction> <specific surface area> in m^2/g
Portlandite
Calcite

1.0E-15
1.0E-15

CSH(1.8)

1.0E-15

SiO2(am)

1.0E-15

specific_surface_area 16.5
specific_surface_area 1.0E-10
specific_surface_area 45.0
specific_surface_area 1.0
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porosity

1.0

END

Condition cement_core
units

molar

temperature

25.0

!All parameters adjusted for 50C
pH
CO2(aq)

13
1.0E-8

Ca++

1.0E-8

Na+

charge

SiO2(aq)
Cl-

1.0E-8
0.17

! Mineral name <volume fraction> <specific surface area> in m^2/g
Portlandite
Calcite

0.13
1.0E-10

CSH(1.8)

0.719

SiO2(am)

0.001

specific_surface_area 16.5
specific_surface_area 1.0
specific_surface_area 45.0
specific_surface_area 1.0

END
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APPENDIX B - DATABASE
'temperature points' 8 0. 25. 60. 100. 150. 200. 250. 300.
'Debye-Huckel adh' 0.4939 0.5114 0.5465 0.5995 0.6855 0.7994 0.9593 1.2180
'Debye-Huckel bdh' 0.3253 0.3288 0.3346 0.3421 0.3525 0.3639 0.3766 0.3925
'Debye-Huckel bdt' 0.0374 0.0410 0.0440 0.0460 0.0470 0.0470 0.0340 0.0000
'H2O' 3.0 0.0 18.0153
'H+' 9.0 1.0 1.0079
'Ca++' 6.0 2.0 40.0780
'Na+' 4.0 1.0 22.9898
'SiO2(aq)' 3.0 0.0 60.0843
'Cl-' 3.0 -1.0 35.4527
'HCO3-' 4.0 -1.0 61.0171
'Tracer' 0 0 0
'End of primary' 0.0 0.0 0.0
'CO2(aq)' 3 -1.0000 'H2O' 1.0000 'H+' 1.0000 'HCO3-' -6.0904 -6.0904 -6.0904 6.0904 -6.0904 -6.0904 -6.0904 -6.0904 3.0 0.0 44.0098
'CO3--' 2 -1.0000 'H+' 1.0000 'HCO3-' 9.6172 9.6172 9.6172 9.6172 9.6172
9.6172 9.6172 9.6172 4.5 -2.0 60.0092
'CaCO3(aq)' 3 -1.0000 'H+' 1.0000 'Ca++' 1.0000 'HCO3-' 7.0839 7.0839 7.0839
7.0839 7.0839 7.0839 7.0839 7.0839 3.0 0.0 100.0872
'CaCl+' 2 1.0000 'Ca++' 1.0000 'Cl-' 0.596425 0.596425 0.596425 0.596425
0.596425 0.596425 0.596425 0.596425 4.0 1.0 75.5307
'CaCl2(aq)' 2 1.0000 'Ca++' 2.0000 'Cl-' 0.587975 0.587975 0.587975 0.587975
0.587975 0.587975 0.587975 0.587975 3.0 0.0 110.9834
'CaHCO3+' 2 1.0000 'Ca++' 1.0000 'HCO3-' -1.1135 -1.1135 -1.1135 -1.1135 1.1135 -1.1135 -1.1135 -1.1135 4.0 1.0 101.0951
'CaOH+' 3 -1.0000 'H+' 1.0000 'Ca++' 1.0000 'H2O' 12.85 12.85 12.85 12.85
12.85 12.85 12.85 12.85 4.0 1.0 57.0853
'NaCO3-' 3 -1.0000 'H+' 1.0000 'HCO3-' 1.0000 'Na+' 10.0029775 10.0029775
10.0029775 10.0029775 10.0029775 10.0029775 10.00297757 10.0029775 4.0 -1.0
82.9990
'NaCl(aq)' 2 1.0000 'Cl-' 1.0000 'Na+' 0.7288 0.7288 0.7288 0.7288 0.7288
0.7288 0.7288 0.7288 3.0 0.0 58.4425
'NaHCO3(aq)' 2 1.0000 'HCO3-' 1.0000 'Na+' 0.02427575 0.02427575 0.02427575
0.02427575 0.02427575 0.02427575 0.02427575 0.02427575 3.0 0.0 84.0069
'OH-' 2 -1.0000 'H+' 1.0000 'H2O' 13.304625 13.304625 13.304625 13.304625
13.304625 13.304625 13.304625 13.304625 3.5 -1.0 17.0073
'End of secondary' 1 0. '0' 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0.
'CO2(g)' 0.0000 3 -1.0000 'H2O' 1.0000 'H+' 1.0000 'HCO3-' -7.983425 7.983425 -7.983425 -8.3574 -8.7692 -9.2165 -9.7202 -10.3393 44.0098
'CO2(g)*' 0.0000 1 1.0000 'CO2(aq)' -0.4 -0.4 -0.4 -0.4 -0.4 -0.4 -0.4 -0.4 44.0098
'End of gases' 0. 1 1. '0' 0. 0. 0. 0. 0. 0. 0. 0. 0.
'Quartz' 22.6880 1 1.0000 'SiO2(aq)' -3.60076375 -3.60076375 -3.60076375 3.60076375 -3.60076375 -3.60076375 -3.60076375 -3.60076375 60.0843
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'CSH(1.8)' 124.10 4 -3.6 'H+' 1.8 'Ca++' 1.0 'SiO2(aq)' 7.0 'H2O' 25.6 25.6 25.6 25.60 25.60
25.60 25.60 25.60 254.703 'Glasser 96'
'Calcite' 36.9340 3 -1.0000 'H+' 1.0000 'Ca++' 1.0000 'HCO3-' 1.5118975
1.5118975 1.5118975 1.5118975 1.5118975 1.5118975 1.5118975 1.5118975
100.0872
'Portlandite' 33.0560 3 -2.0000 'H+' 1.0000 'Ca++' 2.0000 'H2O' 21.0497 21.0497
21.0497 21.0497 21.0497 21.0497 21.0497 21.0497 74.0927
'SiO2(am)' 29.0000 1 1.0000 'SiO2(aq)' -7 -7 -7 -7 -7 -7 -7 -7 60.0843
'End of minerals' 0. 1 0. '0' 0. 0. 0. 0. 0. 0. 0. 0. 0.
Begin mineral kinetics
+--------------------------------------------------SiO2(am)
label = default
type = tst
rate(25C) = -11.8
activation = 0.0 (kcal/mole)
dependence :
+--------------------------------------------------CSH(1.8)
label = default
type = tst
rate(25C) = -9
activation = 0.0 (kcal/mole)
dependence : H+ 0.33
+--------------------------------------------------Portlandite
label = HH
type = tst
rate(25C) = -9
activation = 0.0 (kcal/mole)
dependence : H+ 0.18
+--------------------------------------------------Calcite
label = default
type = tst
rate(25C) = -6.19
activation = 15.0 (kcal/mole)
dependence : H+ 0.08
+--------------------------------------------------Calcite
label = HH
type = tst
rate(25C) = -6.19
activation = 15.0 (kcal/mole)
dependence : H+ 1.0
+--------------------------------------------------Calcite_low
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label = default
type = tst
rate(25C) = -6.19
activation = 15.0 (kcal/mole)
dependence :
1.0 Calcite + 1.0 H+ = 1.0 Ca+2 + 1.0 HCO3+--------------------------------------------------Quartz
label = default
type = tst
rate(25C) = -13.39
activation = 15.0 (kcal/mole)
dependence :
+--------------------------------------------------Quartz
label = pH
type = tst
rate(25C) = -14.30
activation = 15.0 (kcal/mole)
dependence : H+ -0.3
+--------------------------------------------------End of mineral kinetics
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