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FIG. 1. (a) Schematic of the experimental setup including Schlieren and direct visualization. (b) Design of
the spacer and sketch of the two-layer stratification of CO2 and aqueous reactive solution in the Hele-Shaw
cell. The red rectangle shows the zone followed in the study of the convective dynamics.

Equation (6) corresponds to the precipitation reaction of carbonate and calcium ions into solid
calcium carbonate. This is one of the key mineralization reactions trapping the CO2 as solid
carbonates in the reservoir for a long period of time. The reverse reaction, i.e., the dissolution of
calcium carbonate, is also possible depending on the conditions under which reactions take place
(e.g., pH, temperature, pressure). For example, calcium carbonate only forms in solutions where the
pH exceeds 5.14 [30].

B. Experimental setup

Experiments are performed in a vertical Hele-Shaw cell made of two glass plates (210 ×
260 mm) separated by a gap width of 1 mm. This gap width is set by a silicon rubber spacer designed
for a homogeneous injection of CO2 above the aqueous interface [cf. Fig. 1(b)]. One of the glass
plates contains three connectors (quick push-in connectors, Elneo pneumatics, Belgium) in which
PFA tubes (perfluoroalkoxy tubes, 1/8-in. outer diameter, 0.030-in. inner diameter, Swagelok,
Belgium) are inserted to allow the injection of gases and liquids into the cell. The cell is partially
filled with aqueous solutions through the inlet at the bottom of the cell. The two upper inlets are
used to let gases (N2 or CO2) flow in and out of the cell.
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FIG. 13. Temporal development of the convective instability generated by the dissolution of CO2 in CaCl2

solutions of various concentration. The field of view is 8.8 × 5.5 cm.

IV. PRECIPITATION-DRIVEN INSTABILITIES IN SOLUTIONS OF CaCl2

In order to investigate precipitation-driven processes in a different reactive environment, we now
turn to the study of the convective dynamics developing in solutions of the salt CaCl2. We recall
that the solvent used for CaCl2 experiments is a 0.0125 M borax solution to mimic the buffering
capacity of some geological reservoirs. In this case, the initial pH of the solution is close to 9. We
will also investigate the use of a different buffer and compare this to the case without a buffer in
Sec. IV E.

A. Phenomenology

A comparison of the dynamics developing upon CO2 dissolution in CaCl2 solutions of concen-
tration 0–0.1 M is shown in Fig. 13. In this case, the impact of the precipitation reaction on the
convective dynamics is different from the one previously observed in Ca(OH)2 solutions. In (pure)
borax solutions (i.e., 0 M), no precipitate is formed and a typical buoyancy-driven convective pattern
develops over time, which is slightly different from the one developing in water [7]. More details
are in Sec. IV E.

In contrast, the presence of CaCl2 in the solution and its reaction with dissolved CO2 seems to
hinder the convective dynamics. After a diffusive regime and an onset of convection comparable in
space and time to the one observed in borax, precipitation develops in the presence of CaCl2, which
strongly modifies the subsequent growth of aqueous fingers. First, solid particles of CaCO3 are seen
to be produced inside the growing fingers and to stick to the glass plates of the Hele-Shaw cell.
As soon as the precipitate is formed, the initially growing fingers become less dense, which causes
them to rise back toward the gas-liquid interface, leaving behind immobile solid particles deposited
on the walls of the cell. In parallel, precipitation reactions below the interface lead to the formation
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FIG. 2. Schlieren images of the temporal development of the convective instability generated by the
dissolution of gaseous CO2 in Ca(OH)2 solutions of increasing concentration from top to bottom at t = 150,
300, 600, and 1800 s from left to right. The field of view is 8.8 × 5.5 cm. An enlargement of the red rectangle
of the image at t = 600 s of the solution at 5 × 10−3 M is provided in Fig. 3.

the videos provided in the Supplemental Material [36]). At early times, the dissolution of CO2 leads
to the formation of a boundary layer below the gas-liquid interface, which expands diffusively over
time. After some time, this diffusive layer is destabilized into denser fingers sinking downward in
the gravity field.

Considerable differences in the convective and reactive dynamics and in their timescales are
observed when the concentration of Ca(OH)2 is varied. First, the time at which the instability
appears decreases when the concentration of Ca(OH)2 increases. Indeed, at t = 150 s, many
small fingers have already formed in the most concentrated solutions of Ca(OH)2 whereas less
concentrated solutions are still in the diffusive stage. Another important difference concerns
the production of precipitate due to the reaction between CO2−

3 and Ca2+ ions present in the
aqueous solution. No precipitate is observed in Ca(OH)2 solutions of concentration < ×10−3 M.
For the 10−4 M solution, the development of fingers is similar to the one observed in water
[7]. In 5 ×10−4 and 10−3 M solutions, the morphology of fingers is different. As compared
to the less reactive case, fingers are wider and more clearly defined in intermediate Ca(OH)2
concentrations.

In contrast, if the concentration of Ca(OH)2 is larger than 10−3 M, solid CaCO3 particles are
quickly formed and create a multitude of small black fingers characterised by a short wavelength
(Fig. 2). These solid particles settle down, inducing vigorous convection in the form of fingers
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FIG. 3. Enlargement of the precipitation-driven convective pattern at t = 600 s in a solution of
Ca(OH)2 5 × 10−3 M (see red rectangle in Fig. 2). The main characteristics of the convective dynamics are
highlighted: The gas-liquid interface where gaseous CO2 dissolves from above; the reaction front indicating
the zone where the reaction rate is the largest; denser CO2 fingers just below the gas-liquid interface; ascending
plumes, driven by an upward flow generated by chemical reactions and evacuated through rising small
chimneys appearing at the upper limit of the reaction front; and precipitate fingers, containing solid CaCO3

particles sinking below the reaction front. The field of view is 4.0 × 1.5 cm.

mixing denser fluid and solid precipitate sinking in the aqueous phase. These fingers interact with
each other, leading to a coarsening over time. After roughly 5 min, the reaction front becomes visible
as a thick black horizontal line moving slowly away from the gas-liquid interface toward the bulk
of the solution (Fig. 3). This reaction front indicates the region where the reaction rate is the largest
and hence where the production of the solid precipitate is the highest. We see that, in those strongly
reactive solutions, the dynamics is clearly driven by precipitation processes.

Although some precipitate sediments on the glass plates of the cell behind the reaction front, solid
particles are essentially produced at the advancing reaction front and sink downwards as fingers,
with a trajectory influenced by the flow generated by other convective fingers (Fig. 3). On the upper
part of the reaction front, some plumes are also seen to rise upward, and an upward flow is evacuated
through these small chimneys. In time, those chimneys move laterally and often merge to form larger
ascending structures. These chimneys are suspected to be due to a local decrease in density inducing
the less dense fluid to rise from the reaction front. This decrease can be due to the consumption of
the reactants present in solution to produce locally denser solid particles that sink, inducing a smaller
contribution of chemicals to the density of the liquid phase. Heat effects related to the exothermicity
of the reaction can also appear locally and decrease the density. Note that thermal effects are usually
of smaller amplitude than solutal ones in reactive convective dissolution [37]. Nevertheless, both
solutal and thermal effects contribute to the rising of the plumes and it is difficult here to quantify
their relative contribution.

Just below the gas-liquid interface, CO2 continues to dissolve over time, still producing denser
CO2-rich aqueous fingers sinking toward the reaction front which sustains the precipitation process.
The association of CO2 fingers sinking downward from the interface and of plumes rising from
the reaction front forms small convection rolls in the intermediate fluid layer of growing extension.
These convection rolls weaken in time as the reaction front gradually moves away from the interface.
All these features are highlighted in Fig. 3. To better appreciate the development of the precip-
itation pattern appearing in solutions of Ca(OH)2 5 × 10−3 and 10−2 M, the dynamics recorded
with the second camera, i.e., with a wider field of view and no Schlieren effect, is displayed in
Fig. 4.

This direct view clearly shows the precipitate left on the walls of the cell behind the downward-
moving reaction front. This pattern on the wall reflects a memory of the convective cells which
have brought the reactants into contact. Later on, it is progressively redissolved from above by the
continuous intake of CO2 which acidifies the area above the reaction front.
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