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Abstract A modular reactive transport code is proposed to analyze the reactivity of cement in CO2 saturated brine.
The coupling of the transport module and the geochemical module within DynaflowTM is derived. Both modules are
coupled in a sequential iterative approach to accurately model: (1) mineral dissolution/precipitation and (2) porosity
dependent transport properties. Results of the model reproduce qualitatively the dissolution of cement hydrates (C-H,
C-S-H, AFm, AFt) and intermediate products (CaCO3) into the brine. Slight discrepancies between modeling and
experimental results were found concerning the dynamics of the mineral zoning. Results suggest that the power law
relationship to model effective transport properties from porosity values is not accurate for very reactive case.
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1 Introduction

The context of this work is the modeling of carbon dioxide (CO2) leakage from sequestration reservoirs. Different
pathways for CO2 might lead to significant CO2 release from the reservoir and thus failure in its main goal: keeping
CO2 underground and away from earth’s atmosphere in order to limit global warming [Bac 1996]. Engineers and
scientists have identified oil reservoir and saline deep aquifers as the most appealing location for injection, because
the cap rock was sufficient to contain natural gas over geological time, and the geology of productive fields is known
in detail. On the other hand, the wells used to extract petroleum are now filled with cement, which may be subject
to corrosion by carbonic acid created during injection of CO2. Cement corrosion might turn existing wells into high
permeability pathways for CO2 leaks [Gas 2004]. The CO2 flow up wells is likely to be strongly influenced by the
chemical reactivity of cement, leading either to the sealing or to the widening of the high permeability paths or
annuli. On one hand the release of calcium into the annulus may lead to the formations of calcium carbonate and
the clogging of the annulus. On the other hand, calcium depletion within the cement and dissolution of its hydrates
may lead to the formation of a high permeability silica gel layer with a poor mechanical integrity.

The present generation of reactive transport codes is highly challenged by the range of mechanisms that have
to be accounted for in order to accurately assess long term integrity of CO2 storage: multiphase equilibrium and
aqueous geochemistry as a function of both temperature and pressure, multiphase transport by diffusion, advection
and dispersion, and heat transfer. Those codes need to be modular [Van 2003] so that software maintenance cost
can be decreased and various mechanisms can be easily turned on or off in order to better understand single or
coupled effects. Such a code, DynaflowTM , is briefly presented. Then the assessment of the reactivity of well cement
in contact with a CO2 saturated brine is performed. The interactions with the near and far fields in the host are
neglected and only the geochemical and geophysical transformation of the cement are analysed. Modeling results are
compared with laboratory experiments in order to build confidence in our understanding of the reaction mechanisms
and in the reliability of a reactive transport code to accurately model them.

2 Model

2.1 Geochemical Module

The aim of our geochemical module is to compute equilibrium conditions between a set of cement hydrates (solid
phases) and an aqueous phase. Thus, in a more general context this module has to be able to calculate mineral
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dissolution and precipitation and the speciation of components in the aqueous phase. Local chemical equilibrium is
assumed: this assumption is valid as long as reaction kinetics is much faster than diffusion kinetics. This assumption
is certainly true for aqueous species, as long as no redox reactions take place, but might show its limit when consid-
ering mineral dissolution and precipitation.

Numerous geochemistry codes available in the literature (EQ3/6 [Wol 1979], CHESS [Van 1998], The Geochemist’s
Workbench [Bet 1996], MINEQL [Mor 1972] and [Wes 1976], PHREEQC [Par 1995] and others) have been developed
since the early 1970s. They are based on the same theory and on very similar numerical methods. Only the thermo-
dynamic database used as input and the interface with the user might be different. Those codes solve for equilibrium
conditions of complex aqueous systems in which various mechanisms might occur: aqueous speciation, mineral dissolu-
tion and precipitation, surface complexation, colloid formation, solid solution, ion exchange, those reactions occurring
at various ionic strength, pressure, temperature range and under equilibrium or kinetic control. Those codes might
be used as stand-alone software or coupled to reactive transport codes, such as TOUGHREACT [Xu 2006] or FLO-
TRAN [Lic 1985, Lic 2001].

Recently an exhaustive description of the general theory to solve this kind of complex and highly non-linear
systems has been published [Bet 1996]. The reader can refer to the latter reference for a detailed description of the
method. Given the total mole number of primary components (water, aqueous components and mineral components
in equilibrium)in the system, the goal of the approach is to find the mass of water, the molalities of aqueous compo-
nents and the mole numbers of mineral components that satisfy the mass balance equations. Further details about
the choice of primary components, the likely need to switch sets of primary components and the various steps required
to switch from one set of aqueous component to another can be found in [Bet 1996].

Concerning the activity correction, the b-dot model proposed by Hegelson was used in this work. Activity coeffi-
cient were therefore evaluated according to the b-dot model. This model is an improvement over the Debye-Huckel
model, that is used in the case of higher ionic strength I. However the accuracy of the model still requires ionic
strength smaller, or of the order of, 0.5. Concerning the thermodynamic database used in this work (see table 1) the
set of aqueous species and LogK values are those used in a recent version of EQ3/6 [Wol 1992] and computed with
SUPCRT92 [Joh 1992]. Most common minerals were also found in the EQ3/6 database. However LogK values of some
specific cement hydrates were found in a European report on the use of cement for nuclear waste disposal [Rev 1997].
Finally, the LogK value of thaumasite was recomputed using the solution composition found in [Dam 2004] according
to our set of aqueous species and our activity correction model.

Initial components:
H2O, H+, Al3+, Ca2+, Cl−, HCO−

3 , K+, Na+, SiO0
2, SO2−

4

Secondary aqueous species:
Al(OH)+2 , Al(SO4)2−, Al13O4(OH)7+4 , Al2(OH)4+2 , Al3(OH)5+4 , AlO−

2 ,
AlOH2+, AlSO+

4 , CO0
2, CO2−

3 , CaCO0
3, CaCl+, CaCl02, CaHCO+

3 , CaOH+,
CaSO0

4, H2SiO2−
4 , H4(H2SiO4)4−4 , H6(H2SiO4)2−4 , HAlO0

2, HSiO−
3 , KCl0,

KOH0, KSO−
4 , NaAlO0

2, NaCO−
3 , NaCl0, NaHCO0

3, NaHSiO0
3, NaOH0, NaSO−

4 ,
OH−

Minerals:
Amorphous silica1, Anhydrite1, Calcite1, Ettringite2, Gibbsite1, Gypsum1,
Halite1, Hemicarboaluminate2, Hemichloroaluminate2, Jennite (Ca/Si=9/6)
2, Katoite1, Mirabilite1, Monocarboaluminate2, Monochloroaluminate2,
Monosulfoaluminate2, Portlandite1, Thaumasite3, Tobermorite-11A
(Ca/Si=5/6) 1, Tricarboaluminate2, Trichloroaluminate2

Table 1: Initial basis components, aqueous species and minerals considered for the simulations. 1 EQ3/6
database, calculated with SUPCRT92 [Joh 1992], 2 European report on degradation mechanisms of cement
in repository environment [Rev 1997], 3 after recalculation according to the given composition of aqueous
phase in equilibrium with the selected mineral given in [Dam 2004].
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2.2 Transport Module

Among various transport mechanisms that might occur (diffusion, dispersion, advection) only diffusion is considered
here, i.e. concentration gradients are the main driving force of transport. This transport mode has been recognized
as the main degradation mechanism of concrete under water (saturated conditions). This assumption is still relevant
for the analysis of well cement reactivity in the surrounding host rock (sandstone or limestone) whose porosity is
filled with CO2 saturated brine. As a matter of fact the radial dissolution of a thin layer of cement at the interface
with the surrounding host rock might lead to the formation of a vertical high permeability path, whereas the vertical
dissolution of a thick cement plug from the bottom is not a major concern (because it would require geological time
to reach the surface). Indeed, the buffer capacity of cement corresponds to the amount of calcium bearing phases: it
is low in the first scenario due to the slenderness of the cement layer and it is high in the second scenario due to the
large thickness of the cement plug (equal to the height of the cementing job). Furthermore, at any given depth and
close to the well, there are no large pressure gradients leading to horizontal flow of the brine.

DynaflowTM [Pre 2007] was used to solve the nonlinear set of partial differential equations. DynaflowTM is a
Galerkin finite element / vertex centered finite volume program for the static and transient response of linear and
nonlinear two- and three-dimensional systems. In particular it offers transient analysis capabilities for both parabolic
and hyperbolic initial value problems in solid, structural and fluid mechanics. The non-linear implicit solution al-
gorithms available include: successive solutions, Newton-Raphson, modified Newton and quasi-Newton (BFGS and
Broyden updates) iterations with selective line search options (Strang, backtracking, line minimization).

∂(cj)

∂t
= ∇ •Dj∇cj (1)

∂(φCi′)

∂t
= ∇ •De∇ĉi′ (2)

The common mass transfer equation for pure diffusion is the Fick’s law . It relates the the change in concentration
of a species j to its flux (1). In this work, the transport equation has been modified according to three main features:
1) the main variable is the total concentration Ci′(in moles per cubic meter of water) of component and not the
concentration of every aqueous species, and the transport equation (2) relates then Ci′ to the flux of mobile species
∇ĉi′ ; 2) all species have the same diffusion coefficient; and 3) the transport equation has been homogenized to be
applied to porous (heterogeneous) media by introducing the porosity φ in the left hand side and an effective diffusion
coefficient De in the right hand side. The use of the latter equation drastically reduces the number of PDE’s one has
to solve, and accounts for mineral dissolution and precipitation, changes in porosity and transport properties.

3 Results and Discussion

The behavior of cement in a CO2 saturated brine is a simplified reference case of the type of geochemical conditions
well cement might be exposed to during the CO2 storage in deep saline aquifers. This case is simplified, in terms of
the geochemistry, because: 1) well cement can be in contact with various host rocks (mainly sandstone or limestone)
in down-hole conditions; 2) the fluid vertical velocity at the cement/rock interface is not perfectly known, which for a
given host rock might also change fluid composition. In this paper, we concentrated on the analysis of modifications
of geochemical and geophysical properties of cement and we neglect the interaction with both the near and far field
in the host rock.

The composition of the brine is 0.3 M NaCl and 0.28 M KCl dissolved in water. The amount of CO2 dissolved in
the brine is 0.057 M. This value slightly overestimates the CO2 solubility of 0.58 NaCl brine according to Duan et al
CO2 solubility model [Dua 2003]. This upper bound value was intentionally chosen in order to find an upper bound for
the reaction rate. In this work, the activity coefficient of uncharged species, such as CO2, is set to one. Thus the de-
crease of CO2 solubility with the ionic strength of the brine, the so called ”salting out” effect, is not taken into account.

SiO2 Al2O3 Fe2O3 CaO MgO SO3 Alkali (Na2O)
21.66 2.78 4.41 63.8 3.18 2.96 0.21

Table 2: Composition in wt % of the class H cement
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The initial composition of cement is a classic Class H cement used for for well cementing. Its chemical compo-
sition, which is very close to the composition of a Portland cement (table 2), is the cement composition used in the
experimental work by Duguid et al. [Dug 2004, Dug 2005]. The water to cement ratio of 0.6 leads to a porosity of
0.4, assuming the full hydration of cement. From the unhydrated cement composition and the water to cement ratio,
the composition of the hydrated cement is calculated (see table 3). We assume that the elements aluminum and iron
have equivalent behavior and therefore neglect the presence of iron. The magnesium content is also neglected. The
low concentration of calcite introduces slight carbonation of cement paste during the mixing of the cement. The total
alkali content is split empirically into a potassium and sodium content and the solution is balanced with OH−. The
initial value of the effective diffusion coefficient De,0 was taken as 10−11 m2.s−1.

Portlandite Jennite Monosulfoaluminate Ettringite Calcite Na+ K+ Cl− OH−

12.9 5.2 0.605 0.131 0.001 1.0298 0.0801 0.0001 1.8298

Table 3: Composition in mol/kg of water of the hydrated class H cement

The geometry of the cement sample in the experiments by Duguid et al. [Dug 2004, Dug 2005] was cylinder
of ≈ 7.5 mm in diameter. Therefore, the transport equation was solved in a 1D axisymmetric case to allow direct
comparison with experiments. The number of nodes is 50. Since the algorithm is iterative and the diffusion equation
is unconditionally stable, there are no conditions on the value of the time step, aside from the convergence of both
the transport and geochemical module.

3.1 Minerals

All the main cement hydrate phases - C-H, C-S-H, AFm and AFt, hydrogarnets - are known to be thermodynamically
stable only in highly alkaline waters (pH�9). The calculated pH of the brine is ≈ 3.7: none of the cement hydrates
are stable at that pH and their complete dissolution is expected. The analysis of cement samples degraded in CO2

saturated brine (pCO2 = 1 bar) has shown the formation of successive stiff reaction fronts. From the center of the
sample toward the surface, the successive layers, at 25 ◦C and pH 3.7, were: 1) a dark gray zone corresponding to
the undegraded paste, 2) a light gray layer containing amorphous phases, 3) a thin white layer containing calcite and
also its two allotropes, aragonite and vaterite, and 4) a thick brown gelatinous layer containing amorphous phases
rich in Si and completely depleted in Ca [Dug 2004, Dug 2005]. The first three layers are of course rich in calcium.

Figure 1 shows the mineralogical profile of phases that might form in the CaO-SiO2-CO2-H2O system. The
mineral zoning is very similar to that observed in laboratory samples. Indeed, the following successive layers (from
the center of the cement sample) are highlighted: 1) a portlandite, jennite layer, 2) a thin jennite layer, 3) a thin
calcite layer in which fist tobermorite and then amorphous silica are stable, 4) a thick layer composed of amorphous
silica. This corresponds exactly to experimental measurement in terms of number of layers (4 layers), major elements
(Ca and Si) and expected crystallinity. Indeed portlandite and calcite are well crystallized minerals but C-S-H and
silica gel are known to be respectively poorly crystallized and completely amorphous. The thickness of the calcite is
about 300 µm and is consistent with lab experiments. However, after 30 days of exposure, the calcite precipitation
front has only moved ≈ 1 mm deep into the cement, whereas in the experiments this latter front has moved ≈ 1.4
mm deep into the cement. This difference in the rate of reaction is probably related to inaccurate modeling of the
transport properties of either the calcite layer or the outer silica gel layer (see section 3.3).

As for calcium and calcium silicates hydrates, the AFm and AFt phases are not stable in the CO2 saturated
brine.The profile of AFm, AFt and related phases (figure 2) shows two large zones: in the first one monochloroalu-
minate and ettringite coexist and in the second one all AFm and AFt phases dissolve into an alumina gel (here the
LogK of the most stable aluminum oxide/hydroxide, diaspore, was used to model the solubility of that gel). Between
those two zones a very thin layer appears in which first monochloroaluminate dissolves into ettringite and thaumasite,
and then both ettringite and thaumasite dissolve into alumina gel. Monosulfoaluminate is not present anywhere in
the cement sample. Indeed, chloride anions penetrate within a few days throughout the sample and since their con-
centration is very high monosulfoaluminate is no longer stable and therefore dissolves to form monochloroaluminate
(Friedel’s salt). The latter reaction releases OH− and a slight pH increase is noted. The thin layer, in which AFm
and AFt transformations occur, overlays exactly with the second main layer (observed for the CaO-SiO2-CO2-H2O
system) composed of jennite. Thus AFm and AFt phases act as a buffer before jennite plays in turns the same role.
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Figure 1: Concentration ((ρw.nk)/nw) profile of minerals in the CaO-SiO2-CO2-H2O system after 30 days
of cement immersion in the CO2 saturated brine, T = 25 ◦C.

Figure 2: Concentration ((ρw.nk)/nw) profile of AFm, AFt and related phases after 30 days of cement
immersion in the CO2 saturated brine, T = 25 ◦C.

3.2 Aqueous species

The total concentration profile of Ca2+, HCO−
3 and OH− aqueous components are plotted on figure 3. As indicated

in section 2.2, the total concentration of OH− is positive in the non-reacted or partially reacted cement paste and
is negative in the fully reacted zone whose pH is lower or equal to 6.0 (figure 4). For those three components the
concentration profile has reached a ”quasi steady states”. The term ”quasi steady state” is used because the thickness
of the various diffusion layers is varying with time. Again 4 zones that superimpose with the 4 zones highlighted on
figure 1 are identified. The concentration gradient sign is constant for OH−, negative, and HCO−

3 , positive, across
the 4 zones. This means there is only a release of OH− from the cement (or ingress of H+)and an ingress of HCO−

3

from the external media. On the contrary, an inversion of the gradient of the total concentration of Ca2+ is noted
in the calcium carbonate layer. Thus, Ca2+ concentration is greater at the dissolution front of calcite than at its
precipitation front. This result is attributed to the increased solubility of calcite across the calcite layer. Indeed the
pH is ≈ 12.0 at the calcite precipitation front and ≈ 6.0 at the dissolution front (figure 4).

The carbonate concentration gradient is almost flat in the fourth fully reacted zone. The comparison of the
carbonate flux in the reacted zone and in the calcite zone indicates that the ingress of carbonate species is one order
of magnitude greater in the calcium carbonate layer than in the fully reacted zone. This result shows that the major
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Figure 3: Total concentration profile of mobile components ĉi′ after 30 days of cement immersion in the CO2

saturated brine, T = 25 ◦C.

source of carbonate for calcite precipitation is the carbonate released at the calcite dissolution front and not the
external source of carbonate. This mechanism indicates that as long there is a calcium and hydroxyl sink at the
external boundary, the ingress of the calcite layer will propagate toward the heart of the cement sample. Finally
this result suggests that the transport property of the calcite layer and the fully reacted zone (silica gel layer) along
with the fluid composition at the boundary are key parameters of the overall cement reactivity (see below section 3.3).

Figure 4: pH profile after 30 days of cement immersion in the CO2 saturated brine, T = 25 ◦C.

3.3 Transport properties

The porosity φ and effective diffusion coefficient De profiles (see figure 5) are consistent with the 4 zones highlighted
earlier (see figure 1 and section 3.1). A power law function was used to relate the porosity φ value to the effective
diffusion coefficient De (equation 3). φc (φc = 0.2) and φ0 are respectively the residual and initial porosity; the expo-
nent m equals to 3.32. The dissolution of monosulfoaluminate into monochloroaluminate occurs without significant
porosity change: φ is 0.4 and De is 10−11 m2.s−1. The dissolution of portlandite in the second zone is associated
with a porosity increase from 0.4 to 0.45 and a doubling of De. The formation of calcite, despite the dissolution of
portlandite, jennite and tobermorite, leads to a φ decrease to 0.35 and to a De decrease to 6.0 10−12 m2.s−1 (minimal
value). In the fully reacted fourth zone the porosity doubles and, according to our power law, the diffusion coefficient
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increases by one order of magnitude (De ≈ 10−10 m2.s−1).

Figure 5: Porosity φ and effective diffusion coefficient De profile after 30 days of cement immersion in the
CO2 saturated brine, T = 25 ◦C.

The exponent m (m=3.32) is a rather large value compared to the one found in the literature (see [Arc 1942]
and [Win 1952]). Despite this high value of m the ingress of the calcite front is delayed compared to laboratory
experiments ([Dug 2004, Dug 2005], see section 3.1). This result suggests that the effective diffusion coefficient of
silica gel outer zone should be even greater than 10−10 m2.s−1. Indeed, typical effective diffusivity of silica gel ranges
from 2.0 to 5.0 10−10 m2.s−1. Therefore, the exponent m should be even greater than 3.32 with 4.2 ≺ m ≺ 5.4. Such
large values have not been reported in the literature to our knowledge. This result calls into question the validity of
such a simple transport property model - the power law regression between porosity and diffusivity - when drastic
modification of the mineral assemblage and of the porosity value are happening.

De = De,0

�
φ− φc

φ0 − φc

�m

(3)

4 Conclusion

The reactivity of a well cement in CO2 saturated brine environment must be understood and modeled as part of
the demonstration of the safety of CO2 storage in deep saline aquifers. In this paper, a reference case is proposed
and studied: cement reactivity in a saturated brine. The main features of the reactive transport tool are presented.
A qualitative consistency between model results and laboratory experiments was found. Thus the formation of a
thin calcite layer and an outer porous gel layer was successfully highlighted with the model. In order to reach a
history match of lab experiments, we have shown that the modeling of diffusivity using a simple power law to relate
diffusivity with porosity is not satisfactory and should be improved. Accounting for other mechanisms, related to the
volume conservation or to the use of an exhaustive thermodynamic database of cement hydrates, might also increase
the accuracy of durability predictions of reactive transport code for this particular geochemical system [Hue 2007].
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