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Abstract

To better understand the geochemical alteration of the interface between wellbore
Portland cement and rock because of potential leakage during CO storage operations,
we performed percolation experiments using three solid cores each made of two half-
cylinders, one of hydrated Portland cement and the other of calcareous rock (limestone,
marl or sandstone). These experiments were run under atmospheric (Pcoz= 10 bar and
room temperature) and supercritical (Pco2 = 130 bar and 60 °C) CO> conditions with an
injection pH of 6.4 and 3.2, respectively. The variation in the agueous chemistry of the

outflows was reproduced by 2D reactive transport simulations.

The experimental and model results showed that under atmospheric conditions, a
slight dissolution of portlandite and C-S-H near the cement-channel interface was
responsible for an incipient alteration of cement that was prevented by the precipitation
of brucite. By contrast, under supercritical conditions, cement alteration was marked
owing to an intense dissolution of cementitious phases (portlandite, ettringite, Si-

hydrogarnet and hydrotalcite), causing an increase in porosity.

Overall, the results show that potential CO. leakage during and after CO; injection
will cause an alteration of the hydrated Portland cement, resulting in a loss of its sealing
properties. The alteration of low-porosity calcareous rocks, such as the ones used in this

study, is only expected to be minor.
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1 Introduction

One of the major risks involved during geological CO: storage is the possibility of
CO; leakage along injection, monitoring and legacy wells (Gasda et al., 2004; Benson
and Cole, 2008). Along a wellbore, CO, leakage can occur through cracks,
microfractures, flow channels in cementation, along the cement-rock spaces, and
through microannuli generated during CO: injection (Celia and Bachu, 2003; Barlet-
Gouédard et al., 2009; Scherer and Huet, 2009; Watson et al., 2009; Carey et al., 2010;
Zhang and Bachu, 2011; Harvey et al., 2013; Abid et al., 2015; Zhang et al., 2015;

Bagheri et al., 2018; Onishi et al., 2019).

For a quantitative spatiotemporal evolution of potential CO, leakage pathways
along wellbore cementation and surrounding rocks as COj-saturated brines pass
through, percolation experiments with artificially fractured cement cores (Wigand et al.,
2009; Abdoulghafour et al., 2013, 2016; Huerta et al., 2013, 2016; Luquot et al., 2013;
Cao et al., 2015) and fractured rock-cement cores (Mason et al., 2013; Newell and
Carey, 2013; Walsh et al., 2014; Connell et al., 2015; Brunet et al., 2016; Carroll et al.,

2017) have been carried out under wellbore conditions.

In some of these studies, multicomponent reactive transport (MRT) modeling was
used for a quantitative understanding of the geochemical alteration of cement-rock
fractures reacting with flowing CO.-saturated water in order to predict the long-term
degradation of wellbore cement and well integrity (Cao et al., 2015; Connell et al.,
2015; Abdoulghafour et al., 2016; Brunet et al., 2016; Carroll et al., 2017). Parameters
such as fracture/channel length, injection rate, residence time and brine composition

have been shown to influence the evolution of fracture permeability (e.g., Brunet et al.,
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2016). Other studies have made use of batch experiments (static flow conditions) with
non-fractured rock-cement cores (Duguid et al., 2011; Sterpenich et al., 2104 and
Nakano et al., 2017). Their findings not only highlight the importance of the residence
time and brine composition to regulate the mineralogical evolution of the rock-cement
interface but also the major role of the dissolution and precipitation rates and the rates

of diffusion of the reacting species on cement carbonation.

In these earlier works, the rocks selected to study the alteration in cement-rock
fractures by CO,-saturated fluids have been mainly quartz sandstones. In the percolation
experiments presented here, three calcareous rocks, limestone, argillaceous limestone
(referred to here as marl) and clast-poor cement-rich quartz sandstone, with high calcite
contents (99, 86 and 68 wt.%, respectively; Garcia-Rios et al., 2017; Davila et al.,
2016a) were used to study the alteration of the cement-rock system under supercritical
CO; pressure (Ptor = Pco2 = 130 bar and 60 °C) and under normal atmospheric
conditions (Pror = 1 bar, Pcoz = 1034 bar and 22 °C). A novel aspect of this study is
that during the experiments, synthetic groundwater circulated along a flow channel
between cement and rock. Length and aperture of the channel were 4.7 - 4.9 cm and 300
- 500 um, respectively. Since water was injected at a constant flow rate of 0.06 mL/min,
mean water residence times were short, ranging between 1.9 and 4.7 min (Table 1). The
initial diffusivity of the hydrated Portland cement was determined by means of short

pulse tracer tests.

Moreover, in our study the injected fluid was a synthetic groundwater with a
chemical composition similar to that of the sulfate-rich groundwater at the Hontomin
site (Spain; Garcia-Rios et al.,, 2015). 2D reactive transport simulations using
CrunchFlow (Steefel et al., 2015) were used to quantitatively interpret the experimental

results in terms of rock and cement reactivities and transport properties.
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2 Materials and methods

2.1 Experimental design

Two experimental setups were used to carry out the experiments under supercritical
(supc; Pcoz = 130 bar, T = 60°C) and atmospheric (atm; Pcoz = 103* bar, T = 25°C)
CO; conditions (Fig. 1). Three flow-through experiments with three different cores were
performed for each experimental setup. The experimental conditions are summarized in
Table 1. The cores were made of two half-cylinders, one of hydrated Portland cement
and the other one of calcareous rock (limestone, marl or sandstone). 1885 g of Portland
cement (sulfate-resistant CEM | 42.5R/SR were mixed with 717 g of deionized water
(standard water-to-cement ratio for Class H cement; w/c = 0.38; Pang (2015)). The
hydrated cement was cured in a moisture room to ensure that hydration continued for 91
days in order to reach maximum strength, durability and sufficient impermeability.
Cement consisted of C-S-H (Calcium Silicate Hydrate, 46.6 wt.% with a Ca/Si ratio of
1.67), portlandite (24.6 wt.%), and smaller amounts of ettringite, calcite, hydrotalcite
and Si-hydrogarnet (13.1, 4.1, 3.3 and 8.3 wt.%, respectively). The rock samples
consisted mainly of calcite with variable quantities of other mineral phases. The
limestone sample contained calcite and quartz, (99 and 1 wt.%, respectively), the
sandstone sample contained calcite, quartz, illite and microcline (67.6, 24.4, 4.6 and 3.3
wt.%, respectively) and the marl sample was made up of calcite, quartz, illite, albite,
chlinochlore, gypsum and pyrite (71.2, 9.9, 6.9, 6.8, 2.8, 2.2, and ~ 0.2 wt%,

respectively).
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In the supercritical experiments, thin planar channels of 0.3-0.5 mm aperture, 12-13 mm
width and 47-49 mm length were cut into the rock half-cylinder with a drill/grinder
precision tool (Parkside PFBS 12 B2). In the atmospheric experiments, two narrow
PVC films of 0.5-mm thickness, 7.5-mm width and 24-mm length were placed between
the rock and the cement half-cylinders and at a distance of 10 mm from each other, thus
creating a single straight channel (Fig. 2). Filters of 4.5-um pore size were placed at the

inlet and outlet of each core.

The saline solution used in the experiments was a synthetic version of the Hontomin
groundwater (Garcia-Rios et al., 2015). It was prepared in the laboratory by adding
appropriate amounts of NaCl, CaCl,-2H,0, MgCl2:6H20, KCI, NaxSO4 and NaBr in
double deionized water (DDW, Merck Millipore Milli-Q®). The saline solution
contained on average (mol/kgw) 4.91 x 102 Ca, 3.24 x 102 Mg, 1.13 x 102 K, 3.89 x
10" Na, 2.68 x 102 S(SO4), 4.98 x 10 Cl and 1.14x 102 Br and was in equilibrium
with gypsum. The pH of the injected solution after equilibration with CO, varied
between 6.2 and 6.4 in the atmospheric experiments and between 3.1 and 3.3 in the

supercritical experiments (Table 2).

The supercritical CO; reactor was made of type-316 stainless steel, resistant to acid
solutions. The whole circuit was connected using stainless Swagelok tubing of 1.08-
2.29-mm inner diameter. The setup consisted of two water tanks each with one-liter
capacity, a compressor (Maximator, DLE 5-30-GG-C), a custom-made double piston
pump, a sample holder, and a double syringe sampling system. The compressor
increased the CO- gas pressure up to 130 bar in the two one-liter saline solution tanks.
The pump supplied the CO.-equilibrated saline solution to the inlet of the cement-rock
core inside the sample holder at a constant flow rate of 0.06 mL/min. Before being

placed inside the holder, the cores were wrapped with inner multilayers of Teflon and
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an outer layer of cold shrink silicone rubber to isolate them from confining water. A
pressure multiplier increased the confining pressure in the sample holder to 150 % of
the inlet pressure in order to mimic the natural confining conditions. The output solution
was collected in a pressurized double syringe equipped with a back-pressure system that
maintained the pressure at 130 bar. The temperature of the circuit was maintained at 60
°C by means of heaters that covered each water tank and the sample holder. The

experiments lasted 350 h (limestone) and 500 h (sandstone and marl).

The atmospheric CO> reactor consisted of a solution tank connected to a peristaltic
pump (Gilson, Minipuls 3) that continuously supplied the solution to the inlet of the
core at a constant flow rate of 0.05 mL/min. The reacted solution was collected for
further analyses. The room temperature was set to 22 + 3 °C. A tracer test with 1 g/L
LiBr was performed at the start of the atmospheric experiments (5 h) to determine the
initial effective diffusion coefficient of the hydrated Portland cement. The experiments

lasted for 1750 h.

2.2 Chemical and mineralogical analyses

Output solutions were filtered (Frisenette, pore size 0.22 um) and immediately acidified
and diluted (dilution of 1/200) to a final concentration of 1% HNO3. Total
concentrations of Ca, Mg, K, Na, S, Fe, Si, Al and Li were determined by Inductively
Coupled Plasma-Optical Emission Spectroscopy (ICP-OES) with different instruments
(Perkin Elmer Optima 8300, Perkin Elmer Optima 3200RL, and Thermo Scientific
ICAP 6500 Radial). Analytical detection limits for Ca, S, Mg, Si, Na, Al, K, Fe and Li

were 1.3 x 10, 6.2 x 106, 2.1 x 106, 1.8 x 10, 1.3 x 10*, 1.9 x 10°, 1.3 x 10°®, 7.1 x
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107 and 9.6 x 107" mol/L, respectively. Owing to the dilution factor, detection limits in
output samples were 200 times higher. The uncertainty in measured elements was better
than + 3%. Note, however, that small differences between the high concentrations of the
input and output solutions led to propagated errors of about 6%. Concentrations of ClI

and Br were anticipated to be conservative and were not measured.

Initial rock compositions were obtained by X-ray diffraction (Bruker D8 A25 Advance
X-ray diffractometer 0-0, with CuKal radiation) combined with Rietveld analysis. Rock
porosities were taken from Davila et al. (2016a) and Garcia-Rios et al. (2017). To
identify the mineralogical changes, the samples were analyzed after the experiments
with Scanning Electron Microscopy (SEM) employing a JEOL JSM-840 instrument
under a 15-20 kV using the backscattered electron detector (BSE)) and thereafter with
XRD. The initial and final channel apertures in the supc-CO. experiments were
determined by confocal microscopy (Leica DCM3D) in limestone and sandstone
samples. This technique was also employed to analyze one altered cement face. The
initial aperture in the marl core was determined with a surface profilometer (Veeco

Dektak 150).

2.3 Reactive transport modeling

The experimental results (evolution of solution chemistry at the outlet and changes in
mineralogy) were interpreted by means of reactive transport modeling using
CrunchFlow (Steefel et al., 2015) and following an approach similar to that used by
Davila et al. (2016a) and Garcia-Rios et al. (2017). Figure 2 shows the type of two-
dimensional (2D) numerical domain that was used in the simulations. The domain
includes the rock and cement zones, separated by the synthetic flow channel. Water

flow only takes place in the channel. Solute transport in both rock and cement zones
9
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occurs only by diffusion. The fitting of the model to the experimental results was
performed by adjusting the values of the reactive surface areas in the reaction rate laws
(mineral and cement-phase reactivities), using the reaction rate laws from the literature.
When required, the initial diffusion coefficients were also adjusted in the cement or rock
zones. The match between the experimental and model results was deemed valid when
both the aqueous chemistry of the output solutions (within error) and the mineral
composition of the solid (i.e., presence and proportions of the minerals) were

simultaneously reproduced.

The three-dimensional experimental setup was transformed into a 2D problem as shown
in Fig. 2. The channel aperture and cross section were maintained. The cylindrical
section of the column setup was converted into a rectangular section by conserving the
area and width (diameter) of the cylindrical sections and by calculating the thickness of
each rectangular subsection (rock and cement). The numerical domain would then
correspond to a 2D section of the resulting rectangular prism that is parallel to the flow
direction and perpendicular to the channel plane. No-flux conditions were applied to all
external boundaries of the domain, except where water flows into or out of the channel.
Advective flux conditions (concentration times flow velocity) were used at those points.
Table S1 in Supplementary Information (SI) shows the details of the numerical spatial

discretizations that were implemented.

Table 3 displays the initial composition of rock and cement (vol.% of minerals and
cement phases) in the different experiments. The corresponding porosities are given in
Table 4. Porosity, solid-phase and porewater compositions of the hydrated cement were
obtained from a thermodynamic calculation of the hydration process performed at

EMPA (Switzerland) using the GEMS code (Kulik et al., 2013; gems.web.psi.ch) and

10
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following the procedure described by Lothenbach and Winnefeld (2006) and

Lothenbach and Wieland (2006).

Table 2 shows the composition of the input solutions in the different experiments
together with the initial solution compositions in each of the domains (rock and
cement). The initial composition of the water in the channel was set to be the same as
that of the input solution. Note that with the short water residence times in the
experiments (Table 1), the choice of the initial channel water composition had little
effect. Initial rock solutions are in equilibrium with calcite and quartz, while initial
cement solutions are in equilibrium with the primary cement phases (Table S2 in SI).
Secondary phases in the rock domain were all initially undersaturated except for
gypsum (practically in equilibrium). Secondary phases in the cement zone were also
undersaturated except for brucite (supersaturated under atmospheric conditions) and
ferrihydrite (slightly supersaturated under supercritical conditions). Speciation in
solution (Table S4 in SI) was calculated using the EQ3/6 database included in the code
(Wolery et al., 1990). Initially dissolved CO- in the input solution for the experiments
under supercritical conditions was calculated employing the model by Duan and Sun
(2003). Table S5 in Sl shows the equilibrium constants for the different solid phases
that were used in the calculations. Note that calculations were performed at 25 °C
although the atmospheric pressure experiments were carried out at room temperature

(22 £ 3 °C).

In CrunchFlow, solid-phase dissolution and precipitation reactions are always
implemented through kinetic reaction rate laws (see Egs. (S1) and (S2) in SlI). The rate
laws used in the calculations are expressed as a function of the bulk surface area (Am in
m2/m?3), the reaction rate constant at the temperature of interest (km1 in mol/m?/s), a term

that describes the dependence of the rate on pH (a;;+) in which au- is the activity of H',

11
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and the dependence on the saturation state. The procedure to adjust mineral surface
areas started by assigning large areas (10° to 10° m?/m?®) to all minerals in all the zones
(rock, cement, channel), corresponding to local equilibrium conditions for mineral
reaction. Next, surface areas were reduced for different phases in the different zones in
order to match the experimental results. Table 3 shows the adjusted values of the
surface areas in addition to the initial volumetric contents. The shaded values in the
table indicate the values that were reduced in order to obtain a good match between the

model and the experimental results.

As regards solute transport, advection and dispersion only take place along the channel.
Darcy velocity (volumetric water flux in m3/m?/s) is constant during each experiment.
Transport is only by diffusion in the cement and rock zones. Effective diffusion

coefficients (m?/s) are calculated according to
D, = ¢1D, 1)

where ¢ is porosity, 7is tortuosity and Dy is a reference diffusion coefficient (constant).
Initial De values are given by the value of Do, which is a constant for the whole model,
the initial porosity, which is characteristic of each zone, and a value of tortuosity, which
is also representative of each zone and constant throughout the calculation. With this
formulation, D. changes linearly with porosity as porosity changes owing to dissolution
and precipitation. Table 4 lists Darcy velocities and dispersivities in the channel for
each experiment together with the initial De and ¢ values for the different zones. With
these parameters it is possible to calculate the characteristic times for advection (mean
water residence time along the flow channel) and diffusion (tsir, mean time for a particle

to diffuse across the cement or rock domain to the flow channel) according to

tair = thickness®/(2D,/¢) (2)

12
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where thickness refers to the thickness (normal to the flow direction) of the cement or
rock model domain. The characteristic times for advection were in the 100 to 300 s
range (Table 2), whereas the characteristic times for diffusion were in the 10° s (cement)
and 10° to 10% s (rock) ranges. The composition of the flowing water is strongly
dominated by advection; the large advective solute fluxes in the channel prevent any big
changes in solution composition resulting from diffusion and reaction with cement or

rock.

3 Results and discussion

3.1 Initial tracer tests

A LiBr (1 g/L) tracer test (injection of a short tracer pulse) was performed for each of
the atmospheric experiments (25 °C) prior to the injection of the synthetic groundwater.
This initial tracer injection was included as an initial stage in the modeling of the
experiment, which was followed immediately by the injection of the synthetic
groundwater. In this first stage, the effective diffusion coefficient for the cement was
adjusted in order to match the model results with the measured tracer breakthrough
curve (Fig. 3). Given the similar rock porosity in all samples, the effective diffusion
coefficient was adjusted using data from the sandstone (atm-SC) experiment, which
showed a lower dispersion. Porosity and De values for the rock were based on those
reported by Davila et al. (2016a) and Garcia-Rios et al. (2017). These De values are in
the 10" m?/s range for the experiments with comparable flow rates and water residence
times. Since ¢ and D values in the cement are much higher than those in the rock, the

breakthrough curve is basically only sensitive to the De value in the cement. The De

13
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values for cement obtained in these tracer tests range between 2.8x10!! and 5.6x10™"!

m?/s.

3.2 Atmospheric CO2 experiments

Figure 4 shows the changes in solution composition between the input and output
solutions for the different experiments. Only pH and the concentrations of the elements
showing the largest changes are shown (Ca, S, Mg). Na and K results are included in

Fig. S1in Sl. Fe, Al and Si were below detection limit in these experiments.

In the atmospheric experiments, pH increased rapidly from the input value to about 11
during the initial tracer test (injection of a very dilute solution) because of the alkalinity
(OH") provided by the cement. However, pH dropped rapidly once the injection of the
synthetic groundwater commenced. The increase in pH was smaller during groundwater
injection (values between 8 and 9) than during the initial tracer test due to the
precipitation of brucite in the cement adjacent to the channel, which consumed OH". An
additional fall in pH could be observed later in the experiments (especially evident in
the limestone experiment; Fig. 4). This further change in pH was controlled by the
decrease in porosity in the cement close to the channel, which limits the diffusive solute

transport from cement to channel.

As for variations in the major-element composition of the solution, Fig. 4 shows that
Ca, Mg and S concentrations did not change significantly (all within the analytical
uncertainty range). However, the experimental observations revealed precipitation of
brucite and aragonite on the cement side of the channel (Fig. 5a,b and Fig. S2 in SI) and
minor calcite dissolution on the rock side of the channel (Fig. 5c,d and Fig. S2 in SI).

Notice that the high concentrations of these elements in the input solutions (Table 2)

14
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and the short residence times of water in the channel (Table 1) prevented any large
changes in solution composition at the outlet (balance between the elemental fluxes at
the inlet and the consumption by diffusion into cement/rock and precipitation). This is
especially evident in the case of Mg, where no significant Mg deficit could be observed.
Given the dimensions of the channels in the three cores, channel permeability was too
high to be measured since the pressure difference (AP(t)) between the inlet and the
outlet of the samples was negligible during the experiments. Although morphological
changes were visible along the channels (Fig. 7), permeability remained high

throughout the experiments.

The model results show significant brucite precipitation in the cement adjacent to the
channel (Fig. 8 and Fig. S3 in SI) together with some gypsum precipitation and strong
portlandite dissolution (source of Ca and OH"). The resulting alteration zone extends for
about 1 mm into the cement. Diffusion of the Mg in the input solution together with the
alkalinity in the cement induces the precipitation of brucite. Gypsum precipitation is
induced by Ca from portlandite dissolution and sulfate from the input solution. The
precipitation of brucite is the main process responsible for the decrease in porosity in
the cement close to the channel (Fig. 9 and Figs. S4 and S5 in Sl). Calcite precipitation
was not allowed in the calculations in order to facilitate precipitation of aragonite in the
cement domain; sporadic aragonite precipitation was detected in the SEM images (Fig.
5b). Model results only show very minor calcite dissolution on the rock side of the

channel.

3.3 Supercritical CO2 experiments

The input solution during the supercritical experiments was acidic (pH about 3) owing

to the equilibration with CO, at 130 bar. This acidic solution was further from
15
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equilibrium with the cement phases than the corresponding solution in the atmospheric
experiments. As a result, the magnitude of the reactions was markedly greater, giving
rise to more significant changes in solution chemistry (Fig. 4). pH increased from about
3 to 4, which corresponds to a much larger consumption of H* compared with the

atmospheric experiments.

In these experiments, the measured changes in solution are still relatively small (within
the analytical error for many of the measurements; Fig. 4). However, the changes
indicate clear trend towards an increase in Ca concentration and decrease in S
concentration (portlandite dissolution and sulfate precipitation). By contrast, changes in

Mg concentration are smaller (more clearly within analytical error).

Although the results of the model reproduced qualitatively the increase in Ca
concentration, there is no significant change in Mg and S concentrations. As for the
solid phases, the results of the model show intense dissolution of portlandite, ettringite,
Si-hydrogarnet and hydrotalcite, extending for about 3 mm into the cement, thereby
leading to an increase in porosity (Fig. 8 and Fig. S3 in SlI). As portlandite, ettringite
and Si- hydrogarnet dissolve, the Ca released is precipitated mainly as calcite, with
carbonate being provided by the input solution. A dissolution front is created, and as it
moves into the cement, calcite dissolves next to the channel (Fig. 6), where the acidic
solution is circulating. C-S-H only dissolves slightly near the channel-rock interface. A
gypsum precipitation front develops in the model at the portlandite-ettringite-
hydrogarnet dissolution front. This gypsum is replaced by calcite as the reaction front
advances towards the interior of the cement domain, leading to a small gypsum peak
right at the reaction front (Fig. 8). In the limestone case, the model also predicts an even
smaller gypsum peak at the calcite dissolution front next to the channel (Fig. 8). And

some very minor gypsum precipitation is also predicted in the rock in the marl case.
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However, gypsum precipitation was not detected in these experiments (Fig. 6 and Fig.
S6 in Sl). The high pressure (Ptor = 130 bar) increases the equilibrium constant (logK =
-4.57) with respect to that at atmospheric pressure (logK = -4.74). The calculations also
resulted in the precipitation of small amounts of ferrihydrite, gibbsite and boehmite,
which could correspond to the Fe- and Al-rich precipitates observed in the channel (Fig.
8 and Fig. S3 in SlI). The marked dissolution of portlandite, ettringite, Si-hydrogarnet
and hydrotalcite was responsible for the considerable loss of volume in the cement (Fig.

7), which induced an increase in porosity (Fig. 9 and Figs. S4 and S5 in SI).

On the rock side of the channel, preferential flow paths caused the formation of
channeled dissolution features in the limestone and marl (Fig. 7), whereas the
dissolution was uniform in the sandstone experiment (although some rugosity
developed due to the preferential dissolution of calcite over quartz). These features
could not be captured by the calculations owing to the 2D nature of the model, which
can only provide an average behavior across the width of the flow channel. Formation
of these dissolution patterns was previously observed in fractured cores of limestone

and sandstone under supercritical CO> conditions (Garcia-Rios et al., 2017).

3.4 Effect of dissolved CO:2 on rock and cement reactivity

As regards the reactivity of the primary cement phases, smaller surface areas were
implemented for ettringite, siliceous hydrogarnet and portlandite in the experiments
performed under atmospheric conditions (Table 3). By contrast, larger areas (inducing
fast reaction kinetics and local equilibrium conditions) were used for the experiments
under supercritical CO2 conditions. This highlights the greater reactivity of cement
under geological storage conditions, in response to the higher Pco2 and T conditions and

their impact on solution composition. Reaction rate laws were used to account for the
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reactivity of the cement phases (R = k-A-Q (Eq. (S1) in SI) where k is the reaction rate
constant, A is the reactive surface area and () is the solution saturation state).
Calibration was performed by adjusting the reactive surface areas (A). However, these
changes in the A parameter values do not mean that the actual physical surface areas
were different in different experiments. What is adjusted is the net reactivity of the solid

phase.

For the minerals in the rock, the small diffusion coefficients implied a full solute
transport control of the reactions. Local equilibrium (provided by the large reactive
areas) was applied to both atmospheric and supercritical CO> pressures and

temperatures.

Under atmospheric conditions, the adjusted initial De value for the cement in the
experiment with sandstone (atm-SC, 2.8x10** m?/s, Table 4) is consistent with the
value obtained in the LiBr tracer test. Similarly, under supercritical CO2 conditions, the
values in all the experiments (6.5x10** m?s) are consistent with the increased
temperature of 60 °C and an activation energy for diffusion of about 19 to 21 kJ/mol
(Van Loon et al., 2005, and references within). The values for the limestone (atm-LC)
and marl (atm-MC) experiments under atmospheric conditions are higher (5.6x10*!
m?/s), but are nevertheless compatible with the results of the initial tracer tests (Fig. 3).
The adjusted initial reactive surface areas for portlandite (the most reactive cement
phase) in these experiments (atm-LC, 800 m?/m?; atm-MC, 100 m?m?, Table 3) were
also larger than that for sandstone (atm-SC; 10 m?/m?®). Since both the reactive surface
area and the diffusion coefficient control the overall reactivity, the two parameters are
probably correlated to some degree during the fitting procedure, with some of the

reactivity being assigned to an increased diffusion coefficient.
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4 Summary and conclusions

The interface between rock and borehole cementation is a possible leakage pathway
during deep geological injection of CO,. Laboratory experiments involving flow along
this interface were performed to study the alteration in hydrated Portland cement and
rock. Experiments were carried out under (a) atmospheric conditions (103# bar COx,
25°C, pH 6.2) and (b) supercritical conditions (130 bar CO2, 60°C, pH about 3). Tracer
(LiBr) tests were performed prior to the injection of the saline solution in the
atmospheric experiments to characterize cement diffusivity. Because of the dimensions,
rock and cement diffusivities and the rates of water flow, the system was dominated by
advection. The evolution of solution chemistry at the outlet was monitored over time.
Rock and cement were analyzed at the end of the experiments (SEM, XRD, confocal

microscopy/profilometry).

In the atmospheric experiments, pH increased up to about 11 (tracer tests) and 8
(groundwater injection). Calculated outlet pH was about 4 under supercritical
conditions. Major-element concentrations showed little change during the atmospheric
experiments whereas some Ca excess and S deficit were observed under supercritical
conditions. The small changes in solution chemistry were consistent with the short
water residence times and reflected the dominant control of advection over diffusion in
the rock and cement domains. Intense brucite precipitation was observed on the cement
surface after the atmospheric experiments whereas an apparently amorphous red-
colored phase precipitated under supercritical conditions. In the supercritical
experiments, rock surfaces provided evidence of some calcite dissolution whereas in the
atmospheric experiments alteration was smaller. Some gypsum precipitation was also

observed. Interface aperture increased during the supercritical experiments.
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The results of the 2D reactive transport model showed that, under atmospheric
conditions, brucite precipitation together with a decrease in porosity is brought about by
Mg diffusion in the input solution accompanied by the alkalinity in the cement. Ca
mainly from portlandite dissolution and sulfate from the input solution induce the
precipitation of gypsum. As for the supercritical experiments, which are characterized
by a highly dissolved CO, content and acidic pH (about 3), the results show intense
dissolution of portlandite, ettringite, siliceous hydrogarnet and hydrotalcite, extending
for about 3 mm into the cement, thereby causing an increase in porosity. The Ca
released precipitates as calcite with carbonate provided by the CO2-rich input solution.
Some gypsum precipitation also takes place. Calcite dissolution and gypsum
precipitation also occur to a lesser degree on the rock side. These calculations also result
in the precipitation of small amounts of ferrihydrite, gibbsite and boehmite, which
probably correspond in part to the red-colored precipitates observed. Additional

amorphous phases may also be involved.

It should be noted that the behavior of the cement differs greatly in the two sets of
conditions. Under atmospheric conditions, brucite precipitation caused a sealing of
porosity in the cement, which prevented further alteration of the cement. However,
under supercritical conditions, alteration was much more pronounced. The input
solution was markedly more acidic with a highly dissolved CO: (carbonic acid) content.
This solution was further from equilibrium with the cement phases, and the lower pH
prevented the precipitation of brucite. The main secondary mineral in this case was
calcite (cement carbonation). Moreover, under supercritical conditions, the results of the
model indicate an increase in the reactivity of the cement. Model reactive surface areas
for portlandite, Si-hydrogarnet and ettringite were 2 to 4 orders of magnitude smaller

under atmospheric conditions.
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To sum up, potential flow paths between borehole cementation (Portland cement) and
rock could bring about a considerable alteration in the cement because of the flow of
COo-rich solutions, increasing cement porosity and reducing its sealing properties. On
the other hand, the alteration of the calcareous rock is expected to be minor for the tight
rocks used in this study (small porosities, permeabilities and diffusivities: ¢ = 2-7 %, k
< 10 m?, De = 10" — 102 m?s) compared with the high-porosity and high-
permeability rocks used in cement-rock core batch experiments (Salem and Lavoux
limestones and Berea sandstone, ¢ = 13-25% and k = 10 m?; Duguid et al., 2011;

Sterpenich et al., 2014; Nakano et al., 2017).
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Figure captions
Figure 1. Experimental setup for a) supercritical and b) atmospheric CO. experiments.
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Figure 2. Schemes showing a) the core sample, b) the geometrical transformation used
in the 2D modeling and c) the final 2D model domain with three defined geochemical

zones: zone 0 = channel, zone 1 = cement, zone 2 = rock.

Figure 3. Results from the tracer test performed at the start of the atm-SC experiment

and the corresponding adjusted models. De for the rock was fixed at 5.0 x 10" m?/s.
Figure 4. Experimental and model results for pH, dissolved Ca, S and Mg.

Figure 5. SEM images of the reacted samples after the experiments under atmospheric
pressure: a) cement showing brucite bed in the channel zone, with different
morphologies; b) limestone with sporadic aragonite crystals in the channel zone close to
the inlet; c) sandstone with pristine and channel zones close to the inlet and d) altered

marl with holes close to the inlet.

Figure 6. SEM images of the reacted samples after the experiments under CO:
supercritical conditions: a) cement matrix and nodules composed of Al, Ca, Si, Fe
amorphous phases between inlet and outlet; b) limestone with dissolved calcite in the
channel zone close to the outlet; ¢) sandstone with dissolved calcite and unaltered
quartz grains in the channel zone close to the inlet and d) marl with a highly porous

channel zone close to the inlet.

Figure 7. 3D images of the core samples and measured lost volumes in supercritical
CO; experiments. The cement image corresponds to the supc-MC experiment. Lost
volumes in the channel zone (rock side or cement side) from simulations are included
for comparison. Note that amorphous phases coating the cement surface are not

satisfactorily reproduced.
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Figure 8. Volumetric fractions of the main solid phases in a middle section profile
(1.25 cm and 2.30 cm from the inlet in atm-COz and supc-COz, respectively) at the end
of the experiments. Distance in the x axis is normalized to the core diameter (25 mm,

except 40.5 mm for atm-SC).

Figure 9. Initial and final calculated porosities in middle section profiles (1.25 cm and
2.30 cm from the inlet in atm-CO> and supc-COz, respectively). Distance in the x axis is

normalized to the core diameter (25 mm, except 40.5 mm for atm-SC).

Table heads

Table 1 Experimental conditions.

Table 2. Chemical composition (ion concentration in mol/kgw), ionic strength (I), pH
of the injected and porewater solutions used in the simulations. For atm-CO;
experiments it corresponds to the injected and porewater solutions after the tracer tests
phase. See Table S3 in Sl for the chemical composition of the solutions used in the

simulations of the tracer tests.

Table 3. Adjusted mineral bulk surface areas (BSA) and volumetric fractions (Vol. F

%) of primary minerals used in the simulations.

Table 4. Transport parameters used in the simulations.
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