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Abstract
A reactive transport modeling approach was used to assess key geochemical reactions between
wellbore cement, formation mineralogy, and injected supercritical CO2 at the Krechba natural gas field
at In Salah, Algeria. Characterization of these reactions is important for understanding changes in
porosity and permeability and the propagation or sealing of fractures in the formation or wellbore
cement. Experiments involving the reaction of CO2 with reservoir mineral assemblages and wellbore
cement under in situ conditions, combined with geochemical modeling, were used to identify candidate
reactive mineral phases and reaction rates specifically applicable to CO2 injection at In Salah. These
findings informed a reactive transport model which considered advective transport of CO2 along the
wellbore-formation interface and diffusive transport of CO2 and brine constituents into juxtaposed
wellbore cement. Model results indicate shallow carbonation of the cement along the interface,
leading to appreciable changes in cement porosity. Diffusive transport of cations such as Ca, Fe, and
Al between the cement and formation materials results in mineralogical changes in the formation
material immediately adjacent to the cement, including localized dissolution of calcite and
precipitation of siderite, magnesite, gibbsite, smectite, and amorphous silica. In contrast to the cement,
the modeled porosity changes in the formation material appear to be minor. Taken together, these
results suggest (1) significant retardation of the rate of advance of CO2 along the interface, and (2)
relatively minor impacts to permeability.
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Introduction
Reactions between acidified, CO2-rich brine stemming from subsurface CO2 injection and formation
mineralogy may lead to changes in porosity and permeability which could consequently impact
injectivity. Because injection may utilize existing oil and gas wells constructed with standard oil well
cement, the interaction of CO2, brine, and the intrinsically alkaline cement composition must also be
considered. Prior reactive transport modeling studies have addressed possible responses of reservoir
mineralogy to CO2 injection [1-4] while other studies entailing modeling and experimental approaches
have focused on the potential reactions of injected CO2 with wellbore cement [5-9]. The objective of
this current research is to develop a geochemical model for the interaction of CO2 with reservoir brine,
formation minerals, and wellbore cement as constrained by site-specific field data and laboratory
experiments for the Krechba gas field in central Algeria. The Krechba field is associated with the In
Salah project, a joint venture between BP, and Statoil, and Sonatrach and currently one of the largest
industrial-scale subsurface CO2 storage projects in operation [10]. Since 2004, approximately one
million tons per year of CO2, recovered from extracted natural gas, has been injected at In Salah since
2004 through three wells screened within a 20-m thick fractured sandstone unit located at a depth of
approximately 1,800 m.
As part of this study, we have conducted experiments that have entailed reacting sandstone and shale
core samples collected from Krechba with brine, CO2 and wellbore cement [11]. These experiments,
which revealed solid phase compositional changes as well as changes in brine chemistry, have been
used to posit specific mineral phases and associated reaction rates which react with CO2. The resulting
geochemical model was used to inform a reactive transport simulation of the near-wellbore
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environment in response to CO2 injection. Geochemical and reactive transport modeling were
conducted with PHREEQC [12].
Reservoir Geochemistry: Mineralogy-Brine Equilibria and Interpretation of Experiments
The Krechba reservoir consists of a Carboniferous-age fractured fine-grained sandstone and siltsone.
Armitage et al. [13] studied the mineralogical compositional variations among 17 core samples
collected from the KB-502 boring at Krechba and reported compositions ranging from a quartzdominated sandstone, with porosities on the order of 0.07 to 0.18, to shale-like material containing
abundant illite clay, characterized by lower porosity values (0.02 to 0.04). An iron-rich chlorite, a
likely product of diagenesis of Fe-rich 7Å clay deposited in an estuarine environment, is found in both
the shale and sandstone (in the latter case as coatings on quartz grains) in abundances as high as 25
percent by volume. Other aluminosilicates include kaolinite (typically less than 5 percent by volume)
and plagioclase-dominated feldspar, the latter reported only in trace amounts. Carbonate phases have
been reported as siderite [13], ankerite and dolomite, or calcite (unpublished XRD analyses of Krechba
core samples). Occasional barite has also been reported in some samples. The chemical composition
of the Krechba brine is dominated by Na and Cl (up to approximately 3 molal), with significant
concentrations of Ca and Mg also present (Table 1). Speciation of the brine chemistry with
PHREEQC at the reservoir temperature of approximately 95°C using the extended Debye-Hückel
activity coefficient correction model produced a set of saturation index values that are close to
thermodynamic equilibrium for calcite, siderite, daphnite-7Å (an Fe-rich chlorite), albite, and gibbsite
and slightly supersaturated with respect to illite, kaolinite, and dolomite.
Modeling the CO2 reaction experiments involving shale and sandstone samples from KB-502 required
assuming a set of primary mineral phases as well as inferred secondary reaction products. A kinetic
dissolution rate expression of the form,
dM
dt

kA

1

(1)

was utilized to model reaction kinetics, along with an equivalent expression for the kinetic
precipitation rate,
dM
dt

kA1

1

(2)

where M is the mineral mass, k the kinetic rate constant, A the mineral surface area, and,

IAP
K sp

(3)

Equation (3) defines the saturation ratio, , of a particular phase, where IAP is the ion activity product
of the constituent reactant and product species in the mineral phase’s dissolution equation and Ksp the
solubility product constant.
Concentrations of Fe, Si, and Al as a function of time for the shale and sandstone experiments are
shown on Figure 1. We assumed that Fe concentration histories reflect the dissolution of an Fe-rich
chlorite phase, represented in the model by daphnite-7Å, as published dissolution rates for siderite,
which are typically on the order of 10-8 to 10-7 mol m-2 sec-1 [14], are too rapid to explain the long-term
trends in the data. Increases in Al concentrations during the first 10 days, particularly evident in the
shale data, are also consistent with the dissolution of an Al-bearing phase. Subsequent decreases in the
Al in both experiments imply that other Al-bearing phase(s) must precipitate. We chose to model
these possible secondary minerals as (1) a smectite phase, represented by calcium montmorillonite,
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Ca0.165Mg0.33Al1.67Si4O10(OH)2, based upon the identification of an Fe-Mg-Al-Si-0 bearing secondary
mineral phase (presumably a smectite) in some of the experiments, and (2) gibbsite, included to
account for changes in Al concentrations in solution that could not be accommodated by the
stoichiometry of other aluminosilicate phases. Platy crystals identified as precipitates in some
experiments are morphologically consistent with gibbsite, but their composition could not be
determined [11]. In addition, we assumed that a carbonate phase (calcite) existed in equilibrium with
the brine over the course of the experiment, based on relatively rapid dissolution rates on the order of
10-6 to 10-7 mol m-2 sec-1 [15]. Based on observation [11], we also assumed that an amorphous SiO2
phase appeared in the sandstone experiment and included it in the model as an equilibrium phase based
on a reported dissolution rate on the order of 10-9 mol m-2 sec-1 [16]. Finally, both the sandstone and
shale models assumed that dissolved CO2 concentrations reflected equilibrium with a CO2 gas phase
fugacity corresponding to 200 bars, calculated via the model of Duan and Sun [17].
Lumped values for k A (Eqs. 1 and 2) which best match the concentration histories of Fe, Si, and Al
(Figure 1) include 9 x 10-11 mol/sec and 6.5 x 10-11 mol/sec for the daphnite in the shale and sandstone
experiments, respectively, 5.8 x 10-11 mol/sec for calcium montmorillonite (both experiments), and 3.7
x 10-11 mol/sec for gibbsite (both experiments). Assuming a spherical particle in the middle of the silt
size range (e.g., d = 20 µm), a particle density of 2.6 g/cm3, a rock:water mass ratio of 0.1 g/g (as
imposed by the experiments), and a mean chlorite volume fraction abundance of 0.2 yields a surface
area of approximately 0.9 m2/L of water. This would suggest that the chlorite dissolution rates in our
experiments, normalized by surface area, are on the order of 1 x 10-11 to 2 x 10-11 mol m-2 sec-1. For
comparison, Brandt et al. [18] reported dissolution rates for Mg-rich chlorite on the order of 4- to 7 x
10-11 mol m-2 sec-1, calculated for reactive mineral surface area at pH 2 and 25°C for an Mg-rich
chlorite.

Figure 1. Measured and modeled concentrations of Fe, Si, and Al in sandstone and shale experiments as a
function of time.
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Wellbore Cement
A separate geochemical model for the wellbore cement was developed for the hydration and
carbonation phases of the brine-cement-CO2 experiments described by Carroll et al. [11]. As an initial
condition, we assumed that the Ca-Si-Al oxide components of a typical Class G oil well cement
(Lehigh Inland Cement, Edmonton, Alberta, Canada), comprised of 46% Ca3SiO5 (“C3S”), 37%
Ca2SiO4 (“C2S”), 7.2% SO3, 4.7% MgO, 3.4% (CaO)3(Al2O3), 1.7% Na2O, and 0.5% (CaO)3(Fe2O3),
were added as reactants to the synthetic brine composition in accordance with the cement:brine mixing
ratio used in the experiments (e.g., 1:10, by mass). Candidate mineral phases were then evaluated by
simulating equilibration with the brine and comparing the results to the changes in brine chemistry
observed during the hydration phase, assuming complete hydration. Subsequently, the hydrated
mineral assemblage and the associated brine were equilibrated with CO2 gas at a fugacity
corresponding to 200 bars, with a set of carbonated cement minerals replacing the hydrated cement
phases.
A postulated hydrated cement mineral assemblage consisting of portlandite, jennite (including an Mgjennite component) – Ca1.67SiO2(OH)3.33:0.43H2O, as a calcium-silicate-hydrate (“C-S-H”) proxy,
monosulfoaluminate – Ca4Al2O6(SO4):12H2O, an Fe-hydrogarnet – Ca3Fe2(OH)12, and ettringite –
Ca6Al2(SO4)3(OH)12:26H2O, was used to model the hydrated cement, based upon (1) similar
mineralogical models utilized in prior studies [9,19], and (2) agreement between simulated and
observed final concentrations of Al, Fe, Si, and Ca characterizing the hydration experiment (Figure 2).
For the carbonation phase of the experiment, we assumed that both calcite and amorphous SiO2
comprised the majority of the carbonation products based on the observed prevalence of these phases
among the cement carbonation products. Other assumed reaction products included Fe(OH)3,
amorphous Al(OH)3, and gypsum.

Figure 2. Measured and modeled concentrations of Fe, Si, Al, and Ca in simulated experimental brine in equilibrium with
posited hydrated and carbonated cement mineral phases.

Reactive Transport Model for the Cement-Formation Interface
To assess changes in mineralogy and porosity at the wellbore cement interface, we employed a dual
porosity modeling approach which assumed advective solute transport through the formation material
and Fickian diffusion into and out of the cement. Key assumptions included:
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A 50-m-long column of reservoir formation material was discretized into 50 1-m cells.
Each cell was associated with an “immobile porosity” cell, representing an adjacent portion of
wellbore cement. Diffusive solute transport between the formation material and cement was
quantified using a mass transfer coefficient [20] and included an assumed 1-cm thickness for
the reactive zone, a cement porosity of 0.30 and a tortuosity equivalent to 0.004 [5], an aqueous
diffusion coefficient of 10-9 m2/sec for all dissolved components, and a shape factor for flow
past a thin cylinder.
The brine mixture entering the column consisted of (1) Krechba brine equilibrated with CO2 in
the presence of calcite, and (2) a fictitious supercritical CO2 species mixed with the brine at a
concentration of 2.8 mol/L, corresponding to a 25% supercritical CO2 fluid fraction, by weight,
based on a density of 0.5 gm/L and a molecular weight of 0.044 kg/mol.
One pore volume was flushed through the column by advection every 100 days, equivalent to a
formation permeability of 7.4 millidarcies (consistent with unpublished Krechba matrix
permeability estimates obtained from core experiments) and a pressure drop of approximately
10 bars across the column.
Formation material was assumed to be a compositional average of the shale and sandstone end
members.
The initial cement composition is based on the simulated hydration of Class G anhydrous oxide
components in comparatively dilute shallow groundwater.
The position of the CO2 front in the formation material adjacent to the cement after 8 years is shown
on Figure 3; the impact on the cement mineralogy is shown on Figure 4. Carbonation of the cement is
indicated by the replacement of portlandite and jennite by calcite and amorphous SiO2, along with a
number of other mineralogical changes among minor cement constituents. The result is a minor
porosity increase in the cement at the column inlet and a porosity decrease further downgradient
(Figure 5). The net impact of reactions and diffusive mass transfer on the formation mineral
assemblage is shown on Figure 6 and includes (1) a loss of calcite from the upgradient end of the
column, (2) precipitation of siderite, calcite, and magnesite further downgradient within the column,
and (3) precipitation of gibbsite, calcium montmorillonite, and amorphous SiO2 in various proportions,
depending on reaction kinetics assumptions. The net impact of the volume changes associated with all
mineral precipitation and dissolution reactions is shown on Figure 5. The implied net porosity increase
in the formation materials is comparatively minor over this time scale, amounting to less than 1 percent
of the total solid volume. Taken together, projected porosity changes in the cement (with an
intrinsically negligible permeability), and in the downgradient portion of the adjacent formation
material imply that an overall increase in permeability of the interface region is not expected,
indicating that the cement-formation interface will not likely present a preferential escape path for
CO2.
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Figure 3. Position of the CO2 front, and zone of accompanying low pH, within the formation material after 8 years or
approximately 30 pore volumes of flushed brine + CO2.

Figure 4. Simulated mineralogical changes in cement adjacent to formation material after 8 years or approximately 30 pore
volumes of flushed brine + CO2.

Figure 5. Simulated changes in porosity in cement and formation materials, based on estimated mineral molar volumes,
after 8 years or approximately 30 pore volumes of flushed brine + CO 2. Case “A” assumes reaction kinetics determined
from batch experiments on sandstone/shale samples; Case “B” assumes rapid Ca-montmorillonite precipitation
(equilibrium) in presence of cement. “Formation (No Cement)” is a reference simulation for dual-porosity transport
through formation material in the absence of cement.
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Figure 6. Simulated mineralogical changes in the formation material after 8 years or approximately 30 pore volumes of
flushed brine + CO2. Calcite and siderite are initially present at 2.4 and 3.1, mole/kg of water, respectively. Case “A”
assumes reaction kinetics determined from batch experiments on sandstone/shale samples; Case “B” assumes rapid Camontmorillonite precipitation (equilibrium) in presence of cement.
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