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Abstract: In the framework of CO, geological storage, one of the critical points leading to possible
important CO, leakage is the behaviour of the different interfaces between the rocks and the
injection wells. This paper discussed the results from an experimental modelling of the evolution of
a caprock/cement interface under high pressure and temperature conditions. Batch experiments were
performed with a caprock (Callovo-Oxfordian claystone of the Paris Basin) in contact with a cement
(Portland class G) in the presence of supercritical CO, under dry or wet conditions. The mineralogical
and mechanical evolution of the caprock, the Portland cement, and their interface submitted to the
attack of carbonic acid either supercritical or dissolved in a saline water under geological conditions
of pressure and temperature. This model should help to better understand the behaviour of interfaces
in the proximal zone at the injection site and to prevent risks of leakage from this critical part
of injection wells. After one month of ageing at 80 °C under 100 bar of CO; pressure, the caprock,
the cement, and the interface between the caprock and cement are investigated with Scanning Electron
Microscopy (SEM) and cathodoluminescence (CL). The main results reveal (i) the influence of the
alteration conditions: with dry CO,, the carbonation of the cement is more extended than under wet
conditions; (ii) successive phases of carbonate precipitation (calcite and aragonite) responsible for the
loss of mechanical cohesion of the interfaces; (iii) the mineralogical and chemical evolution of the
cement which undergoes successive phases of carbonation and leaching; (iv) the limited reactivity of
the clayey caprock despite the acidic attack of CO,; and (v) the influence of water on the transport
mechanisms of dissolved species and thus on the location of mineral precipitations.

Keywords: CO; storage; Portland cement; clays; caprock; interface; well integrity; high-pressure
experiment

1. Introduction

Under CO, storage conditions at temperatures from around 25 to 150 °C and pressures from
around 80 to 400 bar, the behaviour of the different materials used in a CO, geological storage site
is a key factor to consider for safe sequestration. Risks of leakage are considered to be more likely
located at the interface between well materials and rocks, of both reservoirs and caprocks [1]. Cement
used adjacent to the casing of injection wells is known as a critical material because of its chemical
reactivity, especially with CO,, leading to its carbonation. Many studies focused on well cement
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reactivity are available in the literature. Some of them describe samples collected from real CO,
storage sites (e.g., [2-4]). These studies show that despite the strong reactivity of the cement phase,
its integrity is preserved and prevents the CO, from migrating through the casing up to the atmosphere.
A second type of studies is devoted to experimental simulations (e.g., [5-8]). Samples of cement are
aged under high CO, pressure and at different temperatures. Some studies focus on cement/rock
interfaces, with the rock being sandstones (e.g., [9-11] Cao, Walsh, Mito), basalts (e.g., [12] Jung),
shales (e.g., [4,13]), siltstones (e.g., [14] Newell), or claystones (e.g., [15] Manceau).

As observed in physical case studies, experimental modelling with cement samples shows
the same phenomenon of calcium-silicate-hydrate (C-5-H) dissolution/carbonation involving the
formation of moving reactive fronts (e.g., [16,17]) and carbonation. Despite the introduction of CO,
resistant cement [18], which results in the disappearance of an alteration front that may impair its
mechanical integrity, the cement carbonation still remains the main concern of the scientific community.
One possibility is the cement mainly fracturing at the interface with well materials or rocks (caprock
and reservoir rock), which could allow a migration of the CO, toward the atmosphere. Angeli et al. [19]
experimentally reproduced CO, flow through the Draupne Formation (Upper Jurassic of the Northern
North Sea) and highlighted the re-opening of microfractures, allowing the CO; migration along
high-permeability pathways. Similar results were obtained from the numerical study by Rutqvist and
Tsang [20]. Moreover, in order to predict the evolution of storage sites over extended scales of time
and space, these experimental simulations are essential to provide data for the validation of numerical
simulations (e.g., [21,22]). Unfortunately, most of the existing papers are focused on the integrity of
one material only, cement or rock, or do not consider the mechanical effects of cement transformation.
However, the interfaces between the different materials which comprise a CO; storage system represent
a physico-chemical area of weakness. Wigand et al. [23] studied the assemblage of fractured cement
and powdered shale in the presence of supercritical CO, (54 °C and 199 bar) and then highlighted
the absence of significant reactions at the cement/caprock interface. Duguid [24] showed the strong
chemical reactivity of the cement/sandstone interface, but in this experiment, no fracturing or any other
physical impairment was observed. The lack of studies concerning the behaviour of interfaces in CO,
storage site conditions led us to develop an original designed batch experiment at the GeoRessources
laboratory (Université de Lorraine, France). In this study, the reactivity between the caprock and
cement was carried out under dry conditions or with an aqueous solution. A petrographic study
of rock, cement, and their interfaces using cathodoluminsecence and Scanning Electron Microscopy
observations was carried out to follow the mechanical and mineralogical evolution of the interface
due to mineral transformations. In particular, different phases of carbonation were highlighted and
a chronology of the cement impairment was established.

2. Materials and Methods

In order to study the behaviour of the cement/caprock interface, original batch experiments were
designed. The clayey rock of a Callovo-Oxfordian age (COX) was selected to represent the caprock in
this experiment. This geological stratum is intensively studied within the framework of the geological
storage of nuclear waste in France (ANDRA; e.g., [25-27]). XRD analyses of the Callovo—Oxfordian
clay rock reveal a dominant argillaceous phase (45% illite and interstratified illite/smectite), a calcium
carbonate phase, mainly calcite (25%), and a siliciclastic phase, mostly quartz (25%). Other phases
(feldspar, pyrite) and organic matter have been observed, but in mass quantities of less than a few
percent [28]. The cement studied is class G Portland cement and was prepared according to the API-ISO
10426 A norm (349 £ 0.5 g of water mixed with 792 =+ 0.5 g of cement). This cement is classically used
in the petroleum industry and is also the subject of several works on the geological storage of CO,
(see for example [29]). The hydrated cement is mainly composed of residual bi/tri calcic silicate (C2S,
C35), portlandite (Ca(OH);), and a fibrous matrix of calcium silicate hydrated (CSH), which confers its
mechanical properties. The samples were prepared according to the following protocol. Firstly, a piece
of caprock (25 x 17 x 10 mm) was placed in the middle of a silicone mold (35 x 30 x 20, Figure 1).
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The caprock was previously hydrated for one hour with deionized water in order to prevent cement
fracturing during the drying phase. Then, the cement paste was added to fill the mold. The samples
were set for 24 h at ambient temperature and finally were removed from the mold.

Materials Cement adjonction Removing from
the mold

24 hours drying

Figure 1. Schematic describing the different steps for the sample preparation (measures are in mm).

The samples were then placed vertically into a 250 mL reactor (Figure 2). The first step of the
experiment was curing the samples for seven days in an aqueous solution composed of deionized water
with 30 g-L~! of NaCl. The cure consists of the hydration of the samples in the ageing conditions of
pressure and temperature (100 bar and 80 °C). At the end of the cure, the reactor was depressurized and
one sample was removed (as a blank sample). The reactor was re-pressurized at 100 bar and re-heated
at 80 °C, and the ageing lasted for 30 days. During the cure and ageing processes, temperature was
regulated but pressure was only monitored. The experiments were carried out with and without the
aqueous solution (Figure 3), and with CO, or N (selected as an inert gas). Samples aged with N, were
compared to samples aged in the presence of CO;. In total, eight samples were tested and analyzed.
During the cure, the W/R ratio (ratio between the mass of water and the total mass of solid: cement
paste + caprock) ranged from 1.66 to 1.95 and varied between 1.88 and 2.34 during the ageing.

Confining pressure

EL
b

Reactor temperature
controller

Thermocouple

CO; injection

Pressure relieving

Heater band

Reactor (750 mL)

Samples

Figure 2. Batch autoclave used for experiments.
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Na(g) COy(sc) OF Ny

Saline solution Saline solution

CURE AGEING

Figure 3. Experimental protocol. On the left side, cure conditions: the samples are completely immersed
in the saline solution with an N, gas cap. On the right side, after the cure, one sample is removed from
the reactor for the initial state study and the remaining samples are aged either under dry conditions
or with a saline solution. The gases are N, (blank experiment) and CO5.

3. Analytical Protocol

3.1. Pressure and Temperature Monitoring

In a closed reactor, temperature and pressure are strongly linked, and their variations often
indicate that a chemical reaction is occurring. The main reactions which could occur in the reactor
and that could influence the total pressure of the system are CO, solubilisation (Equation (1)), and,
as a function of pH conditions, its dissociation in carbonic acid and bicarbonate ions (Equations (2) and
(3) respectively), the dissociation of bicarbonate ions in carbonate ions (Equation (4)), and carbonate
precipitation (Equations (5) and (6)). In order to follow these reactions and the potential mineralogical
changes, the pressure and the temperature in the reactor were recorded continuously for the entire
duration of the experiments, with a step of 3 min. The temperature was also regulated over the entire
course of the experiment.

COx(g) = CO2aq) @

COxag) + H20(aq) = H2CO3(aq) @
H,CO3(,q) = H* + HCO3~ ®3)
HCO;~ =H* + CO3%2~ (4)
CaCOjs) + HY = Ca®* + HCO; ™~ (5)
CaCOs() = CO5%~ + Ca** (6)

3.2. Mass Balance

A mass balance was calculated for each sample before and after ageing in order to estimate the
influence of the mineralogical transformation of the system. The mass of the samples aged in the
presence of N, was measured and compared with the mass of the samples aged in the presence of
CO,. Two weighing procedures were carried out: the first 24 h after the sample was prepared and
set at room temperature, and the second at the end of the experiment and after drying at ambient
temperature for 24 h. Weighing was performed on a weigh scale with an error of 0.01 g.

3.3. Petrography

A petrographic study was carried out on the samples to highlight mineralogical and
morphological transformations. A Scanning Electron Microscopy (SEM) study was carried out on
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fresh samples and on polished surfaces (after epoxy resin impregnation). The back scattered electron
(BSE) mode was used to study the polished surface of samples. The equipment used was a HITACHI
S-4800 SEM with a field effect (SCMEM GeoRessources Laboratory, Université de Lorraine, France).
Images were acquired with a voltage of 10 to 15 kV.

A cathodoluminescence microscopy study of samples aged with CO, allows monitoring of
the crystallisation phases of carbonates. The microscope used was an Olympus BX50 with a Zeiss®

Axio CAM MRC image acquisition system. Images were acquired with a 500 pA gun current and
a 15 kV voltage.

4. Results

4.1. Pressure and Temperature Monitoring

The pressure and temperature monitored during the entire duration of the experiment are the
first available data (Figure 4). These two parameters allow, in the batch experiment, to visualize
any significant chemical change in the reactor. For each experiment (N, with and without solution,
CO, with and without solution), the temperatures are constant at 80 °C. Concerning the N, experiments,
after a rapid pressure decrease, the system reaches an equilibrium state. The decrease of the initial
pressure is 3 bar with aqueous solution, and 1 bar without solution. Concerning the ageing with
CO, with and without aqueous solution, the decrease of the pressure is more important. It is 9 bar
with solution and 6 bar without solution. The pressure decrease is faster during the first hours of the
experiment, and then it slows down. The decrease is continuous for the experiment with solution but
the pressure reaches a sill after 200 h for the experiment with dry CO,.
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Figure 4. Pressure (black line) and temperature (red line) monitoring. (Left): N, experiments.
(Right): CO, experiments.

4.2. Petrography

4.2.1. Observations at the Macroscopic Scale

Observations at the macroscopic scale (Figure 5) reveal the strong fracturing of the samples aged
with CO,, whereas the samples aged with N, seem to be preserved. The fracturing should not be due
to decompression due to degassing since samples aged with N; are intact. For experiments with Ny,
the aspect of samples after aging is comparable with or without aqueous solution. Small white crystals
have grown on the cement surface. A weak fracturing is also visible on the corner of the cement sheath.
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Concerning the samples aged with CO;, observations show that the cement has turned to an orange to
brown colour. The sample aged in the aqueous solution is strongly fractured and the cracking affects
both rock and cement. This fracturing leads to the fragmentation of the sample. In the presence of dry
COx(sc), the sample is also strongly fractured but it essentially affects the cement part.

Before exp. Cure

mevenpiy

lcm

Figure 5. Macroscopic view of the samples after the experiment. Before the experiment, after the cure,
with only dry gases (g and sc) and with the presence of aqueous solution (aq).

4.2.2. Observations at the Microscopic Scale

Polished cross-sections were prepared to observe the internal part of the samples, especially the
interface between the caprock (COX) and cement. Samples aged with N, were observed with SEM,
while samples aged with CO, were observed with both SEM and cathodoluminescence (CL) devices.
Observations of the interface between COX and cement reveal a good mechanical cohesion of the
interface for N, experiments (Figure 6). For CO, experiments, the interface is open and crystallization
is observed for experiments with and without aqueous solution.
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Figure 6. SEM observations of the cement/caprock (COX) interface (back-scattered electrons).

(a) N3 + solution experiment; (b) CO; + solution experiment; (c) dry COys) experiment.

For the experiment with CO, and solution (Figure 6b), carbonate crystals precipitated in the
fracture at the interface. It is important to notice that these crystals grow on both cement and COX
sides. The size of carbonate crystals ranges from 10 to 100 um. In the cement, a front of carbonation
of 100200 pum thick is also characterized by the presence of dark grey phases, which are most likely
leached C2S or C3S grains. Calcium carbonate also precipitated at the rock/cement interface in the
dry CO;(sc) experiment (Figure 6¢). With a size of about 10 pum, these crystals are smaller than those
observed during the experiment with water. But in this configuration, the carbonation of the interface
occurs only on the cement side. A more precise study of carbonation was made with the help of CL
microscopy (Figure 7). Three areas of interest were investigated: (1) the rock/cement interface; (2) the
cracks in the cement; and (3) the external border of the cement which is assumed to be in contact with
CO; throughout the experiment.

Concerning the cement/caprock interface, for the CO, + solution experiment, (Figure 7a,b) SEM
and CL studies highlight (i) the cracks occurring at the interface as well as in the cement sheath;
(if) the carbonation of the cement/caprock interface (orange-red phases on the bottom-left part of the
picture) in the clays and filling micro-cracks in the cement); (iii) the carbonation of the cement phase
(dark part of the cement in CL, around 100-200 pm thick) where leached C2S and C3S give patches
of silica. This zone is complex with different fronts of different densities and chemical composition;
(iv) the precipitation of calcium carbonate crystals on both sides of the crack in the cement (edging
with green luminescence).

For the experiment with dry CO;(sc), the carbonation at the interface caprock/cement (Figure 7c,d)
is comparable to that with solution. The same altered cement front (carbonation + dissolution) is
visible with both SEM and CL but to a larger extent (thickness of 280 pm). The other difference is that
the carbonation only occurs at the cement side of the interface.

In order to better constrain the chronology of the complex evolution of the samples,
the observation was focused on cracks in the cement sheath. Observed carbonation profiles are
similar to those observed on the caprock/cement interface. With the aqueous solution (Figure 7e,f),
the alteration of the cement occurs according to a front (dissolution + carbonation) of about 80 pm
thick. The “red” carbonation phase is not present in the fracture. Only the “green” phase develops
on both sides of the crack. It is of note that the crack opening is larger close to the caprock/cement
interface (left side) than close to the external side of the cement sheath (right side). This can be used
to interpret the direction of the crack propagation. With dry CO;(sc) (Figure 7g,h), the two phases of
carbonation are observed in the cement. The alteration front presents a variable thickness and covers
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a range from 150 pm (right side) to 500 pm (right side). As with the solution, the crack is larger close to
the interface with the caprock.

Figure 7. Comparison between SEM (backscattered electrons) and cathodoluminescence (CL)
observations. (a,b) Observations of cracks at the cement (cem.)/caprock (cap.) interface and in the
cement after ageing with CO, and solution; (¢,d) Observations of the cement/caprock interface after
ageing with dry CO,(sc); (e,f) Observation of a crack in the cement sheath in a sample aged with CO,
and solution; (g,h) Observation of a crack in the cement sheath in a sample aged with dry CO,(sc).

The observation of the external part of the cement directly in contact with either dry CO,(sc) or
CO; + solution gives information on the mechanisms of cement alteration. In particular, measurement
of the alteration front provides constraints on the fracture genesis and on the kinetics of the propagation
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front. Concerning the experiment with aqueous solution (Figure 8a,b), the carbonation front in the
cement is on average 160 um thick. Notice that no “red” carbonates are present from the CL image
observation (Figure 8b). For the experiment with dry COs(sc) (Figure 8c,d) the alteration front is
thicker: 700 to 1000 um. Here, the “red” carbonates are characteristic of the altered cement.

Figure 8. Comparison of observations with SEM (BSE) and CL. External part of the cement sheath in
contact with the gas or the aqueous solution. (a,b) samples aged with CO, + solution; (c,d) samples
aged with dry COz(sc).

4.3. Mass Balance

The carbonation level of samples can be evaluated by a mass balance performed by weighing the
samples before and after the experiment. The initial weight was obtained 24 h after sample preparation
and after exposition at ambient temperature. The final mass was measured 24 h after the end of
experiment, also after drying at ambient temperature. Notice that the remaining amount of water after
drying can vary from one sample to another and has to be considered as the main uncertainty of the
mass balance. The results of weighing, as a percentage of the initial mass for the different samples,
are given in Figure 9. The mean gain of 1.7% for the samples aged with N, + solution is probably due
to the hydration of the sample (cement phases mainly) after one month of the experiment. In contrast,
the mean loss of 1.8% in mass of the samples aged with dry N can be explained by the dehydration
caused by the evaporation of water coming from the porosity of the samples heated at 80°C for one
month. Considering that a fluctuation of about £1.8% can be attributed to hydration/dehydration
phenomena, some significant differences still remain if looking at the mass balance of the samples
aged with CO;. A mean gain of 6.7% in mass for the experiment with the solution and of 8.7% for
the dry experiment indicates the level of cement carbonation. This mass balance confirms that the



Geosciences 2018, 8, 185 10 of 15

carbonation of the samples aged with CO, under dry conditions is more extensive than that with the
aqueous solution.

Saline solution | Dry experiment
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Figure 9. Mass balance of the samples after experiments. Two samples are weighed for each
experimental condition.

5. Discussion

The dissolution of CO, in the system leads to the formation of carbonic acid (Reaction (2)),
which causes the acidification of the environment and its carbonation. The carbonation of the cement is
possible thanks to chemical reactions with calcium-bearing phases, portlandite (Ca(OH);, Reaction (7)),
and calcium silicate hydrates (CSH, Reaction (8)).

Ca(OH), + H* + HCO3~ = CaCOj3 + 2H,0 (7)
CSH + H* + HCO3™~ = CaCOj3 + SiO,, nH,O (8)

From the observation of the cement and of the caprock/cement interface, three main steps
of carbonation occurred in experiments performed with CO,. The different zones are illustrated
in Figure 10 and are in agreement with the literature (e.g., [9]). The numbering of zones is taken
from Sterpenich et al. [7], adapted from Kutchko et al. [16]. The first carbonation phase described
is associated with calcium leaching from the cement, which corresponds to zones Z2 and Z3. Z3 is
the zone at the interface with the fresh cement; it corresponds to a calcium-depleted zone due to
portlandite dissolution and CSH leaching. Z2 is just behind Z3 and is the zone of the first carbonation
(dark zone in CL) among the remaining CSH matrix. It is of note that in this same zone, ghosts of
C2S or C3S replaced by hydrated silica and which can be considered as a source of calcium for the
surrounding carbonates are present. The second phase is represented by the carbonates with a red
to orange luminescence (C1) and widely affects the claystone located close to the caprock/cement
interface. The third phase is represented by the carbonates with the green luminescence (C2) with
an aragonite shape which covers the walls of the cracks. Z1 corresponds to a porous zone and is
the result of a partial dissolution of precipitated carbonates and the dominance of hydrated silica.
The luminescence colours of C1 and C2, red and green, respectively, indicate that C1 is likely calcite,
and C2 aragonite [30,31], which is consistent with other published studies on cement carbonation.
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To sum up, the evolution of the sample follows three main steps. In the first step, a front of
carbonation develops in the cement sheath (Z2 and Z3). The precipitation of carbonates is due to
calcium leaching from CSH and C2S/C3S phases, which combines with aqueous carbonate ions.
The changes in volume in the cement paste due to CSH modification (Ca/Si decreases with leaching)
and to precipitation of carbonate minerals among the cement paste lead to the cracking of the interface.
A second phase of carbonation (C1) grows together with the initial front. The precipitation of carbonate
minerals (calcite and aragonite) plays the role of a calcium pump and increases the leaching of
CSH, thus leading to changes in volume causing fractures to spread. In a third step, aragonite
(C2) covers the two previous fronts of carbonation. The different carbonate generations are directly
linked to the evolution of the solution chemistry, and in particular to the increase of the Mg/Ca
ratio. De Choudens-Sanchez & Gonzales [32] showed that a strong Mg/Ca ratio could lead to the
precipitation of only aragonite crystals. According to these authors, the more the Mg/Ca ratio is high,
the more the solution has to be oversaturated to precipitate calcite. The variations of the Mg/Ca ratios
during the experiment with the CO, + solution are highlighted by Jobard [33]. In his study, he shows
that the periphery of carbonate minerals precipitated in the cracks is enriched in Mg in comparison to
the core of the crystals. The chemical analysis of the solution in a similar experiment carried out by
Jobard [33] also shows that the Mg/Ca increases with time during ageing.

Several fracturing phases were highlighted and occurred at different times. By comparing the
thickness of the alteration front measured on the external border of the cement with the rest of the
sample, it is possible to determine the fracturing chronology. The external border of the cement was in
contact with CO, throughout the experiment, whereas it is assumed that the other parts on the cement
are preserved from alteration before cracking. For the samples aged with CO, + solution, the thickness
of the alteration front in the cement is 200 um at the external border, while it is 160 and 80 um at the
interface with the caprock and in the cement crack, respectively. The mean rate of cement carbonation
can be calculated considering an alteration time of 760 h. The mean rate of alteration is 0.26 pm-h~!,
so, considering linear kinetics of alteration, the interface and the cement crack are supposed to be
exposed to alteration for around 615 and 308 h, respectively. Thus, the interface cracking should occur
after 145 h of alteration, and the cement cracking after 452 h following the CO, injection.

The same calculation concerning the samples aged with dry CO,(sc) gives an alteration rate of
1.2 um-h~! (1000 um for 835 h of alteration), which is 4.5 times faster than for the experiment with
water, producing interface cracking after around 418 h. The cement cracking is more difficult to estimate
because the alteration front is not homogeneous and could indicate a slower fracture propagation.
An alteration front thickness of around 500 um presents cement cracking rather contemporary to that
of the interface.

A strong difference is visible between the samples with dry CO;(sc) or with the solution.
Under dry conditions, the carbonates only precipitate on the cement side of the interface, showing the
importance of the transport mechanisms in mineral precipitation. The penetration of supercritical CO,
in the cement is more efficient than that of dissolved CO, due to the highest CO, concentration in the
COy(sc) experiment, implying a more extended carbonation. In parallel, without aqueous solution,
the transport of ions is limited, especially Mg and Ca, leading to local precipitation, whereas with
aqueous solution, the ions can be transported in the system and carbonation can occur in the caprock
for instance.

The previous calculations support several assumptions, such as the linear kinetics of alteration or
the absence of a diffusion barrier linked to carbonate precipitation [34]. However, they give primary
information about the fracturing genesis in the samples for the two studied conditions. These results
are in agreement with the study of Wigand et al. [23]. The authors suggest a carbonation phase
causing the opening of fracture in the cement, which is then sealed by a second phase of calcite
precipitation locally leading to a partial fracture closing. But the changes in volume of CSH phases due
to Ca leaching also have to be evoked to explain the origin of fracking. The alteration rates reported
in the literature cover a broad range which strongly depends on the experimental set up. Duguid,
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Andac and Glasser, and Barlet-Gouédard et al. [24,35,36] obtained an alteration rate of 0.125, 0.32,
and 0.63 um-h~!, respectively. Kutchko et al. and Rimmelé et al. [16,37] obtained an alteration rate of
about 2 and 30 um-h~!, respectively. As emphasized by Duguid [24], the alteration rate of the cement
in a real case storage is slower than the slowest rate exposed here (e.g., [2]) and strongly depends on
the cement quality. They calculate a real degradation rate of 4 x 107°to 9 x 107> um-h~'.

- Z1 - Crack
B z22+23 B o

[ Fresh cement [l C2
Z1+22+273 [ fresh COX

Figure 10. CL image and schematics describing the different phases which affect the caprock/cement
interface and the cement after ageing with CO5. (a): experiment CO, + solution. (b): experiment with
dI‘y COZ(SC)'

Because samples were weighed before and after the experiment and because the pressure was
monitored during experiments, a complete mass balance can be performed. During the two first
hours of the experiment with saline solution, the pressure decrease (Figure 2) can be associated with
CO, dissolution (Reaction (1)). The pressure decrease rate is 0.10 bar-min~!, whereas during the
rest of the experiment, it is 1.38 x 10~% bar-min—!. After CO, solubilisation, the fall of pressure is
about 2 bar, which corresponds to 2% of the initial pressure. Considering the volume of the samples
(30.60 cm?3), the volume of the solution (118 cm?), and the total volume of the reactor (250 cm?), it is
possible to calculate the volume of the gaseous phase in the system (101.4 cm?). Assuming that the
gas phase is mainly CO,(sc) with a molar volume of 38.05 cm3-mol~! (at 80 °C, 100 bar), the entire
gas volume corresponds to 2.6 mole of CO;. A decrease of 2% of the total pressure corresponds to
a consumption of 0.052 mol of CO,. In parallel, the sample weighing gave a mass gain of 4.57 g.
The error due to hydration is estimated at +2.1 g from the samples aged in the presence of N. The mass
gain can be considered to be 2.47 g, corresponding to the precipitation of 0.041 mol of calcite, which is
consistent with the value from CO, consumption. Concerning the samples aged with dry CO;(sc),
the fall of pressure is assumed to only be associated with CO, consumption. The pressure decrease
is 3 bar and corresponds to 2.5% of the initial pressure and to a consumption of 0.12 mol of CO;.
The mass balance reveals a gain of 7.37 g, revised according to the weighing of N, blank samples.
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This corresponds to the precipitation of 0.12 mol of calcite, which is in perfect agreement with the
values from CO, consumption.

For the same conditions of ageing, the dry conditions impose carbonation that is three times more
extensive than under wet conditions. This can be related to (i) the most important concentration of
COgy in dry CO, experiments; (ii) the transport mechanisms of CO, and ions in the different media
(supercritical CO,, water, porous network of cement and clays, network of micro-cracks in the caprock,
induced fracturing of the cement sheath); (iii) the different availability of CO, for the chemical reactions
between dissolved species and supercritical phase; (iv) the local environment: under dry conditions,
the water is interstitial or porous water with a weak mobility and thus implying local equilibria.

6. Summary and Conclusions

This study highlights the effect of CO; on the mechanical and mineralogical evolution of a Portland
cement and clayey caprock/interfaces under geological conditions of storage. At least three steps
of carbonation are observed, implying a chemical evolution of the solution which is assumed to be
strongly dependent on the Mg/Ca ratio. The different episodes of alteration lead to two phases of
cracking: the first affecting the caprock/cement interface, and the second inducing the impairment of
the cement sheath. In both cases, the late precipitation of aragonite suggests a possible self-healing
of cracks. The comparison between dry and wet experiments shows the main common mechanisms
of alteration: carbonate precipitation, CSH leaching, and cracking, which is not observed from blank
experiments performed with N,. However, it demonstrates that dry CO, implies a stronger carbonation
of the cement phase and limited transport of reacting species, in comparison with experiments in
aqueous solution.

The interpolation of these results to the real case of storage has to be cautious because, in particular,
the effect of the mechanical stress is not modelled here. However, this work gives new information
on the chemical and mineralogical transformation of the caprock/cement interface and shows how
cathodoluminecence is complementary to SEM or Raman mapping and can bring new insights to
understanding the mineralogical evolution of rocks and cements.
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