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Abstract: The risk of CO2 leakage from damaged wellbore is identified as a critical issue for the
feasibility and environmental acceptance of CO2 underground storage. For instance, Portland cement
can be altered if flow of CO2-rich water occurs in hydraulic discontinuities such as cement-tubing
or cement-caprock interfaces. In this case, the raw cement matrix is altered by diffusion of the
solutes. This fact leads to the formation of distinctive alteration fronts indicating the dissolution of
portlandite, the formation of a carbonate-rich layer and the decalcification of the calcium silicate
hydrate, controlled by the interplay between the reaction kinetics, the diffusion-controlled renewing
of the reactants and products, and the changes in the diffusion properties caused by the changes in
porosity induced by the dissolution and precipitation mechanisms. In principle, these mass transfers
can be easily simulated using diffusion-reaction numerical models. However, the large uncertainties
of the parameters characterizing the reaction rates (mainly the kinetic and thermodynamic coefficients
and the evolving reactive surface area) and of the porosity-dependent diffusion properties prevent
making reliable predictions required for risk assessment. In this paper, we present the results of
a set of experiments consisting in the alteration of a holed disk of class-G cement in contact with
a CO2-rich brine at reservoir conditions (P = 12 MPa and T = 60 ◦C) for various durations. This
new experimental protocol allows producing time-resolved data for both the spatially distributed
mass transfers inside the cement body and the total mass transfers inferred from the boundary
conditions mass balance. The experimental results are used to study the effect of the fluid salinity
and the pCO2 on the overall reaction efficiency. Experiments at high salinity triggers more portlandite
dissolution, thinner carbonate layers, and larger alteration areas than those at low salinity. These
features are accompanied with different spatial distribution of the alteration layers resulting from a
complex interplay between salinity-controlled dissolution and precipitation mechanisms. Conversely,
the effect of the pCO2 is more intuitive: Increasing pCO2 results in increasing the overall alteration
rate without modifying the relative distribution of the reaction fronts.

Keywords: CO2 underground storage; CO2 leakage; fractured cement alteration; coupled diffusion-
reaction mass transfers; experiment approach

1. Introduction

Procedures for installing Portland-type cement annulus at depth profit from decades of experience
in oil industry. Yet, it is still a challenging task due to the large variability of natural environments,
the limited resolution of the techniques is usually used to evaluate the quality of the cement before
exploitation and the problems associated to monitor possible changes of the cement properties during
the exploitation of the well [1,2]. Fractures in the cement annulus may form during CO2 injection (in the
injection well) as a result of pressure and thermal changes in conjunction with the local projection of
the regional stress. Abandoned wells located within the zone of storage are also a potential source of
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leakage. Mechanical and chemical alteration of the cement annulus is recognized as one of the main
potential source of confinement failure [3,4]. As such, evaluating the conditions and the characteristics
of CO2-rich brine (or CO2-brine mixtures) leakages is a critical requirement for optimizing the security
and the performance of the technology and also encourage public acceptance. Leakages can occur
at the caprock-cement interface, at the cement-casing interface, through the cement annulus itself or
through the cement plug in the case of abandoned wells [5].

Some experimental results showed that the bulk permeability and diffusivity of cement samples in
contact with CO2-rich brines usually decrease because of the carbonate mineral precipitation within the
pore space [6–8]. For instance, the results presented by Cheshire et al. 2016 [9] regarding the response
of wellbore cement to CO2 flooding for three decades suggest that cement becomes less permeable.
Similar conclusions were formulated by Crow et al. 2009 [10] who concluded from downhole tests and
laboratory measurements of cement cores extracted from CO2/EOR fields that the smallness of the
fluid migration along the wellbore cements could be related to carbonation of the cement that ensure
low permeability and tightness of the cement-casing and cement-formation interfaces.

Conversely, several studies based on batch and flow-through experiments showed that the
Portland-type cements commonly employed in well completion operations (such as Class-G) react
with carbonate-rich brines weakening the cement and altering its permeability [8,11–16]. Leaching and
flow-through experiments, characterized by a strong renewing of the CO2-rich fluid, showed that the
diffusion-driven interaction between carbonate-rich brines and the cement bearing components leads to
a series of reaction fronts that divide the cement into distinctive zones [16–18]. From the cement-brine
interface toward to the remaining unreacted cement the above-cited authors measured: (a) A silica-rich
layer that is present when the renewing of the CO2-rich fluid in the fracture is high [15], (b) a calcite
precipitation layer, and (c) a portlandite-depleted zone. Alteration experiments in closed reactor, using
cement or cement-caprock composite samples, indicates that the carbonation process is the dominant
factor that controls the cement alteration in terms of bulk permeability and diffusivity [7,19,20] and
cement-claystone interface properties [21]. Nevertheless, the redistribution of the mineral species,
which leads to increasing the material heterogeneity and decreasing the average elastic moduli, can
favor the localization of mechanical strain and eventually further failures within the (thin) alteration
zone [12,22].

The experimental results of the authors cited above suggest that the alteration of the cement
depends strongly on the presence and the properties of pre-existing hydraulic discontinuities such as
fractures. Portlant cement materials have a high capacity of buffering CO2-rich water (or brine) by
forming calcite that tends to strengthen the sealing capacity of the cement. However, intense alteration
of the cement that can endanger the sealing capacity of the system is expected when the system allows
a strong renewing of the CO2-rich fluid. This behavior was precisely described by Abdoulghafour
et al. 2016 [23] who performed experimental alteration of fractured cement cores. They observed
that the precipitation of calcite tends to seal the cement permeability in low renewing zones (such as
dead-ended fissures) controlled by diffusion, whereas strong alteration associated with a noticeable
loss of mass and the development of preferential paths develop in the zones of intense renewing of the
CO2-rich fluid (such as well-connected fractures).

One may consider that the alteration of the cement under geologic CO2 sequestration conditions
is well described for laboratory time-scale. However, concerning the modeling, which is required for
characterizing large time-scales relevant to CO2 storage (i.e., several tens of years at minimum), large
uncertainties about the reaction rate parameters and the porosity-dependent diffusion properties make
predictions questionable. For instance, Huet et al. 2010 [24] used a coupled transport-reaction solver to
model the reaction fronts observed by Kutchko el al. 2007 [17] for a class-H cement in CO2-saturated
water (pH ≈ 3.7), but they underlined the uncertainties on the porosity-diffusivity retroaction law.
Abdoulghafour et al. 2016 [23] succeeded to model the alteration fronts of a fractured class-G cement
core flooded by CO2-rich brine, using PHREEQ-C [25], however, it stresses the uncertainties on
the kinetic and thermodynamic parameters. These two examples enlighten a more general issue
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linked to estimate the effective parameters (both physical and chemical) for such complex systems.
This statement can be illustrated considering the difficulties associated to model a simple laboratory
experiment consisting in injecting a CO2-rich solution through a fractured cement core such as that
presented in this study and discussed in Abdoulghafour et al. 2016 [23]. Modeling this single
experiment consists in tuning the set of parameters that allow reproducing the experimental data.
The experimental results are usually (a) spatially distributed data such as the position of the fronts
for a given time (usually obtained from postmortem analysis by ESEM), and/or (b) time-resolved
data measured at the boundary condition of the experiment, such as ions concentration at the
effluent of the fractured cement sample. These data are clearly insufficient for estimating the set
of parameters ubiquitously for different reasons. Indeed, using a single map of the reaction front in
the cement, measured, for instance, at the end of the experiment, does not give any information on
the predictability of the defined parametric model. On the other hand, using effluent concentration
time-resolved data triggers two main issues. First, the numerical model must be set for solving both
the advection-diffusion problem into the fracture and the diffusion reaction problem in the cement
body in order to quantify the effective (time-dependent) diffusion factor into the fracture and finally
evaluate the mass fluxes at the cement-fracture interface. This involves complex simulations coupling a
(Navier-)Stokes problem in the fracture and a diffusion reaction problem in the cement matrix. Second,
this approach is impractical for parameterizing the macroscopic heuristic law required for modeling
the change in the effective diffusivity from the (space-dependent) change in porosity caused by the
mineral dissolution and precipitation mechanisms. For determining the parameters that control the
dynamics of the alteration process, models must be calibrated such that they can reproduce the spatial
distribution of the alteration layers at different times.

In this paper, a new experimental approach, that allows mapping the reaction fronts at different
time of the evolving reaction, is presented. Ideally, this could be done by performing flow-through
experiments coupled with recurrent acquisition of X-ray microtomography images such as that
achieved by Noiriel et al. 2013 [26] for modeling alteration mechanisms of fractured limestone
cores. However, using X-ray microtomography imaging technique for mapping reaction fronts in
cement is impractical because of the tiny size of the front; the use of infra-micrometric resolution,
and consequently, few millimeters sized samples should be required. A second issue is the poor
performance of X-ray tomography to discriminate both the minerals involved in the cement reaction
and the variable porosity. Accordingly, the methodology developed in this study is based on
reproducing the same experiment several times increasing the duration of the experiment and then
analyzing the altered sample. The experiments consist of injecting a carbonate-rich water into a
holed class-G cement disc, such as reducing the dimensionality of the experiments in order to focus
on the diffusion-reaction problem inside the cement while controlling the reactant renewing at the
hole-cement interface. This configuration mimics the flow of CO2-rich water (or brine) through a
hydraulic discontinuity, such as a fracture. The first objective of this communication is to demonstrate
the ability of this experimental approach to quantify the dynamics of the alteration process. A second
objective is to evaluate the variability of the cement alteration depending on the fluid composition.
To this end, different sets of experiments were performed for studying the effect of fluid salinity and
CO2 concentration on the overall reaction front spreading.

2. Materials and Methods

2.1. Preparation of the Cement Discs

Cement slurry samples were prepared by mixing a class-G Portland cement (Lafarge, Le Havre
production unit, France) with fresh water using a standard water-to-cement ratio of 0.4. The resulting
mixture was poured into a wood box (10 cm width × 10 cm length × 5 cm height), equipped with
six vertical nylon threads symmetrically distributed and fixed inside the box in order to obtain a
500 µm-diameter hole in the hardened cement samples through which percolation fluid will be injected.
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After being cured for a period of one month, cylinders of 9 mm in diameter were cored in the solidified
cement, placing the vertical nylon thread in the middle of the core for each of the samples. Each
cylindrical cement sample was sawn in order to obtain cement discs of 9 mm in diameter and 5 mm in
length. Thereafter, the nylon threads were removed. Finally, a silicon layer was added to both sides of
the cement discs to avoid any reaction aside from the centered hole (Figure 1).

Geosciences 2018, 8, x FOR PEER REVIEW  4 of 16 

 

samples. Each cylindrical cement sample was sawn in order to obtain cement discs of 9 mm in 147 
diameter and 5 mm in length. Thereafter, the nylon threads were removed. Finally, a silicon layer 148 
was added to both sides of the cement discs to avoid any reaction aside from the centered hole 149 
(Figure 1). 150 

The composition of the cement before hydration was 64.77 wt.% CaO, 21.36 wt.% SiO2, 4.57 151 
wt.% FeO, 3.56 wt.% Al2O3, 2.45 wt.% SO3, 0.84 wt.% MgO, 0.59 wt.% P2O5, and low concentration (< 152 
0.2 wt.%) of TiO2, Mn2O3, SrO, and H2O. 153 

 154 
Figure 1. Schematic representation of a holed cement disc positioned in the percolation cell of Icare 155 
Lab 1 flow-through system. 156 

2.2. Experimental Equipment and Procedure 157 

The experiments consisted of injecting a CO2-rich solution under a constant volumetric flow 158 
rate of 0.1 mL∙min−1 through the 500 µm-diameter hole placed at the center of a cement disc. The 159 
experiments were all performed at pressure (P) = 12 MPa and temperature (T) = 60 °C. The 160 
experimental setup used to run the experiments was the Icare Lab 1 flow-through system 161 
(Géosciences Montpellier, France), which is described in detail in [27]. Briefly, the CO2-rich solution, 162 
which is injected into the percolation cell at constant flow rate, is obtained by mixing at P = 120 bar 163 
and room T the CO2-free solution, pumped by a motorized dual-piston pump, with liquid CO2, 164 
pumped by a motorized piston pump (cooled at T = 5 °C and P = 120 bar). Once the mixture is done, 165 
the resulting CO2-rich fluid is heated up to T = 60 °C. The CO2 concentration of the CO2-rich solution 166 
is controlled by fixing the flow rates of the CO2 pump and the CO2-free solution pump. Radial 167 
confining pressure (112 % of the inlet pressure) was applied to the silicon jacket that covered the 168 
cement sample and the two holed titanium ports that sandwiched the cement sample in the 169 
percolation cell (Figure 1). 170 

Two sets of experiments were performed. For the first set, the salinity of the CO2-rich injected 171 
solution was set to 0.5, 10, and 30 g∙L−1 of NaCl in order to assess the effect of the ionic strength on 172 
the reaction process, while partial pressure of CO2 (pCO2) was set to 3.3 MPa. Experiments lasted 173 
from 15 h to 127 h, setting a time increase between two experiments of around 30 h (Δt = 30 h). A 174 
second set of experiments was run to evaluate the influence of the CO2 concentration on the 175 
reactivity of the cement bearing minerals. For these experiments, the salinity of the injected solution 176 
was equal to the highest salinity used in the first set of experiments, i.e., 30 g∙L−1 of NaCl, and the 177 

Figure 1. Schematic representation of a holed cement disc positioned in the percolation cell of Icare Lab
1 flow-through system.

The composition of the cement before hydration was 64.77 wt.% CaO, 21.36 wt.% SiO2, 4.57 wt.%
FeO, 3.56 wt.% Al2O3, 2.45 wt.% SO3, 0.84 wt.% MgO, 0.59 wt.% P2O5, and low concentration
(<0.2 wt.%) of TiO2, Mn2O3, SrO, and H2O.

2.2. Experimental Equipment and Procedure

The experiments consisted of injecting a CO2-rich solution under a constant volumetric flow rate of
0.1 mL·min−1 through the 500 µm-diameter hole placed at the center of a cement disc. The experiments
were all performed at pressure (P) = 12 MPa and temperature (T) = 60 ◦C. The experimental setup
used to run the experiments was the Icare Lab 1 flow-through system (Géosciences Montpellier, France),
which is described in detail in [27]. Briefly, the CO2-rich solution, which is injected into the percolation
cell at constant flow rate, is obtained by mixing at P = 120 bar and room T the CO2-free solution,
pumped by a motorized dual-piston pump, with liquid CO2, pumped by a motorized piston pump
(cooled at T = 5 ◦C and P = 120 bar). Once the mixture is done, the resulting CO2-rich fluid is heated
up to T = 60 ◦C. The CO2 concentration of the CO2-rich solution is controlled by fixing the flow rates of
the CO2 pump and the CO2-free solution pump. Radial confining pressure (112 % of the inlet pressure)
was applied to the silicon jacket that covered the cement sample and the two holed titanium ports that
sandwiched the cement sample in the percolation cell (Figure 1).

Two sets of experiments were performed. For the first set, the salinity of the CO2-rich injected
solution was set to 0.5, 10, and 30 g·L−1 of NaCl in order to assess the effect of the ionic strength on the
reaction process, while partial pressure of CO2 (pCO2) was set to 3.3 MPa. Experiments lasted from
15 h to 127 h, setting a time increase between two experiments of around 30 h (∆t = 30 h). A second
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set of experiments was run to evaluate the influence of the CO2 concentration on the reactivity of
the cement bearing minerals. For these experiments, the salinity of the injected solution was equal
to the highest salinity used in the first set of experiments, i.e., 30 g·L−1 of NaCl, and the pCO2 was
diminished to 1.8 MPa (from the 3.3 MPa used for the first set). The different parameters used in the
experiments are given in Table 1. Each experiment was named using the salinity value of the inlet fluid
and the duration of the experiment. For instance, experiment cp0.5-t2 corresponds to an experiment
that lasted for the hours corresponding to the second time duration (t2) and used a salinity value of
0.5 g·L−1 of NaCl and a pCO2 of 3.3 MPa. For experiments using the low pCO2 value, the label LC
(meaning low-carbon) was added to the label of the experiment (Table 1).

Table 1. List and parameters of the percolation experiments performed at constant flow rate. The first
set includes experiments run at different duration (from t1 to t5), with different salinity of the inlet fluid
(0.5, 10 and 30 g·L−1 of NaCl) and a pCO2 = 3.3 MPa. The second set comprises experiments performed
at different duration (from t1 to t5), with a pCO2 = 1.8MPa and a salinity equal to 30 g·L−1 of NaCl.

Experiment Label Elapsed Time Input Solution pCO2 Chemical Analysis SEM Analysis
(h) (g·L−1 NaCl) (MPa)

First Set of Experiments

cp0.5-t1 15.0 0.5 3.3 OK OK
cp0.5-t2 45.7 0.5 3.3 OK OK
cp0.5-t3 73.0 0.5 3.3 OK OK
cp0.5-t4 106.4 0.5 3.3 - OK
cp0.5-t5 127.8 0.5 3.3 OK OK
cp10-t1 45.0 10 3.3 OK OK
cp30-t1 15.0 30 3.3 - OK
cp30-t2 45.9 30 3.3 OK OK
cp30-t3 73.1 30 3.3 OK OK
cp30-t4 126.4 30 3.3 OK OK

Second Set of Experiments

cp30LC-t1 25.1 30 1.8 - OK
cp30LC-t2 44.2 30 1.8 - OK
cp30LC-t3 66.3 30 1.8 - OK
cp30LC-t4 100.5 30 1.8 - OK
cp30LC-t5 160.5 30 1.8 - OK

For the first set of experiments, three different input solutions were used. The three CO2-free
solutions were amorphous silica (chalcedony) and carbonate equilibrated solutions (pH ≈ 7.6–8
± 0.1) at reservoir conditions (P = 12 MPa and T = 60 ◦C), with different salinities of 0.5, 10, and
30 g·L−1 of NaCl corresponding to ionic strength (I) values of 0.01, 0.18, and 0.53, respectively (Table 2).
Solutions were prepared by adding appropriate amounts of reagents NaCl, CaCO3, MgCl2·6H2O, and
NaHCO3 to Mont Roucous water (bottle drinking water of composition: 3.1 ppm of Na+, 2.4 ppm
of Ca2+, 0.5 ppm of Mg2+, 0.4 ppm of K+, 3.0 ppm of Cl−, 2.0 ppm of SO4

2−, 3.0 ppm of NO3−, 6.3
ppm of HCO3

−, and 8.2 ppm of silica). Then, the CO2-free solutions were mixed with pure CO2 in
the experimental bench in order to reach a CO2 concentration of 4.41 × 10−1 mol·L−1 (pCO2 of 3.3
MPa). Relationship between CO2 partial pressure and aqueous CO2 concentration, as well as pH
and saturation state of the CO2-rich solutions under the experimental conditions were calculated
using PhreeqC [25] (Table 2). The portlandite (CH) and calcium silicate hydrate (CSH) equilibrium
constants [28] were added to the PhreeqC database to calculate the corresponding saturation indexes.
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Table 2. Composition of the input solutions: (a) ionic concentration (from ICP-OES and IC) and
calculated pH, ionic strength (I) and saturation index (SI) of the CO2-free input solutions and (b)
calculated pH, CO2 concentration, pCO2, and saturation index (SI) of the CO2-rich solutions (reaction
conditions).

Input Solution
Set of Experiments First Set Second Set
NaCl g·L−1 0.5 10 30

(a) T = 60 ◦C, P = 12 MPa
pH 8.02 7.68 7.64 7.77
I 0.01 0.18 0.53 0.52
Na ppm 204.5 3977.3 12,226.1 11,604.4
Cl ppm 326.3 6119.2 18,786.5 17,933.1
Ca ppm 17.6 21.3
Mg ppm 7.3 -
K ppm 0.4 -
Si ppm 3.8 -
S(6) ppm 0.7 -
N(5) ppm 0.7 -

(b) T = 60 ◦C, P = 12 MPa + CO2
pH 3.68 3.77 3.95 3.42
CO2 mol·L−1 0.44 0.23
pCO2 MPa 3.31 1.81
SI-CH −16.47 −16.61 −16.39 −17.34
SI-CSH −23.42 −23.61 −23.21 −39.22

For the second set of experiments, one unique input solution was used. The CO2-free solution was
prepared by adding 30 g·L−1 of NaCl and 5.9 × 10−2 gr of CaCl2 to MilliQ water. Then, the CO2-free
solution was mixed with pure CO2 in the experimental bench in order to reach a CO2 concentration of
2.33 × 10−1 mol·L−1 (pCO2 of 1.8 MPa) (Table 2).

Before the experiments, cement discs were saturated in cement-equilibrated water at alkaline pH
(12.7 ± 0.1) and with the salinity corresponding to the injected water (i.e., 0.5, 10, or 30 g·L−1 of NaCl).
The cement-equilibrated water was prepared by mixing deionized water with the corresponding NaCl
concentration, and an excess of crushed cement for two months, and filtering the resulting solution
with a 0.2 µm pore size filter.

During the experiments output solutions were collected for chemical analysis of major ions
(Ca, Si, Mg, Fe, Al, and Na) by means of inductively coupled plasma optical emission spectroscopy
(ICP-OES) for experiments with input salinities equal to 0.5 and 10 g·L−1 of NaCl, and by using ionic
chromatography (IC) for experiments run with the greatest input salinity (30 g·L−1 of NaCl). High
salinity provoked notable ionization interferences in the ICP-OES measurements that prevented the
use of this technique to analyze high salinity solutions. Validation tests using diluted solutions were
performed to verify the correspondence between ICP-OES and IC results. The ICP-OES analysis was
performed using a Thermo iCap 7400 duo torch spectrometer, and the IC analysis was completed
using a Dionex ICS-1000 chromatograph. Chemical analysis of the output solution enabled us to build
reaction product breakthrough curves as a function of the elapsed time. The error ε(∆Cj) in the change
of concentration of element j (∆Cj = Cj(out) − Cj(in)) was estimated using the Gaussian error propagation
method [29], taking into account that the analytical error was 2%.

Reacted samples were cut in two halves through a section perpendicular to flow located at 2.5 mm
from the inlet. Thereafter, a polishing of the upper fragment was made to map structural and chemical
changes in the reacted sample by means of environmental scanning electron microscope provisioned
with an energy dispersive X-ray spectroscopy detector (ESEM-EDS; FEI Quanta 200 FEG instrument).
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3. Results

3.1. Changes in Fluid Chemistry

Figure 2 displays the variation in Ca and Si concentration over elapsed time for the first set of
experiments except for experiments cp0.5-t4 and cp30-t1 because the corresponding chemical analyses
were unreliable due to technical problems. The output Ca and Si concentration values are always
higher than the input ones (∆Ca > 0 and ∆Si > 0) for all the experiments; ∆Ca values being about one
order of magnitude higher than ∆Si values. The Ca released is very high at the early stage followed by
a gradual decrease in concentration up to t = 40 h. For t > 40 h, ∆Ca reaches steady state at a value
14 ppm for experiments at low salinity (0.5 g·L−1 of NaCl) and at a value of 25 ppm for experiments
at high salinity (30 g·L−1 of NaCl) (Figure 2a). The concentration of Si released shows little variation
with time in most of the experiments except for the first 5 h of experiment where slightly higher Si
concentrations were observed (Figure 2b). The ∆Si versus t curves display similar between experiments
performed at different salinity.
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Figure 2. ∆Ca (a) and ∆Si (b) changes versus elapsed time for the first set of percolation experiments
performed at 0.5 g·L−1 NaCl (in blue), 10 g·L−1 NaCl (in orange) and 30 g·L−1 NaCl (in green). Labels
of the experiments in (a) are coded by ionic strength and elapsed time.

The Mg released follows the same trend as the Ca released; ∆Mg is always positive (∆Mg > 0)
and it decreases progressively during the first 40 h up to reach steady state at a value of 0.15 ppm.
The existence of equivalent Ca and Mg breakthrough curves suggested that Mg substituted Ca in the
non-reacted cement matrix. ∆Fe is small and constant; ∆Fe ≈ 0.1 ppm. For aluminum, the values of
∆Al are always below the detection limit (i.e., lower than 0.01 ppm).

Figure 2 allows inferring the good reproducibility of the experiment, particularly at low salinity
owing to the less important associated analytical error.

The two main hydration products forming the cement samples are calcium hydroxide (Ca(OH)2)
or portlandite (CH) and calcium-silicate-hydrate (CSH). Ca(OH)2 is a crystalline material and
represents roughly 15% to 20% of the hydrated cement. CSH is a semi-amorphous (micro-crystalline)
material that comprises approximately 70% of the hydrated cement and it is the principal binding
material [14]. CSH is characterized by a variable composition (wide range of Ca/Si ratios) and a
marked incongruent solubility behavior. The Ca/Si ratio of CSH from fresh hydrated Portland cement
is about 1.8 [30,31]. Degradation tends to lower the Ca/Si ratio, due to incongruent dissolution
(preferential release of Ca compared to Si) [32].
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The first step of the cement degradation mechanism by the acidic CO2-rich solution is the
dissolution of the cement bearing phases, especially the portlandite (CH). Note that portlandite
dissolves much faster than CSH, given that the portlandite dissolution rate is four orders of magnitude
greater than CSH dissolution rate [33,34]. The dissolution of portlandite consumes H+ (pH raises) and
produces free Ca2+ ions. The remaining material is the CSH fraction of the cement, which displays
high porosity. The calcium released from dissolution will react with the carbonate ions present in
the CO2-rich solution to form calcite (CAL) that occupies a fraction of the high porosity of the CSH.
As the process evolves, the pH profile changes and the side of the calcite layer exposed to the low
pH is dissolved. This fact leads to the removal of a large amount of calcium from the altered zone
of the cement sample and to the formation of a high porosity and thus high diffusivity, and layer of
CSH which is directly exposed to the incoming (low pH) fluid. This layer is rapidly converted into
amorphous silica gel following an incongruent dissolution process.

The Ca and Si mass balance equations corresponding to the reactions discussed above are:

Caout − Cain = Cadiss−CH + Cadiss−CSH − Cappt−CAL + Cadiss−CAL (1)

Siout − Siin = Sidiss−CSH (2)

where Cadiss-CH and Cadiss-CSH are the amount of Ca added to the solution from CH and CSH dissolution,
respectively, Cadiss-CAL is the amount of Ca released from the dissolution of neo-formed calcite, Cappt-CAL
is the amount of Ca consumed due to calcite precipitation, and Sidiss-CSH is the amount of Si added to
the solution due to CSH incongruent dissolution.

Based on the Ca mass balance equation, positive ∆Ca values obtained from chemical analysis
(Figure 2a) denotes that the dissolution processes were dominant. Increasing the salinity of the input
solution the amount of Ca released increased (Figure 2a; when steady state was reached, the Ca released
increased from 14 to 25 ppm when salinity was increased from 0.5 to 30 g·L−1 of NaCl), indicating
either more dissolution and/or less precipitation of the minerals involved. The simple mass balance
equation for Si indicates that the measured positive values of ∆Si obtained from chemical analysis
(Figure 2b) come from CSH dissolution, which is scarcely affected by the salinity of the input water.

3.2. Characterization of Cement Alteration

The combination of the chemical reactions triggers the development of different alteration layers
in the reacted cement samples (Figure 3a). ESEM images and chemical profiles (EDS) allow identifying
and mapping these layers and the associated reaction fronts that are similar to those previously
observed by other authors (e.g., [23,35]). Starting from the centered hole that corresponds to the
boundary condition in terms of reactant renewing, the first alteration layer developed (noted as B) is a
high porosity silica-rich layer very poor in Ca content. This layer displays cracks, perpendicular to the
flow direction, that are formed by dehydration during the drying of the sample after being removed
from the experimental confinement cell. These desiccation features highlight the high water content
(high porosity) of the silica-rich layer. This layer is formed from the acid alteration of the CSH. The next
alteration layer (notes as C) is a Ca and C rich layer with low porosity compared to the initial porosity
of the unreacted cement. This layer denotes the extension of the neo-formed calcite that precipitates
due to the Ca released by the CH and CSH dissolution and the carbonate from the CO2-rich solution.
The last alteration layer (noted as D) denotes the portlandite-depleted layer and is characterized by
an intermediate Ca content. Its porosity is higher than the porosity of the unreacted cement and the
calcite layer but lower than the porosity of the amorphous silica-rich layer.
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Figure 3. (a) Close-up ESEM image showing the alteration layers in a reacted cement sample, (b) ESEM
image displaying the measured distances (dotted arrows; a, b, c and d) and calculated values of reaction
front thickness (plain arrows; Bth, Cth and Dth) and spreading distances (plain arrows; Bsd, Csd and Dsd),
and (c) equations used to calculate reaction front thickness and spreading distances.

ESEM images allow accurately measuring the reaction front location. Figure 3b shows the
calculated thickness (Bth, Cth, and Dth) and spreading distances (Bsd, Csd, and Dsd) of the different
reaction fronts. The spreading distance of each front is considered to be the length between the hole-B
layer interface and the middle of the corresponding layer. Figure 3c displays the equations used to
calculate the reaction front thickness and spreading distance. Values of a, b, c, and d are the average of
four measurements performed to each quarter of the sample.

The analysis of the ESEM images enables identifying dissolution/precipitation patterns that
evolved differently depending on the experimental conditions. Table 3 shows the thickness and the
spreading distance of the reaction layers developed for both sets of experiments. Figure 4 shows the
ESEM images of the reacted cement samples for the first set of experiments (experiments performed
for three different salinity values). The evolution of the reaction fronts as a function of time (from
left to right) and salinity content (from top to bottom) is displayed in the figure. The main visual
difference between the reacted cement samples is the presence of the alteration layer D, i.e., the
portlandite-depleted layer which is well developed for the highest salinity experiments (30 g·L−1 of
NaCl), whereas it is barely visible for the experiment performed at intermediate salinity (10 g·L−1 of
NaCl), but undetectable for the experiments at low salinity (0.5 g·L−1 of NaCl) (Figure 4). Another
difference in the alteration of cement depending on the salinity content that can be inferred from
the ESEM images is the width of the calcite layer (layer C); this layer is wider for the experiments
performed at low salinity (0.5 g·L−1 of NaCl) than for those run at high salinity (30 g·L−1 of NaCl).
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Table 3. Thickness (Bth, Cth, and Dth) and spreading distance (Bsd, Csd, and Dsd) of the reaction fronts
calculated from the ESEM images of the reacted cement samples. All distances are in mm.

Reaction Layers
Experiment Label B C D

Silica-rich Calcite Portlandite-depleted
Bth Bsd Cth Csd Dth Dsd

(mm)
First Set of Experiments

cp0.5-t1 0.21 0.11 0.08 0.25 - -
cp0.5-t2 0.34 0.17 0.12 0.41 - -
cp0.5-t3 0.46 0.23 0.14 0.53 - -
cp0.5-t4 0.51 0.26 0.18 0.60 - -
cp0.5-t5 0.58 0.29 0.18 0.67 - -
cp10-t1 0.37 0.18 0.10 0.41 0.09 0.51
cp30-t1 0.23 0.09 0.08 0.27 0.14 0.38
cp30-t2 0.38 0.19 0.10 0.42 0.23 0.59
cp30-t3 0.40 0.20 0.11 0.46 0.34 0.68
cp30-t4 0.51 0.26 0.14 0.58 0.39 0.85

Second Set of Experiments
cp30LC-t1 0.16 0.04 0.08 0.17 0.16 0.29
cp30LC-t2 0.23 0.09 0.08 0.27 0.26 0.42
cp30LC-t3 0.23 0.12 0.14 0.30 0.31 0.53
cp30LC-t4 0.28 0.14 0.14 0.35 0.29 0.56
cp30LC-t5 0.43 0.22 0.15 0.51 0.53 0.85
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Figure 4. ESEM images displaying the reaction fronts observed in the reacted cement samples
corresponding to the first set of experiments.

Figure 5 compares the cement alteration after ≈ 70 h for two experiments performed at different
CO2 concentrations (comparison of experiments cp30-t3 and cp30LC-t3). The three alteration layers
are visible in both cases, but larger thickness of the layers is obtained for experiments at high
CO2 concentration.
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Figure 5. ESEM images that compare the cement alteration after ≈ 70 h of experiment for two
experiments performed at different CO2 concentration (experiments cp30-t3 (a) and cp30LC-t3 (b)).

4. Discussion

The chemical analysis of the output solutions and the reaction front characterization obtained by
means of the ESEM measurements were both used to evaluate the effect of the ionic strength and the
CO2 concentration on the degradation of the cement bearing phases. Figure 6 compares the reaction
front spreading distances and the thickness of the fronts for experiments performed at different salinity
(Figure 6a) and CO2 concentration (Figure 6b). In order to easily compare the different degree of
cement alteration obtained, in the experiments, a schematic view of the reaction front distribution is
presented on the right side of Figure 6.

The effect of the ionic strength on the cement degradation was evaluated by comparing the
experimental results of the first set of experiments (different salinity). Chemical results showed that
the amount of Ca released was higher for experiments run at high salinity than for those performed
at low salinity (Figure 2a). The higher Ca released can result from either more active dissolution of
the cement bearing phases, more dissolution of the neo-formed calcite or less precipitation of calcite
(based on Ca mass balance equation). The latter hypothesis was discarded because it contradicts the
results obtained by several authors that reported that calcite precipitation rate increases with increasing
the ionic strength (e.g., [36,37]). The effect of the ionic strength on the dissolution rate of the cement
bearing phases (CH and CSH) has been scarcely studied. Galan et al., 2011 [38] is one of the few studies
that evaluate the effect of the ionic strength on CH dissolution. The authors reported that an increase
in ionic strength promotes CH dissolution. Accordingly, this could be a plausible explanation for the
experimental results obtained in this study; the higher the salinity the greater the measured Ca released.
Regarding CSH dissolution, the similar changes in the Si concentration obtained for the experiments
performed at different salinity (Figure 2b) indicate that CSH dissolution is not measurably affected
by the ionic strength. The increase of CH dissolution at high salinity can also be noticed in the ESEM
images; the CH dissolution layer D (i.e., the CH-depleted layer) can only be observed for high salinity
experiments whereas it is overlapped by the calcite layer for the low salinity experiments (see scheme
in Figure 6a). Thus, it can be postulated that, for a given experience duration, the CH-depleted layer is
located at a larger distance from the hole at high salinity compared to that observed at low salinity.

While calcite precipitation rate is expected to be higher under high salinity conditions, ESEM
images of the reacted cement samples showed wider calcite layers for the experiments performed at
low salinity, suggesting a higher volume of precipitated calcite (Figure 4).
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Figure 6. Salinity (a) and pCO2 (b) effect on the distribution and dimension of the reaction fronts in the
reacted cement samples.

As mentioned above, the calcite layer observed at a given elapsed time is the result of the
concurrent (a) precipitation of calcite, at the foremost of the layer, from the Ca released by the
CH dissolution and the carbonate from the CO2-rich brine in circumneutral pH conditions, and
(b) re-dissolution of this calcite at the hindmost of the layer were pH is low. Thus, the apparent
inconsistency between the amount of precipitated calcite and the salinity condition results from the
position of the calcite layer that is constrained by the distance of the CH-depleted layer from the hole
and the CH dissolution rate. At high salinity, the CH-depleted layer (D layer) is far away from the
calcite layer (C layer) (see scheme in Figure 6a), and thus the acid solution, diffusing from the hole, is
not pH-buffered by the CH dissolution at the location of the calcite layer and the dissolution of the
neo-formed calcite is more efficient. In other words, although the precipitation and the dissolution
of the neo-formed calcite are both supposedly more effective at high salinity, the dissolution reaction
controls the effective volume of calcite in place at a given elapsed time.

The experimental results of the first set of experiments show that the distance of altered cement for
a given elapsed time was higher at high salinity than at low salinity. Indeed, after 127 h, the distance
of altered cement for the experiment at high salinity (cp30-t4) is 1.04 mm (resulted from the addition of
0.51 (Bth) + 0.14 (Cth) + 0.39 (Dth)), whereas this distance for the experiment at low salinity (cp0.5-t5) is
0.76 mm (resulted from the addition of 0.58 (Bth) + 0.18 (Cth)). Thus, this fact indicates that the ionic
strength can noticeably modify the spreading distance of the CH-depleted alteration layer; in fact,
the calcite precipitation front (C) and the CH-depleted front (D) are superposed at low salinity while
they are clearly juxtaposed at high salinity. However, the spreading distances of the alteration layers
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B and C are similar at different salinities. This issue should be considered when analyzing results of
other studies related to cement alteration performed with low salinity solutions (e.g., [18]).

The effect of the CO2 concentration on the cement degradation was performed by comparing
experiments at high salinity but different CO2 concentration (i.e., second set of experiments and
experiments of the first set performed at high salinity). The relative distribution of the different altered
layers was not deeply modified by the presence of higher CO2 concentration but differences related
to the thickness of the layers were observed: (a) Experiments performed at high pCO2 developed
wider silica-rich layers than experiments at low pCO2, and (b) the area of altered cement was larger in
experiments at high pCO2 (higher reaction front spreading distances for experiments at high pCO2

than at low pCO2; Figure 6b). The results regarding the thickness of the fronts (Figure 6) indicate
that the thickness of the calcite layer (C), which is the result of both precipitation and dissolution,
increases less (with time) than the thickness of the other two fronts (B and D). It is worth noticing that
the pH value for the high carbon solution (high pCO2) was slightly higher than that for the low carbon
solution (see Table 2) given that bicarbonate was used to equilibrate the CO2-free solution with respect
to calcite and dolomite only in the high pCO2 solution. However, higher reactivity and reaction front
spreading distances were obtained at high pCO2 because the parameter that controls the reactivity is
the CO2 concentration. The carbonic acid is a weak acid that acts as a buffer and dissociates gradually,
thus maintaining the efficient reactivity (low pH) of the system during a long time.

5. Summary and Conclusions

This paper presents a new experimental methodology designed to produce time-resolved data for
both the spatially distributed mass transfers inside the cement body and the exchanged mass at the
boundary. As such, this experimental methodology allows for the producing of spatiotemporal
quantification of the mass exchanges required for performing pertinent parameter estimation
calculations and for deriving the effective kinetic coefficients needed for long-term predictive modeling.

The geometry of the experiment mimics the alteration expected in fractured cement or hydraulic
discontinuities at the cement-casing interface which are, for instance, configurations that can lead to
strong alteration of the cement associated with an increase of the effective hydraulic radius of the
fracture [23].

The experiments focused on studying the effect of the brine salinity and the CO2 partial pressure
on the cement degradation. The results emphasized that both the brine salinity and pCO2 are
noticeably controlling the mass exchanges associated with the cement alteration and thus the alteration
dynamics. High salinity triggers more portlandite dissolution, thinner carbonate layers, and larger
alteration areas than those at low salinity. These features that are accompanied with different alteration
patterns (different spatial distribution of the alteration layers) result from a complex interplay between
dissolution and precipitation mechanisms. Conversely, the effect of the pCO2 is more intuitive:
Increasing pCO2 results in increasing the overall alteration rate without modifying the relative
distribution of the reaction fronts.

The experimental approach allows quantifying the velocity of the alteration front from the
geometry of the alteration layers imaged at different elapsed times (Table 3).

The velocity values vc calculated for the calcite front (vc(t) = ∂Csd/∂t) for the different salinity and
pCO2 experiments do not show any decrease with time, as it could be expected for a constant diffusion
model. At the opposite, vc(t) is almost constant or displays a slight increase with time (Figure 6).
This fact stresses the strong control of the increase of the effective diffusion caused by the increase of
porosity associated with the overall leaching of the cement material despite the presence of the low
diffusion calcite layer.

The overall alteration rate is mainly controlled by the rate of Portlandite dissolution that is
quantifiable by the extension of the dissolution layer D. The dissolution of the Portlandite is strongly
controlled by the effective diffusion of the entire alteration zone, which is given by the harmonic
average of the product of the diffusion coefficient by the thickness of each of the alteration layers.
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The calcite layer displays the lowest diffusion coefficient and thus should have a major impact
on the harmonic average. However, the results indicate that the thickness of the calcite layer, which
is the result of both precipitation and dissolution, increases less than the silica-rich layer (Figure 6).
As a result, the contribution of the calcite layer decreases with time and the overall diffusivity of the
altered zone does not change noticeably. This is a major result of this study and must be considered as
an important issue when comparing dynamic experiments displaying high rate of renewing of the
reactants with batch reactor experiments for which the precipitated carbonates are usually reported as
the main cause of the decrease of the bulk cement diffusivity.

The non-decreasing nature of vc(t) suggests that the alteration features should continue for a long
period of time and at a similar rate for such geometrical configuration. The results indicate that the
velocity of the total alteration front ranges from about one to 1.5 mm per week depending on pCO2

and salinity values, which suggests the possibility of important loss of mass of years. Yet, it is worth
noticing that the experiment is mimicking a two-dimensional problem, i.e. that the decrease of the
reactivity (CO2 activity) along the length of a field-scale fracture is not directly quantified. Reliable
extrapolations to real fracture geometries and long times require tridimensional numerical modeling.
Nevertheless, it can be postulated that high reactivity along long distances can occur since (a) natural
fractures can accommodate large flow rate caused by large pressure gradient between the reservoir and
the overlying aquifers, and (b) the source of reactant in the case of leaky reservoir is potentially infinite.
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