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A B S T R A C T

The dissolution of International Simple Glass (ISG) was investigated at 90 ◦C and alkaline conditions with various 
concentrations of dissolved Si and Ca to unravel the combined effects of those elements on ISG reactivity. Ex-
periments were conducted over durations ranging from 20 days to 3 months. Through morphological, structural, 
and chemical characterizations, the glass dissolution rate was proven to be strongly correlated with the activity 
of dissolved silica in the solution. While dissolved calcium did not significantly impact the dissolution rate, 
precipitation of calcium silicate hydrates (CSH) during the experiments enhanced ISG dissolution rate, though to 
a modest extent. The 3-months experiments highlighted the strong correlation between the dissolution mecha-
nism and the evolution of the nature of secondary phases in saturated solution. During the first 20 days and at 
high Si and Ca concentrations, CSH precipitated and aggregated, without preventing the passivating impact of 
the gel layer at the surface of the glass: the dissolution was controlled by diffusion. Then, a resumption of 
dissolution occurred between 19 days and 76 days, corresponding to the CSH growth, and a possible mechanistic 
switch to a hydrolysis-controlled reaction rate. Finally, in some experiments, a drop in pH due to carbonate 
precipitation was observed along with a decrease in the dissolution rate, falling back in a diffusion-limited 
regime. Overall, this study shows that at 90 ◦C, pH = 10 and concentrations of SiO2(aq) exceeding 50 % of 
saturation with respect to amorphous silica, irrespective of Ca concentration but in presence of CO2(aq), ISG 
exhibits a very good chemical durability.

1. Introduction

For decades, several countries have produced borosilicate glass to 
confine high level radioactive waste arising from reprocessing of spent 
nuclear fuel [1]. After cooling and interim storage, glass canisters will be 
disposed in a deep geological repository. The safety demonstration of 
such a disposal relies on a multi-barrier system in which glass is the 
primary barrier. Studying the long-term behavior of these materials 
represents a challenge for the scientific community as glass dissolution 
results from multiple processes which in turn depends on several 
intrinsic and environmental parameters [2-6]. One of the main scenarios 
of glass degradation involves a solution enriched in dissolved Si and Ca 
species, which alters the glass under alkaline conditions. To better un-
derstand basic mechanisms of glass dissolution, nuclear glass research 
community selected a six-oxide borosilicate glass called International 
Simple Glass (ISG) to provide a common benchmark material [7]. Many 

studies investigated the dissolution rate and dissolution mechanisms of 
this glass according to various parameters such as the pH, the temper-
ature, silica concentration and calcium concentration, as well as the 
Si-Ca interaction forming secondary phases [4,5,8-15]. Some of the 
main findings are briefly recalled below.

The dissolution rate of ISG has been investigated by several studies as 
a function of pH and temperature [8,16,17]. The correlation between 
the initial dissolution rate and the pH was further evidenced by Inagaki 
et al., 20138 as the pH-rate relations observe a “V-shaped” curve with a 
minimum dissolution rate at pH 4 for temperatures ranging from 25 ◦C 
to 90 ◦C, and congruent dissolution in basic solutions. With several other 
studies [4,14,18], the authors supported a surface-reaction mechanism 
controlling the initial dissolution rate in a vast range of pH (1 – 10.7).

It must be recalled that, in general, a glass alteration layer is made of 
several sublayers which are (from the glass toward the solution): a hy-
drated alkali-depleted layer, a porous, amorphous and hydrated layer 
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also called gel, and an outer layer formed by precipitated phases, also 
called secondary phases. The thickness and the properties of these layers 
depend on various environmental parameters, such as the temperature, 
the pH or the solution composition. For instance, when ISG is altered in 
deionized water at 90 ◦C and at pH 7 or 9, no secondary phases forms [5,
6]. The gel is passivating when it lowers glass dissolution rates. The 
physical reasons for that are the saturation with respect to amorphous 
silica in pore and bulk solutions, which reduces covalent bonds hydro-
lysis on the one hand, and the gel reorganization, which reduces the 
transport of reactants and products on the other hand. Focusing on ISG 
and the stability of alteration layers in silica saturated solution and 
deionized water, Fournier et al., 2019 [14] highlighted a negligible ef-
fect of the concentration of dissolved silica on the dissolution rate of ISG 
under acidic conditions, up to pH 7. At higher pH (around pH 9), the gel 
layer undergoes an in-situ reorganization, resulting in the decrease of the 
dissolution rate of the underlying glass [15]. However, this passivating 
layer becomes unstable when the pH increases, leading to the alteration 
resumption [14,15]. The presence of secondary phases at 90 ◦C and pH 
> 10.1, such as calcium silicate hydrates (CSH) or zeolites neo-
formations, is also detrimental for the passivating properties of the gel 
[15,19] and can promote the hydrolysis of the silica network which 
becomes the driving force of the alteration resumption [15].

Regarding calcium, antagonist effects on glass dissolution rate were 
highlighted by several studies depending on the pH, the glass surface- 
area-to-solution-volume ratio (SA/V) and then the concentration of Ca 
[20-23]. Four different behaviors were proposed by Mercado-Depierre 
et al., 2013 [9]:

(i) at pH 7 – 8 and low SA/V ratio (25 – 50 m-1), Ca formed metal 
complex on the surface of the material, increasing the initial 
dissolution rate of the glass.

(ii) at similar SA/V ratio but in basic pH conditions, Ca penetrated 
within the gel layer and due to Ca-Si reactivity, its transport 
properties decreased and thus, the initial dissolution rate was 
significantly reduced [20].

Those two cases (i) and (ii) correspond to scenarios where the low 
concentration of Si in solution prevented the precipitation of CSH 
and other Si-bearing secondary phases.

(i) at a high SA/V ratio (1 000 – 20 000 m-1) and near neutral pH 
conditions, a Si-Ca rich passivating layer was suspected to form at 
the glass surface [9]. Furthermore, calcium also played a catalytic 
role in the densification of the gel layer, leading to the closure of 
porosity and ultimately, a decrease in the transport properties of 
the gel layer [10]. The presence of elements poorly soluble such 
as Al can impact the passivating properties of the gel [24-26].

(ii) at high SA/V ratio and basic pH, the solution is rapidly super-
saturated with respect to CSH. As long as CSH precipitate, it was 
suggested that the glass dissolves at a rate close to the initial 
dissolution rate [21,27]. Conversely, Maraghechi (2016) [23] 
proposed that a protective layer formed by a dense, non-porous 
and strongly bounded CSH layer on the surface of the glass that 
could limit the glass dissolution rate.

It is widely known that the formation of secondary phases such as 
zeolites or CSH can significantly increase the dissolution rates of silicate 
glasses [9,28,29], especially in hyperalkaline pH [30]. However, some 
recent studies in which ISG was altered under alkaline conditions in 
young cement water reported the formation of secondary phases iden-
tified as zeolites and phyllosilicates, either without CSH [31], or with 
CSH having a low Ca/Si ratio [27] with no resumption of glass disso-
lution. This observation was related to the decrease in pH after some 
time of experiment [27]. The formation of CSH follows the general law 
of nucleation where the degree of supersaturation in solution controls 
the homogenous nucleation rate [32]. However, a more recent study 

demonstrated a two-steps CSH formation process. The first step consists 
in the formation of amorphous dispersed spheroids which are depleted 
in Ca compared to regular CSH (meaning a ratio of Ca/Si < 0.6) and 
sodium plays the role of a charge compensator. After some time, the 
amorphous spheroids aggregate and sodium is exchanged with calcium, 
leading to the crystallization of the aggregates into a tobermorite-type 
CSH [33-35] (Ca/Si ratio close to 0.8). Other crystalline CSH phases 
have been under study over the years. Blanc et al., 2010 [36,37] sum-
marized the thermodynamic properties of nanocrystalline and crystal-
line CSH phases with various structures.

In presence of carbon dioxide, CSH phases are metastable and are 
susceptible to carbonation. This process has been extensively investi-
gated [38-44]. The Ca/Si ratio strongly influences the carbonation 
resistance of the CSH, but a consensus is yet to be reached on this issue. 
Some studies support that a lower Ca/Si ratio implied a higher 
carbonation resistance [45] while other studies support the opposite 
[39,44], i.e., CSH with a lower Ca/Si ratio tend to decompose faster in 
presence of carbonate. Due to their carbonation properties, some studies 
were carried out to investigate the sequestration of CO2 using various 
calcium silicate hydrated phases [38,46,47]. The carbonation of CSH 
leads to mainly four carbonate by-products which are aragonite, vater-
ite, calcite and amorphous carbonate [41,48]. Following the CSH 
decomposition, a silica gel is formed. Liu et al., 2022 [38] demonstrated 
that the by-products of carbonation, their proportions and the carbon-
ation rate is strongly related to the initial Ca/Si ratio in the CSH. On 
another note, they divided the carbonation process into 3 steps: a 
dissolution period where a progressive decrease of both Ca/Si and pH is 
observed with the formation of calcium carbonate, a diffusion period 
where small portions of CSH crosslink, leading to the formation of an 
amorphous phase they called “calcium modified silica gel”, and a re-
action period where the CSH convert to calcium carbonates, with the 
amorphous phases remaining as a calcium-modified silica gel.

Of note, another impact of Ca had also been reported at various 
temperatures (from 30 ◦C to 90 ◦C), and at high pH (near pH 12.5), in 
presence of boron [12]. Initially, dissolved Ca precipitated with the 
boron leached from the borosilicate glass to form Ca [B(OH)4]2(s). To 
some extent, this first precipitate can prevent the glass dissolution by 
limiting the hydrolysis of the silicate matrix. However, when the solu-
bility limit of CSH was reached, Ca [B(OH)4]2(s) became unstable and 
dissolved, releasing B(OH)4- and Ca2+ into the solution. The calcium was 
then consumed to form increasing amounts of CSH, promoting the glass 
dissolution by trapping the silicon from the solution and from the glass 
[21,27]. In conclusion, the presence of B in the Ca-Si system resulted in 
an incubation period at the beginning of the glass dissolution process. 
This incubation period is shorter as the temperature increases (from 30 
◦C to 70 ◦C) and almost disappears at 90 ◦C.

Overall, the dissolution rate of borosilicate glass has been previously 
studied as a function of various parameters such as pH and temperature. 
The effect of dissolved Si and Ca species was also investigated separately 
from each other. The formation of CSH during the dissolution of silicate 
glass was observed but their effect on the dissolution rate remains 
debated. Furthermore, a proper understanding of the combined effect of 
dissolved Si and Ca species on the dissolution rate during the full process 
of CSH formation and carbonation is still lacking.

This study attempts to address these concerns, focusing on the evo-
lution of ISG dissolution in Si- and/or Ca-rich solutions at 90 ◦C and pH 
=10 (except when mentioned, all pHs below are given at 90 ◦C). The 
effect of CSH neoformation on the ISG dissolution rate and insights on 
the CSH formation kinetics during 20-day and 3-month experiments are 
reported. Overall, these results suggest that although the formation of 
CSH triggers a significant resumption of ISG dissolution, this effect is 
rapidly counterbalanced by the carbonation of CSH, so that under the 
investigated conditions, ISG exhibits very good chemical durability.
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2. Materials and methods

2.1. Overall presentation

Various series of experiments were conducted at 90 ◦C to unfold the 
relation between the concentration of Si and Ca in solution and the 
alteration of ISG samples in alkaline conditions. Si and Ca are expected 
to interact and potentially form CSH. The composition domain that we 
investigated was delimited by the solubility of amorphous silica 
(SiO2(am)) for the Si endmember, and portlandite (Ca(OH)2) for the Ca 
endmember. Using the thermodynamic code JChess [49] and the 
Thermochimie database provided by Andra [36,37,50-53] (http 
s://www.thermochimie-tdb.com/), the domain of stability of CSH was 
calculated with 3 different Ca/Si ratios that are provided in the database 
(CSH0.8, CSH1.2 and CSH1.6, where each number refers to the Ca/Si 
ratio in the structure of the CSH). Those solubility lines are displayed in 
Fig. 3 to evidence their domain of stability in the activity diagram.

The saturation state of the solution with respect to amorphous silica 
corresponds to a theoretical concentration of dissolved Si of 8.75 × 10–2 

mol.L-1 at pH = 10. The activity of H4SiO4(aq) in these conditions cor-
responds to 0.0052 molal, which determines the solubility limit of SiO2 

(am) in the activity diagram (see Fig. 3), i.e., log(a(SiO2)) = − 2.286. 
Regarding calcium, the saturation with respect to portlandite corre-
sponds to 1.5 × 10–1 mol.L-1 at pH 10. The equilibrium activity of Ca2+

(0.034 molal) and the activity of H++ (8.00 × 10–11 molal) provide the 
solubility limit of portlandite under such conditions, i.e., log(a(Ca2+)/a 
(H+)2) = 18.73.

The domain of precipitation of CSH is clearly defined and several 
experiments were conducted to investigate the reactivity of ISG in this 
thermodynamic field. The name and initial conditions of each series of 
experiments are described in Table 1.

As the experiments were conducted under static conditions, a shift in 

pH and solution composition was expected, as the solution was not 
restricted precisely to a specific, well-defined condition. Flow-through 
experiments would have had the ability to circumvent this issue. How-
ever, the likely precipitation of secondary phases in tubings prevented us 
from conducting the experiments in flow-through set-ups. In case of 
experiments conducted near the saturation state with respect to amor-
phous silica, the high level of dissolved Si species contributed to buffer 
the solution since H4SiO4 is a weak acid.

2.2. Experiment preparation

The ISG used in this study is referred to as ISG-1 (wt% 56.2 SiO2, 17.3 
B2O3, 12.2 Na2O, 6.1 Al2O3, 5.0 CaO, 3.3 ZrO2) and its elaboration 
conditions are detailed in Ryan et al., 2022 [54]. Glass coupons with 
dimensions of 2 × 2 × 0.1 cm3 originated from CEA Marcoule, France, 
were polished by PrimeVerre, France, following their 6 faces with a 1/4 
µm diamond grain paste at the last step. Once polished, ISG coupons 
were cut into smaller pieces using a diamond saw. Except for series A, E 
and H, a small part (<1 mm2, on average <5 % of the polished surface) 
of the top and bottom surfaces of ISG samples was protected with 
room-temperature-vulcanizing (RTV) glue spots to create a non-reacted 
reference surface used for subsequent topography analyses run with 
vertical scanning interferometry (VSI, see below). For the series D, F and 
J, the entire ISG glass coupon was used for the experiment, and 4 small 
parts of the top and bottom surfaces were protected with RTV glue. Once 
the experiment was over, the coupon was cut into smaller pieces using a 
diamond saw in dry conditions in order to prevent further degradation of 
the materials after the experiment due to the presence of a solvent.

The experiments were conducted in solutions with various concen-
trations of Si and Ca (see Table 1), and the series were named following 
increasing SiO2(aq) concentrations (Ai to Hi, with i a number ranging 
from 0 to 4 to account for the initial Ca concentration in the 

Table 1 
Summary of the initial conditions for all series run in the present study. The first column refers to the name of the experiments, which were sorted out according to the 
initial Si concentration in the fluid (except for series J, which corresponds to experiments all run over longer durations, but at various high Si concentrations). The 
second and third columns refer to the initial SiO2(aq)/SiO2(aq)eq ratio and the initial concentration of Ca (ppm) in the solution. The fourth and fifth columns refer to the 
logarithm of the activity of SiO2(aq) and that of the Ca2+/(H+)2 activity ratio. The sixth column refers to the duration of the experiment at the time of collection. The 
seventh, eighth and ninth columns refer to the difference in Gibbs free energy related to the dissolution of CSH0.8, CSH1.2 and CSH1.6 respectively based on JChess 
calculations. Note that the concentration of Ca reported with (*) are the theoretical values based on weighing, as the ICP-OES analyses failed for the corresponding 
samples.

Series Si/Sieq [Ca] 
(ppm)

log(a(SiO2)) Log [a(Ca2+)/ a(H+)2] Time (days) ΔG(CSH0.8) 
(J.mol-1)

ΔG(CSH1.2) (J.mol-1) ΔG(CSH1.6) (J.mol-1)

A1 0 % 280.30 − 5.07 17.45 18.0 − 2140 − 2494 − 3543
A2 0 % 276.90 − 5.04 17.45 18.0 − 2044 − 2395 − 3441
A3 1 % 264.20 − 4.55 17.42 18.0 − 640 − 1029 − 2112
B1 0 % 9.10 − 4.86 16.08 17.0 − 4813 − 6822 − 9525
B2 0 % 60* − 4.87 16.60 17.0 − 3603 − 4987 − 7065
B3 0 % 380* − 4.88 16.46 17.0 − 3947 − 5498 − 7744
B4 0 % 780* − 4.88 16.76 17.0 − 3258 − 4452 − 6340
C1 2 % 5.30 − 4.03 15.88 17.1 − 2783 − 5031 − 7974
C2 2 % 44.90 − 4.06 16.75 17.1 − 787 − 1993 − 3894
D1 9 % 1.64 − 3.26 15.48 21.0 − 1454 − 4193 − 7628
D2 18 % 0.03 − 2.97 13.72 21.0 − 4827 − 9691 − 15,253
E1 44 % 0.01 − 2.82 13.17 15.1 − 5682 − 11,212 − 17,436
F1 49 % 639.76 − 2.61 17.84 23.8 6227 6344 5766
G0 35 % 2.50 − 2.69 13.96 21.0 − 3402 − 7976 − 13,245
G1 54 % 1.72 − 2.52 15.13 21.0 − 64 − 3226 − 7082
G2 55 % 73.91 − 2.51 16.75 21.0 3903 2703 807
G3 57 % 117.26 − 2.51 16.93 21.0 4338 3355 1677
G4 56 % 280* − 2.52 16.45 21.0 3139 1569 − 695
H1 79 % 1.00 − 2.46 14.89 14.0 − 448 − 3902 − 8050
I1 84 % 7.00 − 2.35 15.86 19.0 2227 − 51 − 3024
I2 86 % 55.56 − 2.35 16.75 19.0 4400 3204 1313
I3 86 % 299.48 − 2.36 17.46 101.0 6078 5737 4702
I4 100 % 761.89 − 2.32 17.83 101.0 7079 7178 6583.5
J2 44 % 149.73 − 2.62 17.26 101.0 4781 4190.8 2905
J3 97 % 449.10 − 2.32 17.62 101.0 6567 6411 5560
J4 82 % 764.95 − 2.40 17.85 101.0 6890 7022 6459
J4bis 103 % 894.25 − 2.31 17.89 101.0 7242 7415 6894
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corresponding series). The J series corresponds to experiments run over 
longer durations and elevated concentrations of SiO2(aq).

A stock solution saturated with respect to amorphous silica 
(SiO2(am)) was prepared using nanopowder silica (specific surface area 
175 – 225 m2.g-1, 99.8 % trace metals basis). The pH was measured at 
high temperature (90 ◦C) and adjusted to 10.1 ± 0.1 by addition of LiOH 
(Prolabo) on a daily basis. After the solution pH stabilized (approxi-
mately 10 days), the CO2 in the solution was removed by degassing with 
N2 (0.15 L.min-1) at high temperature (near water ebullition, T > 90 ◦C) 
during 30 min for 500 ml of solution. The presence of dissolved CO2 in 
the solution favors the precipitation of calcium carbonate, preventing 
possible reaction between calcium and dissolved silica. PFA Savillex® 
vessels, containing a PTFE tripod for the experiments carried out first 
(series E, H) or a Teflon basket (the remaining series), were filled with 
approximately 50 mL of solution and placed in a N2 atmosphere- 
controlled glove box. The appropriate amount of Ca was added to 
each reactor by sampling aliquots from a stock solution prepared with 
dissolved CaCl2. Only 1 mL or 2 mL of solution containing Ca was added. 
The addition of calcium during experiments E2 to E4 revealed an 
instantaneous precipitation of secondary phases. A lack of control on the 
chemical evolution of the solution was noticed based on sample 
collection, before the solution reached an apparent steady-state 
composition. As a consequence, (i) the experiments E2 to E4 were dis-
carded from the present dataset, and (ii) for all subsequent experiments 
conducted in the stability domain of CSH (series F to J), after the 
addition of calcium, each reactor was placed in an oven at 90 ◦C for an 
incubation time of 24 h. The initial sample was collected right before the 
addition of the ISG coupon. Each reactor was then placed in an oven at 
90 ◦C and the solutions were continuously stirred with magnetic bars. 
Note that no specific protocol was followed to limit any ingress of CO2 
into the reactors while stored in the oven, which becomes noticeable for 
experiments typically exceeding 3 weeks under our conditions. The 
collected samples were filtered using a 0.45 µm pore size filter before 
dilution. For the series F, I and J, the collected samples were diluted with 
a factor x5, x150 and x1500 using ultrapure water (18.2 MΩ.cm) and the 
supernatant from the solution diluted 5x was collected with a micropi-
pette before analysis.

After introducing the coupons in the reactors containing the pre-
pared solution, the dissolution of the glass started in the oven at 90 ◦C 
(see Fig. 1). After an intermediate timestep of 7 to 10 days, each reactor 

was placed in the glove box in order to collect a second sample. At the 
end of the experiment, every reactor was placed in the glove box to 
recover both the solution and the ISG coupon.

After alteration, the ISG coupons were dipped three seconds in ul-
trapure water before being immersed for three seconds in ethanol. They 
were dried and stored in the glove box at room temperature until surface 
analyses were conducted. After the last sampling collection of the so-
lution, the remaining precipitates were collected with two centrifuga-
tion steps: the aim of the first one was to concentrate the solid to remove 
the solution and the aim of the second one, conducted in ethanol, was to 
remove the remaining water to ease the collection of precipitates. They 
were then stored in the glove box prior to Infra-Red (IR) spectroscopy 
analyses and Scanning Electron Microscopy (SEM) observations coupled 
with Energy Dispersive X-Ray Analysis (EDX).

2.3. Fluid and solid analyses

2.3.1. ICP-OES analyses of aqueous solution
The dissolution process was monitored by collecting 2 mL of the 

solution at the beginning of the experiment, after 7 to 10 days of reaction 
and at the end of the experiment. The samples were then diluted 5x, 
150x and 1500x and analyzed with Inductively Coupled Plasma Optical 
Emission Spectrometer (ICP-OES) (Varian 720-ES) for Na, B, Al, Si and 
Ca. At each sampling duration, the concentration of Si and Ca was 
measured in the solution in order to account for the saturation state of 
the solution. The concentrations were implemented in JChess [49] to 
calculate the activity of those two elements and then position the 
chemical status of the solution in the activity diagram shown in Fig. 3.

The measured concentrations of B and Na were used to calculate the 
location of the ‘internal interface’ (interface between the gel layer and 
the pristine (non-reacted) glass) and the glass dissolution rate (see Wild 
et al., 2016 [13] for details). This dissolution rate may correspond to the 
growth rate of the gel layer if the external interface of the layer is stable 
(i.e., if it does not dissolve, as can be expected when the solution is 
saturated with respect to SiO2(am)).

The equivalent thickness, Eth(i) (mm), of altered glass was calculated 
based on ICP-OES measurements of the amount of B and Na released into 
the fluid, following: 

Fig. 1. Schematic representation of the various steps of experiment preparation. After degassing the 500 mL Si-rich solution with N2 during 30 min, the reactor was 
placed in the glove box where Ca was added in the form of CaCl2 from a concentrated solution. The reactor was placed in an oven heated at 90 ◦C for 24 h and then 
put back in the glove box for sample collection and the addition of the ISG coupon. Finally, the reactor was placed back in the oven, which represented the onset of 
the dissolution experiments.
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Eth(i) =
[i]t × Ft × Vt

SA × ρ × x(i)
(1) 

where [i]t is the concentrations (ppm) of element i (B or Na) at time t 
measured by ICP-OES, Ft is the dilution factor of the aqueous sample 
collected at time t, Vt is the volume (L) of the solution in the reactor just 
before collection (the correction on the volume due to the sampling was 
negligible compared to the uncertainties of the ICP and therefore 
omitted in the calculation), SA is the sample surface area (mm2), ρ is the 
specific volume of ISG glass (ρ = 2.498 mg.mm− 3) and x(i) is the mass 
proportion of the element i in ISG (x(i) = 0.0905 for Na in ISG and x(i) =
0.0537 for B in ISG). Eth(i) is equal to the gel layer thickness when the 
alteration is isovolumetric (see Fig. 2).

Based on the equivalent thickness calculated at two different stages, 
the corresponding dissolution rates were calculated following: 

rdisso(i) =
ΔEth(i) × ρ

Δt
(2) 

where rdisso(i) is the dissolution rate (g.m-2.d-1) calculated based on the 
release of the element i, ΔEth(i) is the difference between two consec-
utive equivalent thicknesses based on the element i, and Δt is the time 
interval between two consecutive samples.

Overall, the dissolution rate calculated based on the release of B in 
solution (rdisso(B)) was in good agreement with the dissolution rate 
calculated based on the release of Na in solution (rdisso(Na)). They were 
linearly correlated with a correlation coefficient R2 = 0.92 (see Sup-
plementary Fig. S1). However, rdisso(Na) was systematically lower than 
rdisso(B), shifting the linear regression to a slope with a value of 1.3. 
Furthermore, the Na and B analyzed concentrations are low (ppb to 
ppm) and Na is an element that is more sensitive to contamination than 
B. As shown below, rdisso(B) was found to be in better agreement with the 
dissolution rate calculated based on the solid characterization (see Fig. 4
and Supplementary Fig. S2), so that in the following, rdisso(B) was 
considered to better reflect ISG reactivity, and rdisso(Na) was not 
considered in the subsequent analyses.

2.3.2. VSI, IR and SEM-EDX analysis of the sample
The retreat of the glass resulting from dissolution was measured 

using RTV glue masks to create a non-reactive reference surface. 
Topography analyses were then conducted using VSI (Zygo Newview 
7300) (Figs. 5 and 6). For all samples, the images were taken at 10x- 

magnification, corresponding to a lateral resolution of 1.7 µm, while 
the vertical resolution was on the order of 1 nm. Supplementary Table S1 
provides information on the surface retreats measured on coupons by 
VSI.

SEM observations were conducted with a Tescan Vega 3 operated at 
ISTerre (Grenoble, France). SEM analyses were performed on each 
sample which was gold-coated (1 nm) beforehand. Energy Dispersive X- 
ray (EDX) spectra were acquired with an SDD detector from Rayspec to 
probe the chemical composition of both the surface of each reacted 
coupon and the precipitates formed in the solution or on the surface. The 
used incident energy was 16 keV.

Finally, infrared (IR) analyses were performed using a Thermo-
scientific infrared analyses instrument in Attenuation Total Reflectance 
(ATR) mode to probe the surface of the altered sample. Before analysis, 
ISG samples were cleaned with ethanol and air-dried. A background 
analysis was conducted before each measurement. The thickness of the 
analyzed surface was up to 1 µm. In the present study, the direct use of IR 
often proved challenging to directly detect the presence of CSH because 
the vibration modes characteristic of CSH structures (980 cm-1 to 920 
cm-1, according to their Ca/Si ratio) overlap with those of amorphous 
silica (see Supplementary Fig. S3). The IR analyses were then coupled 
with SEM-EDX and thermodynamic modeling to infer indirectly the 
presence of CSH, i.e., CSH precipitation was suspected when the char-
acterizations observed the three following conditions: i) The solution is 
close to saturation or supersaturated with respect to CSH, ii) SEM-EDX 
analyses of the reacted ISG coupon reveal a Ca/Si ratio higher than on 
a pristine ISG coupon and the observed morphology typical of CSH and 
iii) IR analyses do not reveal peaks related to calcium carbonates, which 
are the main phases with which CSH compete for Ca consumption.

2.3.3. ToF-SIMS analyses of the sample
The altered solid samples were analyzed by an IONTOF GmbH® TOF 

5 spectrometer from TESCAN Analytics (France). The external surface 
was abraded on an area of 200 × 200 µm2 for an analyzed area of 50 ×
50 µm2. The ToF-SIMS operated as cycles of abrasion and analysis. After 
each cycle, the surface charge was neutralized by a low energy electron 
beam (< 20 eV) in order to prepare the area for the next cycle. The depth 
of the crater (hcrater) created by ion milling after a given number of 
abrasion cycles (Ncycles) was measured using 3D profilometer. The depth 
associated to one cycle of abrasion (zcycle) is then assumed to be simply 
given by: 

Fig. 2. Schematic representation of the interfaces and terminology used in this study.
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zcycle = hcrater
/
Ncycles (3) 

Uncertainties are approximately 15 % of the result value of hcrater. 
Depth profiles of positive ions, O+, Na+, Al+, 28Si+ and 29Si+ were 
recorded thanks to Bi1+ 25 keV, 1.2 pA beam for the analyses and O2

+ 2 
keV, 600 nA beams for the ablation. Only information related to the 
thickness of the gel layer, analyzed by ToF-SIMS, are reported in this 
study (see Supplementary Table S1). The detailed profiles will be pro-
vided in an upcoming study.

2.3.4. FIB-TEM analyses of the sample
The reacted samples were platinum-coated at TESCAN Analytics 

(France), and ultrathin electron transparent cross sections were subse-
quently prepared by focused ion beam (FIB) milling following methods 
previously described by Daval et al., 2009 [55] and summarized in 
Cagnon et al., 2022 [24]. FIB foils were then analyzed using trans-
mission electron microscopy (TEM) and scanning transmission electron 
microscopy (STEM) using a FEI Tecnaï G2 microscope with a LaB6 
electron source operating at 200 kV, operated at CP2M (Marseille, 
France). EDX spectra were acquired in STEM mode to probe the chem-
ical composition of the interface between the gel layer and the substrate, 
with an Energy Dispersive X-ray Detector (Oxford XMax 80). The anal-
ysis was conducted on some substrates (see Supplementary Table S1).

3. Results

In this section, the dissolution rates calculated using solution ana-
lyses are presented first, before being compared to the dissolution rates 
calculated from solid characterizations. As precipitates were observed in 
the solution, their effects on the dissolution rates are discussed. To reach 
this goal, the nature of those precipitates was studied before attempting 
to establish a link between those phases and glass dissolution rate. 
Finally, long-duration experiments (101 days) were investigated 
through the chemical composition of the solution and their precipitates.

3.1. Dissolution rates calculated using solution analyses

Fig. 3a shows an activity diagram plotted using the solution data 
coming from the different series conducted in the present study. Addi-
tional data on ISG alteration from Fournier et al. (2019) [14], which 
were collected in a solution with no initial addition of Ca in the solution, 
were also reported to the figure. The subset of data that we selected from 
their study observed the following conditions: i) no zeolite or other 

secondary phase precipitated in the solution; ii) The initial pH was not 
significantly lower than the pH at which the experiments of this study 
were conducted (i.e., 10 ± 0.2 after 20 days of alteration). This second 
condition ruled out all the experiments from Fournier et al. (2019) [14] 
conducted at pH ≤ 9.5. According to the above-mentioned criteria, only 
three sets of experiments were selected for comparison: S1-Blk-10.1, 
S2-Blk-9.8 and S2-Sat-9.8. ISG dissolution rates calculated from B 
release were then reported in Fig. 3b.

From the activity diagram where the saturation lines with respect to 
3 different CSH are displayed, two domains can be defined: the one 
where the solution is undersaturated with respect to all of the 3 CSH, and 
another one where the solution is saturated with respect to any of the 3 
CSH. Most rate data from Fournier et al. (2019) [14] fall in the under-
saturated domain (open circles in Fig. 3a), at least with respect to 
CSH1.2. Most rate data collected in the present study are situated in the 
stability field of the 3 CSH compositions mentioned previously. Of note, 
the evolution of the chemical composition of the solution from series B 
followed the saturation line of the CSH0.8 (Fig. 3a). Therefore, the so-
lutions were assumed to remain in equilibrium with the selected CSH0.8 
throughout the experiment, which was confirmed by IR and SEM char-
acterizations (see Section 2 in Discussion), while no carbonate was 
found in this series.

The dissolution rates of ISG are reported in Fig. 3b. The main 
observation is that the dissolution rate decreases with increasing 
SiO2(aq) up to near saturation conditions with respect to amorphous 
silica. The highest dissolution rate is observed with the lowest concen-
tration of silica in the solution, i.e. log(SiO2(aq)) = − 5.16 and − 4.88. No 
significant differences were observed at this stage in the dissolution rate 
between experiments where CSH precipitated and where they did not. 
However, when experiments near saturation with respect to amorphous 
silica are compared with S2-Blk-9.8 (located in the red square reported 
in Fig. 3) from Fournier et al., 2019 [14], a discrepancy is observed. The 
rates calculated from this latter specific experiment, with a log 
(SiO2(aq)) between − 3.5 and − 3, appear as blue circles in Fig. 3b, 
meaning that they are lower than those from other experiments from the 
series F, G, I, and J that have a higher silica concentration, and which 
were all conducted in the CSH saturation domain.

3.2. Dissolution rates calculated using solid and solution analyses

As mentioned above, glass dissolution rates were estimated using 
different methods, i.e., ICP-OES, which was used to monitor the release 
of B in the solution, and a combination of VSI to measure the surface 

Fig. 3. Activity diagrams for the system CaO-SiO2–H2O representing the chemical composition of the solution of each reactor at the moment of the aqueous sample 
collection. The blue, orange and grey lines represent the saturation lines of CSH0.8, CSH1.2 and CSH1.6 respectively. The black horizontal line corresponds to the 
saturation line with respect to portlandite and the black vertical line corresponds to the saturation line with respect to amorphous silica. In the plot a), the filled 
symbols correspond to experiments carried out during this study while the open circles correspond to experiments carried out in Fournier et al., 2019 [14]. In the plot 
b), the same data were represented, but each color corresponds to a range of glass dissolution rates (in g.m-2.d-1) with the color code corresponding to increasing rates 
from blue to black. The data points located in the red square correspond to S2-Blk-9.8 experiment from Fournier et al., 2019 [14], and aims to highlight the 
discrepancy with the series F, G, I and J. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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retreat, and ToF-SIMS and FIB-TEM to determine the gel layer thickness. 
Dissolution rates based on solid characterizations (r solid) are in 
reasonable agreement with those calculated from elemental release (see 
Supplementary Table S2 and Supplementary Fig. S2). Overall, the 
dissolution rate decreases with the increase in [SiO2(aq)]/ [SiO2(aq)]eq 
ratio regardless of the method of calculation, which is consistent with 
the observations reported in Fig. 3. Note that the [SiO2(aq)]/ [SiO2(a-
q)]eq ratio is the distance to the saturation state of the solution with 
respect to amorphous silica.

From Fig. 4, two groups of dissolution rates are observed. The first 
one corresponds to a high dissolution rate with a low [SiO2(aq)]/ 
[SiO2(aq)]eq that ranges from 0 % to 2 %. The calculated dissolution rate 
is greater than 1 g.m-2.d-1 without exceeding 10 g.m-2.d-1 and both 
rdisso(B) and rsolid are equivalent, within experimental uncertainties. The 
second group corresponds to lower dissolution rates, for [SiO2(aq)]/ 
[SiO2(aq)]eq greater than 9 %. Here, the dissolution rates range from 0.1 
g.m-2.d-1 to 0.001 g.m-2.d-1 for [SiO2(aq)]/ [SiO2(aq)]eq ranging be-
tween 9 % and 100 %.

3.3. Characterization of the precipitates

Typical characterizations of the run products collected at the end of 
experiments are reported in Figs. 5 and 6. The characterizations were 
reported according to the two domains previously mentioned, with 
either a low (Fig. 5) or a high (Fig. 6) [SiO2(aq)]/ [SiO2(aq)]eq ratio. IR 
analyses were also reported and were used, coupled with SEM-EDX to 
determine the presence of CSH (see “Material and Methods” for more 
details).

3.3.1. Experiments run with a low [SiO2(aq)]/ [SiO2(aq)]eq ratio
Regarding the experiments conducted with a low [SiO2(aq)]/ 

[SiO2(aq)]eq ratio, the series A were run with a high initial concentration 
of Ca (> 260 ppm). The initial concentration of Si increased from A1 to 
A3. While the initial amount of aqueous silica remains low (from 0 to 1 
% of saturation with respect to amorphous silica, see Table 1), the 
amount of precipitates in the solution and their morphology were 
different. Almost no precipitate was observed in A1, a small amount of 
gel-like material was observed in A2, and a larger amount of precipitates 
was observed in A3 (Fig. 5a). The A3 coupon surface remained neat and 
the precipitates in the solution were thin and presented a layer-like 
morphology. As it can be seen in Fig. 5a, they aggregated to form 
bigger precipitates with an average Ca/Si ratio around 0.6. IR analyses 
provided insight on the potential presence of CSH with a Ca/Si ratio of 

0.7 for A3, which is consistent with the SEM-EDX analyses and with the 
fluid composition, which follows the saturation limit of CSH0.8 (Fig. 3). 
Those observations strongly suggested the presence of CSH in the A3 
experiments’ precipitates.

The series B and C were also carried out with no or little Si added 
(between 0 % and 2 % of SiO2(am) saturation). The amount of calcium 
initially introduced increased from C1 to C2 and from B1 to B4. Pre-
cipitates were observed in both C1 and C2 and were also observed from 
B1 to B4. The average value of the Ca/Si ratios of the precipitates was 
around 0.6 for B3 (Fig. 5b) and ranged between 0.25 and 0.32 for C1 
(Fig. 5c). The VSI analyses highlighted a step at the edge of the locations 
where the RTV glue mask was, which results from the dissolution of the 
glass (Fig. 5c). The step height was 13.6 µm for C1 and around 33 µm for 
B3, which compares favorably with the alteration thicknesses of 12.4 µm 
for C1 and 34 µm for B3 calculated from ICP-OES data. Note that B3 and 
A3 possessed a similar solution composition. The IR analyses are pre-
sented in Fig. 5d for the series B. Except for B4 and C2, no calcium 
carbonate peak was found for B1, B2 and B3 and C1 . However, peaks 
related to CSH were found and presented a local maximum between 980 
cm-1 and 920 cm-1. Based on Zhakiyeva (2021) [56] work, these maxima 
correspond to a standard CSH with a Ca/Si ratio close to 0.66 for B3, and 
1.26 for C1, respectively, strongly suggesting the presence of CSH in the 
solution.

3.3.2. Experiments run with a high [SiO2(aq)]/ [SiO2(aq)]eq ratio
Strikingly, the apparent solubility of the gel layer seemed to be 

reached for a [SiO2(aq)]/ [SiO2(aq)]eq as low as 9 % (series D): the 
surface retreat is below 20 nm, while the thickness of the gel is around 
40 nm. Experiments E1 and H1 are representative of series where no 
calcium was added in the solution, but with high [SiO2(aq)] concen-
trations, (i.e. [SiO2(aq)]/ [SiO2(aq)]eq = 44 % for E1; and 79 % for H1). 
Fig. 6b is a typical SEM image representative of the corresponding 
coupons reacted in conditions close to the saturation with respect to 
amorphous silica and a low concentration of Ca (a few tens of ppm). The 
precipitates were essentially made up of a Si-rich gel-like surface 
coating. The TEM characterizations revealed that the gel layer thickness 
was 243 nm. H1 precipitates are shown in Fig. 6f. The amount of 
aqueous silica was higher compared to E1, and the gel layer thickness 
was thinner, about 50 nm, as inferred from TEM analyses.

Finally, the series G was carried out with a solution close to satura-
tion with respect to amorphous silica, and an increasing amount of 
calcium from G0 to G4. Note that for both G3 (Fig. 6c) and G4 (Fig. 6d), 
Ca was introduced in the solution in the form of 44CaCO3, instead of 

Fig. 4. Dissolution rate of ISG (g.m-2.d-1) as a function of the [SiO2(aq)]/ [SiO2(aq)]eq ratio (%). Both plots represent the same data. The orange circles represent the 
dissolution rates calculated based on the release of B in the solution determined by ICP-OES, while the grey circles represent the dissolution rates calculated based on 
solid analyses (VSI + ToF-SIMS or FIB-TEM). The conditions for which the rate calculation was performed for a same experiment based both on the solution and the 
solid analyses are highlighted in rectangles. (a) Semi-log plot of the relation between aqueous Si concentration and rate data, highlighting experiments conducted in 
Si-rich solutions. (b) Log-log plot of the relation between aqueous Si concentration and rate data, highlighting experiments conducted in Si-low solutions. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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CaCl2, to trace the incorporation of Ca in secondary phases (the corre-
sponding results will be discussed in an upcoming study). On the surface 
of ISG coupon, the average Ca/Si ratio was between 0.2 – 0.3 for G2, 
0.45 for G3 and 0.60 for G4. The precipitates of both latest experiments 
are mainly calcium carbonates with a morphology of either cauliflowers 
or elongated crystals that may correspond to vaterite and aragonite, 
respectively. The first one was present in large amount whereas the 
second one was present as a minor phase. The EDX analyses confirmed 
an enrichment in Ca in those precipitates with a Ca/Si ratio between 2.0 
and 2.6. Regarding G2, amorphous silica was among the main pre-
cipitates and, in some locations, EDX analysis confirmed a Ca/Si ratio of 
1.88. The IR analyses of the series G are presented in Fig. 6e. Peaks 
related to calcium carbonates were only observed in the G3 and G4 
precipitates, as well as on the surface of G3 and G4 coupons. No local 
maximum related to CSH precipitate could be isolated in the range of 
wavenumbers characteristic of these phases, except for G2, where peaks 
corresponded to CSH with a Ca/Si ratio of 1.6. Those observations 
suggested that out of the 5 series G experiments, CSH only precipitated 
in G2 experiment.

Of note, the VSI images shown in Fig. 6a are representative of the VSI 
analyses made on every experiment with a [SiO2(aq)]/ [SiO2(aq)]eq 
exceeding 9 %, including the series G. Little to no retreat was observed 
between the masked and unmasked areas of coupons reacted in those 
series.

3.4. Dissolution rate comparison according to the presence of CSH

Regarding the [SiO2(aq)]/ [SiO2(aq)]eq ratio from 0 % to 2 % 
(Fig. 7b), the experiment with CSH corresponds to A3 while the open 
yellow circles correspond to the series B. All experiments in this domain 

lasted around 20 days and regardless of the presence of CSH, the 
dissolution rate varies within the same order of magnitude. When the 
rate data obtained in the present study are combined with those 
collected by Fournier et al. (2019) [14], a continuous decreasing trend 
from [SiO2(aq)]/ [SiO2(aq)]eq ≈2 % to ≈15 % is evidenced. Around this 
latter [SiO2(aq)]/ [SiO2(aq)]eq ratio, the dissolution rate ranges from 7 
× 10–4 to 4 × 10–3 g.m-2.d-1, which is of a same order of magnitude as the 
dissolution rate of experiments carried out at [SiO2(aq)]/ [SiO2(aq)]eq >

9 % in our study. Thus, a discontinuity between both domains is 
observed.

According to our results, at [SiO2(aq)]/ [SiO2(aq)]eq > 44 %, the 
dissolution rate varies from 1.4 × 10–3 to 8.8 × 10–2 g.m-2.d-1. The rate 
data from Fournier et al. (2019) [14] lies in the lower part of this range, 
between 2.0 × 10–3 and 5.2 × 10–3 g.m-2.d-1. Therefore, in this range, the 
dissolution rates are overall higher for experiments conducted in the 
saturation domain of CSH. Furthermore, the dissolution rates from 
short-term experiments range within one order of magnitude, regardless 
of the presence of CSH or not in the solution, while the dissolution rates 
from long-term experiments lie in the upper part of this range. As a 
consequence, two conditions seem to be required to observe enhanced 
ISG dissolution rates at high at [SiO2(aq)]/ [SiO2(aq)]eq ratios: (i) Sec-
ondary precipitates are mainly or only made up of CSH and ii) the ex-
periments have to last longer than 20 days. This assertion has been 
confirmed by running Student’s t-tests to test whether the difference 
between various rate data were statistically significant (see Supple-
mentary Table S3). For [SiO2(aq)]/ [SiO2(aq)]eq > 9 %, the results of 
this analysis confirmed that the rate data collected in presence of CSH 
for long-durations are statistically different from (i) the rate data 
collected without CSH in the present study and (ii) the rate data from 
Fournier et al. (2019), whereas the rate data collected in the present 

Fig. 5. Representative SEM, EDX and VSI characterizations of solids recovered from various experiments with a low [SiO2(aq)]/ [SiO2(aq)]eq after 20 days at pH 10 
and 90 ◦C. a) SEM pictures of A3 surface coupon and precipitates in solution. b) SEM picture of B3 surface sample. The EDX spectrum revealed the presence of C on 
the area where the Ca/Si value is 1.17. A VSI analysis of the masked area after removal of the mask is also shown. c) SEM picture and VSI analysis of C1 surface 
sample. d) IR analysis on the series B. The yellow, orange, blue and green lines correspond to B1_recto, B1_verso, B3_recto and B3_verso faces, respectively. The recto 
(up-facing) and verso (down-facing) mentions were used to distinguish between the faces facing upwards or downwards. No difference between the face was expected 
as the solution was stirred and the sample was placed in a basket. The blue area is the domain where the peak of CSH with a Ca/Si ratio from 0.66 to 1.46 is expected. 
See Supplementary Note 3 for detailed band assignments to vibrational modes in this wavelength range. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)
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Fig. 6. Representative SEM, EDX and VSI characterizations of solids recovered from various experiments with a high [SiO2(aq)]/ [SiO2(aq)]eq ratio after 20 days at 
pH 10, 90 ◦C. a) VSI picture of D1 surface coupon that is representative of experiments run in the high [SiO2(aq)]/ [SiO2(aq)]eq ratio domain. The step between the 
reacted area and the non-reacted area was below 7 nm. b) SEM and TEM pictures of E1 coupon surface. c) and d) SEM pictures of G3 and G4 coupon surface, 
respectively. Calcium was exceptionally introduced in those two reactors under the form of calcium carbonates. e) IR analysis on the series G. The orange, grey, blue, 
violet, yellow and green lines correspond to the precipitates in the solution from G3 and G4, and the analysis of the surface of G0, G1, G3 and G4, respectively. The 
red, yellow and blue areas respectively indicate the domains where the peak of calcium carbonate, silica, ISG, and CSH with a ratio from 0.66 to 1.46 are expected. 
See Supplementary Note 3 for detailed band assignments to vibrational modes in this wavelength range. f) SEM and TEM pictures of H1 coupon surface. The 
precipitates on the surface of the coupon were too small to be analyzed by EDX. Neither C nor Ca was detected. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.)

Fig. 7. Plots representing the dissolution rate of ISG in g.m-2.d-1 as a function of the [SiO2(aq)]/ [SiO2(aq)]eq ratio (%) and of the presence of CSH in the precipitates. 
Green open and filled circles correspond to experiments where CSH were positively found in the precipitates at the end of the 20-days and 101-days experiments, 
respectively. Red circles correspond to experiments where CSH did not precipitate until the end of the 20-days experiments. Yellow open circles and yellow filled 
circles correspond to experiments where CSH precipitation was highly suspected at the end of the 20-days and 101-days experiments, respectively. Black open circles 
and black filled circles refer to short-term and long-term (respectively) dissolution rates calculated from the data of Fournier et al., 2019 [14], corresponding to 
experiments where no secondary precipitate was observed. Both (a) and (b) refer to the same dataset, where (b) corresponds to a semi-log representation to better 
emphasize the results from experiments run at low Si concentrations. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.)
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study without CSH (or with CSH for durations < 20 days) are not sta-
tistically different from those collected by Fournier et al. (2019).

3.5. Longer-term experiments, relation between secondary precipitates 
and ISG dissolution rate

As described previously, the experiments were designed so as to 
minimize the impact of CO2 on the chemical composition of fluid (and 
hence, on ISG reactivity) at the start of the experiments. The protocol 
adopted in this study proved successful for durations lasting up to ~3 
weeks. Over longer durations, the penetration of CO2 in the reactor was 
large enough to modify the sequence of precipitates. In this section, we 
present results of long-term experiments aimed at getting insights into 
the impact of the competition between CSH growth and carbonate 
precipitation on ISG dissolution rate.

The series I and J were designed to alter the ISG coupon under similar 
conditions: the solution was saturated with respect to amorphous silica 
and a significant amount of Ca was added initially in the reactor to reach 
340 ppm of Ca for I3 and J3, and 620 ppm for I4, J4 and J4bis. The main 
difference between both series was that the solution was sampled only at 
the beginning and at the end of the experiment of J series in order to 
minimize handling of the reactor and accordingly, decrease the risk of 
carbonation (which eventually proved unsuccessful). Conversely, the 
series I was sampled regularly to monitor the evolution of the solution 
composition.

From the Fig. 8, the initial and final chemical compositions of the 
solution are similar between both series. As J4bis is a duplicate of J4, its 

solution chemical composition was not reported. The series I reveal that 
the activity of SiO2(aq) in the solution first decreased, followed by both 
an increase in SiO2(aq) activity and a decrease in the (Ca2+)/(H+)2 ac-
tivity ratio. Initially, the solution is supersaturated with respect to 
CSH1.6, while at the end of the experiment, the solution is at equilib-
rium with respect to CSH0.8. Regarding the evolution of the pH of the 
solution, an acidification was observed for all experiments. Every solu-
tion was initially adjusted to pH 10.1 but after 101 days of alteration, the 
pH decreased to 9.9 and 9.5 for I3 and I4 respectively, with a measure of 
9.8 for I4 at 89 days. Regarding the series J, the pH decreased to 9.7 for 
both J2 and J3, and to 8.9 and 9.0 for J4 and J4bis, respectively.

The evolution of the concentration of B, Ca and Si in the solution of I3 
and I4 is reported in Fig. 8b–d. During the first 12 days, the B concen-
tration observed a minute increase, while the concentration of Ca and Si 
remained constant, within uncertainties. Between 12 and 19 days, the 
concentration of Ca and Si decreased simultaneously. The decrease in Ca 
concentration represented 107 ppm and 138 ppm for I3 and I4, 
respectively, while the decrease in Si concentration represented 649 
ppm and 744 ppm for I3 and I4, respectively. Between 19 and 76 days, 
the concentration of B in the solution significantly increased by about 
one order of magnitude (from 0.09 ppm to 0.87 ppm for I3 and from 0.09 
ppm to 0.63 ppm for I4) whereas the concentration of Ca remained 
constant for both experiments. The concentration of Si in experiment I4 
decreased significantly by a 2.7-factor, from 2500 ppm to 900 ppm while 
it only slightly decreased for I3. Between 76 and 89 days, the remaining 
amount of Ca in the solution precipitated, as suggested by the drop in Ca 
concentration. The concentration of B in the solution steadily increased, 

Fig. 8. Main results of fluid characterizations for series run over long (~3 months) durations (i.e., series I, J). (a) Activity diagram for the system CaO-SiO2–H2O 
representing the chemical composition of the solution for experiments I3, I4, J3 and J4. The blue, orange and grey lines represent the saturation lines of CSH0.8, 
CSH1.2 and CSH1.6 respectively. The black horizontal line corresponds to the saturation line with respect to portlandite and the black vertical line corresponds to the 
saturation line with respect to amorphous silica. The plots reported in b), c) and d) represent the evolution of the concentration of dissolved B, Ca and Si respectively, 
as a function of time (days) for the experiment I3 (blue circles) and I4 (orange circles). (For interpretation of the references to colour in this figure legend, the reader 
is referred to the web version of this article.)
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but with a much slower pace and the concentration of Si decreases 
slightly. Finally, between 89 and 101 days, the concentration of Ca 
decreased to a few ppm for both series while the amount of Si remained 
constant. The concentration of B kept increasing at a slower rate.

The precipitates of those series that were found at the surface of the 
glass coupons were analyzed by EDX-SEM. Representative images are 
reported in Fig. 9. The picture and EDX characterization in Fig. 9a are 
characteristic of the others ISG coupons from series I and J collected at 
the end of the experiments. The common observation is a low Ca/Si ratio 
at 0.26 to 0.45 for experiment I4, around 0.7 for J4, and between 0.44 
and 0.67 for J4bis. Such Ca/Si ratios were typically found on the surface 
of ISG coupons or precipitates after alteration in a (Ca, Si)-rich solution.

The precipitates on the glass surface shown in Fig. 9b presented two 
morphologies with two distinct values of Ca/Si ratios. The first one, with 
a Ca/Si value of 0.7 on average, presented an amorphous gel-like 
morphology whereas the second one, with a higher Ca/Si value of 1.1 
on average, exhibited layers of euhedral crystals. Finally, another type of 
precipitates was present in J4bis that resembled cauliflowers and grew 
out of the amorphous gel-like precipitates. Both the amorphous and 
cauliflowers precipitates were characterized by TEM (Fig. 10b and c). 
Electron diffraction was performed on both precipitates and revealed an 
amorphous structure for the early precipitates (Fig. 10e) and a crystal-
line structure for the subsequent ones (Fig. 10d). The d-spacing 
measured on this image was as follow: 7.41 Å, 4.48 Å, 3.85 Å, 3.48 Å, 
2.90 Å, 2.79 Å, 2.44 Å, 2.06 Å and 1.74 Å. EDX spectra on both pre-
cipitates showed that they both contain carbon, a significant amount of 
silicon and some calcium. The amount of calcium in the crystalline 
precipitates was higher, with Ca/Si ratio reaching up to 0.36, whereas 
the amorphous precipitates had a Ca/Si ratio of 0.06.

Below, we first examine the extent to which ISG dissolution rate can 
be predicted using the well-known first order dissolution rate law pro-
posed by Grambow (2001) [57], which links glass dissolution rate to 
SiO2(aq) activity. Then the impact of the calcium concentration was 
studied, with a specific emphasis on the impact of CSH formation. The 
chemical evolution of I3 and I4 solutions allowed us to further under-
stand the different stages of evolution of the glass dissolution rate, which 
can be related to the maturation of CSH precipitates in the solution. 
Finally, the alteration mechanism of ISG was addressed. In particular, 
the dissolution rate evolution exhibited a resumption of alteration after 
20 days, which may be attributed to an intrinsic evolution of the 
transport properties of the gel layer and/or its consumption by CSH 
precipitates.

4. Discussion

To unravel the reactivity of ISG at basic pH conditions in solutions 
enriched with dissolved Si and Ca, our dataset was compared to that of 
Fournier et al. (2019) [14], which was collected at the same temperature 
and similar pH conditions, but in Ca-low concentration solutions.

4.1. Relation between ISG dissolution rate and SiO2(aq) concentrations

The rate and mechanisms of borosilicate glass dissolution has been 
studied for over 50 years [15,18,57-64]. In their study, Grambow et al., 
1985 [65] and Grambow et al., 2001 [57] proposed a general dissolution 
rate law, based on the work of Aagaard et al., 1982 [66], which is often 
referred to as ‘first order dissolution rate law’. A simplified equation of 
this rate law is reported in Eq. (4): 

rdisso = k(T) ×
(

1 −
aSiO2(aq)

KSiO2 (T)

)

(4) 

where k(T) is a rate constant (g.m-2.d-1) that depends on the temperature 
T (K) and KSiO2 (T) is the solubility constant at the dissolving glass sur-
face, which depends on the temperature.

This law ensures that when the solution is highly undersaturated 
with respect to amorphous silica, the dissolution rate of the borosilicate 
glass (rdisso), is equal to the forward dissolution rate, r0, which corre-
sponds to a maximum for a given set of T and pH conditions. When the 
solution approaches the saturation of the gel (approximated to that of 
amorphous silica for instance), the dissolution rate is supposed to drop 
down to zero. Note that similar rate laws proved satisfactory to describe 
the reactivity of some silicate minerals [67-69] and basaltic glass [70]. 
The rate law can be refined using the actual solubility of the gel layer 
instead of that of SiO2(am) [14,71-73]. However, above that threshold, a 
residual dissolution rate was observed as the (boro)silicate glass kept 
dissolving beyond saturation [74-76]. Mechanisms behind the residual 
rate are still debated within the community [64]. One of the hypotheses 
is that the reaction is controlled by the ingress of reactants and products 
through the gel layer [68,77].

In the present study, when the solution was saturated with respect to 
amorphous silica, which is the most soluble polymorph of SiO2, the 
dissolution rate of ISG reached a minimum for two reasons: (i) the 
chemical affinity between the solution and the solid was the lowest [24,
78] and (ii) possibly, a passivating layer formed in alkaline pH [9]. 
These two mechanisms are additive. The latter mechanism can be 
mitigated or annihilated by the precipitation of secondary silicate pha-
ses, such as zeolites or CSH [15,79].

The dissolution rates calculated in this study, and that of Fournier 

Fig. 9. SEM characterizations of the surface of ISG coupons after 101 days of alteration from the experiment a) I4, b) J4 and c) J4bis at 90 ◦C, and an initial pH 
of 10.1.
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et al. (2019) [14] were compared with the first order dissolution rate 
law in Fig. 11b, where the rate plateau corresponding to the forward rate 
r0 was set to 11.2 g.m-2.d-1 according to the study of Fournier et al. 
(2016) [80]. As can be seen in Fig. 11b, the general trend depicted by the 
rate data does not follow the first order dissolution rate law.

A correction to the first order dissolution rate law was then applied, 
by adjusting the solubility limit of SiO2, considering that the gel layer is 
less soluble that amorphous silica because of the presence of Al [26]. In 
order to apply this correction, two different domains of dissolution rate 
were drawn based on [SiO2(aq)]/ [SiO2(aq)]eq ratio. The first one cor-
responds to a high dissolution rate, > 1 g.m-2.d-1, when [SiO2(aq)]/ 

[SiO2(aq)]eq is below 2 % and a second one that corresponds to a low 
dissolution rate, < 0.1 g.m-2.d-1, where [SiO2(aq)]/ [SiO2(aq)]eq is 
greater than 9 %. These two domains were supported by solid charac-
terization and VSI analyses (Figs. 5 and 6). The significant surface 
retreat revealed by VSI characterization (up to 33 µm) and the very thin 
(a few 100 s of nm at most according to the solution analyses) gel layer 
testified that the solution was very far from the solubility of the gel layer. 
Conversely, the surface retreat was very low for [SiO2(aq)]/ [SiO2(aq)]eq 
ratios ranging from 9 % to 18 % (< 20 nm) and below the VSI quanti-
fication limit (< 2 nm) for [SiO2(aq)]/ [SiO2(aq)]eq ratios greater than 
44 %. For [SiO2(aq)]/ [SiO2(aq)]eq ratios between 9 % and 18 % (series 

Fig. 10. FIB-TEM characterization of the ISG coupon surface and associated precipitates from J4bis experiments, collected after 101 days of alteration at pH 10.1. 
The composition of both crystalline and amorphous precipitates was obtained by STEM-EDX. a) TEM bright field image of the surface with both crystalline pre-
cipitates on the left and amorphous precipitates on the right. b) and c) TEM dark field close up views on the crystalline precipitates and the amorphous precipitates 
respectively. d) and e) Electron diffraction of the crystalline precipitates and the amorphous precipitates respectively. f) TEM image of the surface, showing that the 
thickness of the gel layer ranges between 0.87 and 0.89 µm. This observation was supported by STEM-EDX map of the area at the Ca K edge, K edge, Na K edge, Si K 
edge and Al K edge (not reported). g) and h) EDX spectra collected on the crystalline precipitates and the amorphous precipitates respectively.
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D), the surface retreat was between 10 and 20 nm. In this latter domain, 
the thickness of the gel layer, calculated based on ToF-SIMS, FIB-TEM or 
even ICP-OES, were on the same order of magnitude after 20 days of 
alteration (a few tens of nanometers up to a hundred nanometers). These 
observations suggest that the solubility of the gel layer is lower than that 
of SiO2(am) and may be around 12 % of SiO2(am) saturation (Fig. 11), in 
reasonable agreement with the apparent solubility reported in Gin et al. 
(2012) at pH = 9 (~20 % of SiO2(am) saturation). Of note, the threshold 
where the alteration process switches from hydrolysis-controlled 
mechanism ( [SiO2(aq)]/ [SiO2(aq)]eq < 9 %) to diffusion-controlled 
mechanism ( [SiO2(aq)]/ [SiO2(aq)]eq > 9 %) lies in the range of the 
solubility of quartz, which is the most insoluble silica phase (17 % of 
SiO2(am) saturation).

Interestingly, the low dissolution rate (< 0.01 g.m-2.d-1) reported by 
Fournier et al. (2019) [14] for experiments carried out with a 
[SiO2(aq)]/ [SiO2(aq)]eq between 9 % and 13 % is an additional inde-
pendent argument supporting that the apparent solubility for the 
passivating gel layer formed on ISG ranges from 9 % to 18 % of that of 
amorphous silica at pH 10 and 90 ◦C.

Finally, in addition to the concerns regarding the gel layer solubility, 
the first order dissolution rate law does not capture the far-from- 
equilibrium rates ( [SiO2(aq)]/ [SiO2(aq)]eq <2 %) reported both in 
the present study or that of Fournier et al. (2019) [14]. Indeed, the 
dissolution rates in this domain can be up to one order of magnitude 
lower. Furthermore, the rate data from Fournier et al. (2019) [14] 
steadily decreases with increasing SiO2(aq) concentrations, without 
describing an initial rate plateau (Fig. 11b). A reasonable agreement can 
be highlighted from the dissolution rates in this study with the corrected 
first-order dissolution rate law when considering a lower forward 
dissolution rate of around 3 g.m-2.d-1. However, this law cannot explain 
the dissolution rates that are measured for saturation states exceeding 
12 %.

To conclude, ISG dissolution rate is unquestionably negatively 
correlated with the increase in SiO2(aq) activity in solution. While the 
data collected in the present study observe a rather linear correlation 
between dissolution rates and [SiO2(aq)]/ [SiO2(aq)]eq in a log-log plot 
(Fig. 11a) with a correlation coefficient of R2 ≈ 0.76, the rate data 
calculated from the experiments conducted by Fournier et al. (2019) 
[14] exhibit a weaker linear correlation (R2 = 0.44). The observations 
collected in the present study support that ISG dissolution rate obeys a 
general empirical rate law related to the activity of silica in solution, 
although following a more complicated relation than the first order 
alteration rate law suggested by Grambow et al., (2001) [57]. The dis-
crepancies above discussed are likely due to the fact that both the glass 

and the gel contain other elements than Si (Al, Zr, Ca) that impact the 
rate of hydrolysis of the glass matrix and the gel properties.

4.2. Impact of aqueous Ca and Ca-bearing secondary phases on ISG 
dissolution rate during short-term experiments

After analyzing the effect of Si on the dissolution rate, the effect of 
calcium was investigated. As calcium may play a role in the transport 
properties of the gel layer formed on ISG [9,11], the rate data were 
plotted as a function of the concentration of calcium in solution, for all 
experiments conducted in the domain where the solution composition 
exceeds the solubility of the gel layer (i.e., [SiO2(aq)]/ [SiO2(aq)]eq > 9 
%). For Ca concentrations covering a range of ~5 orders of magnitude, 
the dissolution rate did not appear to be correlated with the concen-
tration of calcium in solution (Supplementary Fig. S4). This observation 
contrasts with results obtained on short-term experiments, where the 
heterogeneous precipitation of CSH at the surface of ISG was weak or 
absent. In the latter case, a 33 % decrease in the rate was observed when 
the concentration of Ca was increased from 0 to 250 ppm (G series; 
results being discussed at length in an upcoming study).

The investigation thus focused on the impact of Ca-bearing second-
ary phases such as CSH and calcium carbonates. To unravel their effect 
on the dissolution rate, the experiments in this study where calcium was 
added to the onset solution were compared to the experiments of 
Fournier et al. (2019) [14], where Ca-free solutions were employed.

The dissolution rates calculated by Fournier et al. (2019) [14] are 
lower than the ones calculated in this study (Fig. 11a) by about an order 
of magnitude (intercept of the linear regression slope is log(0.0007) =
− 3.15 for the data from Fournier et al. (2019) [14] and log(0.0077) =
− 2.11 for this study). Focusing on the experiments with a [SiO2(aq)]/ 
[SiO2(aq)]eq ratio > 9 % for both studies, some discrepancies can be 
highlighted. Despite the correlation between the dissolution rate and the 
activity of silica in solution, S2-Blk-9.8 experiment (conducted with a 
[SiO2(aq)]/ [SiO2(aq)]eq ratio around 10 %) exhibits a dissolution rate 
that is lower (< 0.01 g.m-2.d-1) than some experiments conducted in the 
present study with a [SiO2(aq)]/ [SiO2(aq)]eq ratio between 44 % to 100 
% (0.01 g.m-2.d-1< dissolution rate < 0.1 g.m-2.d-1).

Because no correlation was found between dissolved calcium con-
centrations and the glass dissolution rate, the hypothesis that CSH are 
the source of the discrepancies between the rate data collected by 
Fournier and coworkers and the results from the present study was 
therefore investigated next. As a reminder, no secondary precipitates 
were reported in the datasets selected from Fournier et al. (2019) [14], 
whereas most rate data collected in the present study at [SiO2(aq)]/ 

Fig. 11. Glass dissolution rate (g.m-2.d-1) as a function of [SiO2(aq)]/ [SiO2(aq)]eq. The red circles correspond to the data from this study. The black circles 
correspond to the data from Fournier et al., 2019 [14]. a) Dissolution rate and [SiO2(aq)]/ [SiO2(aq)]eq is represented with a linear regression on both data set. b) 
Both data sets are compared with the first order alteration law from Grambow et al., 2001 [57]. The blue line refers to the original first order alteration law and the 
blue star corresponds to the forward dissolution rate in Fournier et al., (2016) [80]. The green line refers to a first order law corrected by the solubility of the gel layer 
based on this study and the best forward dissolution rate based on this study. (For interpretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.)
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[SiO2(aq)]eq > 44 % were obtained in the saturation domain with 
respect to CSH0.8 and/or CSH1.2 and/or CSH1.6.

The precipitates formed in our experiments were characterized using 
IR and SEM-EDX to determine their composition and nature. Consid-
ering the temperature of 90 ◦C, the pH around 10 and the Si and Ca 
chemical composition of the solution, three different secondary phases 
were mainly expected: (i) amorphous silica, as it corresponds to the SiO2 
polymorph with the highest precipitation rate in this range of temper-
ature; (ii) CSH, as the experiments were designed to favor the precipi-
tation of these minerals [27], and (iii) calcium carbonates in case the 
solution got in contact with the atmosphere and CO2 dissolved in the 
solution [38,40,41,48]. Some other phases such as zeolites might pre-
cipitate but as minor phases (see Ferrand et al., 2021 [27] for more 
details), and were not evidenced from our experiments. Conversely, 
amorphous silica, CSH and calcium carbonates precipitates were actu-
ally evidenced in the present study (see Results and Figs. 5 and 6).

A clear increase in dissolution rate was observed only when CSH 
precipitated in experiments lasting >20 days (see Fig. 7). As little to no 
difference was highlighted from the short-term experiments dissolution 
rate with or without CSH (Fig. 7), an induction period, here lasting 
around 20 days, seems to be required for CSH precipitation to signifi-
cantly impact ISG reactivity. According to Mercado-Depierre et al. 
(2013) [9], the precipitation of CSH lowers the activity of SiO2(aq), and 
the glass dissolution rate is expected to be equal to the forward disso-
lution rate, at the maximum.

To conclude, the presence of CSH has little to no effect on the 
dissolution rate for short-term experiment and increases the dissolution 
rate for longer-term experiment, up to one order of magnitude. How-
ever, the increase is only of second order compared to the effect of the 

activity of aqueous silica in the solution.

4.3. Alteration mechanism and dissolution resumption, insight from 101 
days alteration experiments

After addressing the impact of dissolved Si and Ca, and Ca- 
precipitates on ISG dissolution rate over short-time experiments, we 
here attempt to determine the rate-controlling processes and associated 
mechanisms of ISG dissolution based on long-term experiments. In that 
respect, experiments labelled I3 and I4 were carried out over 101 days 
and were submitted to time-resolved aqueous sampling (Fig. 8). To 
verify that this sampling did not disturb the progress of the experiments, 
J3 was prepared as a replicate of I3, and J4 and J4bis were prepared as 
replicates of I4, although none of these replicates experienced time- 
resolved aqueous sampling (the corresponding reactors remained 
closed until the end of the experiments). The starting and final compo-
sitions of the fluid were found similar, suggesting a similar fluid evo-
lution in all experiments (Fig. 8a).

These experiments, and especially I3 and I4, were compared to S2- 
Sat-9.8 and S2-Blk-9.8 from Fournier et al. (2019) [14], for which the 
experiments lasted up to 379 days. For the record, all these experiments 
were run at high [SiO2(aq)]/ [SiO2(aq)]eq, corresponding to conditions 
where the passivating layer was not supposed to dissolve (see above). In 
these conditions, the dissolution of ISG is typically thought to be 
diffusion-controlled [24,78]. To test this hypothesis, the equivalent 
thickness calculated from long-term experiments were fitted following: 

Eth =
2̅
̅̅
π

√
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
DFick × t

√
(5) 

Fig. 12. Plots representing the gel layer thickness (µm) based on the release of B in the solution as a function of time (day). a) and b) represent the dissolution rate of 
a few selected experiments. The experiment duration is up to a) 379 days for Fournier’s data. Conversely, the experiments were stopped after b) 101 days in the 
present study. The dissolution rate is compared to the diffusion-controlled dissolution rate established by Fick’s law. The diffusion coefficient is DFick = 1.78 × 10–19 

m2.s-1 from Gin et al., 2020 [64]. The other curves refer to a lower diffusion coefficient. c) is another representation of b). d) models of the dissolution rate evolution 
by combining Fick’s law and the forward dissolution rate of ISG sample that is of r0 = 11.2 g.m-2.d-1 from Fournier et al., 2016 [80]. This forward dissolution rate is, 
however, adjusted to only 0.4 % of r0.
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where t corresponds to the time in days and DFick refers to a diffusion 
coefficient extrapolated from Gin et al., 2020 [64] and is equal to 1.8 ×
10–19 m2.s-1 at pH 10.

On the one hand, the experiments carried out by Fournier et al. 
(2019) [14] are in reasonable agreement with a diffusion-limited regime 
throughout the duration of the experiment, although the diffusion co-
efficient (DFick) is one (S2-Sat-9.8) to two (S2-Blk-9.8) orders of magni-
tude lower than the one extrapolated from Gin et al., 2020 [64] (Fig. 12a 
and b).

On the other hand, the release of B from experiments I3 and I4 fol-
lowed a more complex evolution:

- For durations shorter than 20 days, the release rate of B is close to (or 
even lower than) that observed from experiments S2-Sat-9.8 and S2- 
Blk-9.8 (Fig. 12a–c).

- A sudden increase in the calculated equivalent thickness is then 
observed (Fig. 12a and b) between 19 days and 76 days, as the 
experimental data points deviate from the Fickian trend described 
for time ranging from 0 to 19 days (Fig. 12c).

- Finally, for durations longer than 76 days, the concentration of B 
keeps increasing, though to a much lower pace. In parallel, no retreat 
at the surface of the coupon was measured with VSI in areas devoid 
of secondary phases. In addition, the precipitates from J4 and J4bis 
presented both silica gel with a Ca/Si ratio of 0.7, CSH precipitates 
with a layer-like morphology and a Ca/Si ratio of 1.1 at the surface of 
ISG sample, and faceted CSH with a Ca/Si ratio between 0.44 and 
0.67 (Fig. 9b and 9c). The FIB thin section prepared on J4bis coupon 
positively supports the presence of both amorphous silica (Fig. 10e 
and 10g), calcium carbonate (as inferred from the presence of Ca and 
C in the precipitates, Fig. 10g), and CSH, as the electron diffraction 

pattern shown in Fig. 10d is in good agreement with the d-spacing of 
okenite (Ca3 [Si6O15]●6H2O) (7.66 Å, 4.53 Å, 3.97 Å, 3.49 Å, 2.92 Å, 
2.80 Å and 2.39 Å) [81]. Okenite is known to be a crystallized CSH 
that is highly keen to precipitate during ISG dissolution in hyper-
alkaline condition at 70 ◦C [27,39,45].

Based on the abovementioned observations, we suggest the following 
scenario to describe the reactivity of ISG in a (Si, Ca)-rich environment 
at 90 ◦C and alkaline conditions (Fig. 13):

(1) First, the precipitation of CSH occurred at the very moment of Ca 
addition in the solution and was visually observed through the 
turbidity of the solution, which increased with the amount of 
added Ca. This first precipitation step corresponds mainly to 
homogenous CSH nucleation in the solution, as inferred from the 
analyses of the solids filtered from the solution (see e.g., Fig. 5a). 
This nucleation marked the first step of CSH formation, as 
described in the literature [33,35]. Small CSH clusters then 
aggregated slowly and started growing layer by layer before a 
potential crystallization. This aggregation and growth repre-
sented the second step of CSH nucleation [35], which occurred in 
this study between 12 days and 19 days, as suggested by the 
sudden decrease in aqueous Ca and Si concentrations in series I 
and J (Fig. 8). However, even if the loss of Ca and Si concentra-
tions was similar in both experiments, the corresponding aqueous 
Ca/Si ratio suggested (0.12) that a significant amount of amor-
phous silica precipitated along with the CSH. The SEM images of 
A3 experiment confirmed the precipitation of both phases (e.g., 
Fig. 5a). As CSH precipitates were formed mainly in the bulk 
solution while the [SiO2(aq)]/ [SiO2(aq)]eq ratio did not decrease 
down to the solubility limit of the gel (suggested to be close to 9 % 

Fig. 13. Schematic summary of the proposed ISG alteration process in a (Ca, Si)-rich solution and pH 10, with possible influence of CO2. a) After the addition of Ca in 
the pH 10.1 saturated solution with respect to amorphous silica, homogeneous precipitation of CSH occurs. The alteration of ISG is diffusion-controlled. b) During the 
first 20 days, CSH aggregate and gradually crystallize. c) The dissolution rate increases by a x15 factor. The alteration mechanism switches from diffusion-controlled 
to hydrolysis-controlled during the growth of the CSH. In spite of glass dissolution, the concentration of silica in the solution decreases due to CSH consumption and 
amorphous silica precipitation. The solution becomes locally undersaturated with respect to the gel layer. Until the end of the CSH growth, the pH remains mostly 
constant. d) After 76 days, the pH starts to decrease (ingress of CO2). Calcium carbonates precipitate at the expense of CSH and Ca in solution. The dissolution rate 
decreases, and the alteration mechanism shifts back to a diffusion-limited process. Since the pH has decreased, the solution approaches the solubility of amorphous 
silica. e) CSH start to undergo a carbonation process with amorphous silica and calcium carbonates as by-products. The pH keeps decreasing, bringing back the 
solution close to the saturation state with respect to amorphous silica. The alteration remains diffusion-controlled.
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of the solubility od amorphous silica in this study), the precipi-
tation of CSH had only a very modest impact on ISG dissolution 
rate, which was similar to or slightly higher than the dissolution 
rates from Fournier et al. (2019) [14], measured in absence of 
precipitates (Figs. 7 and 11).

(2) For durations exceeding ~20 days, CSH also started to aggregate 
and grow at the surface of the ISG coupons (Figs. 6, 9, 10). The 
resumption of glass alteration revealed in Fig. 12 may be ascribed 
to the precipitation of CSH at the expense of passivating gel. 
Considering that if the alteration was only diffusion-controlled, 
no resumption of evolution would have been observed, a shift 
in the rate-controlling process from transport-limited to 
hydrolysis-limited may be proposed (Fig. 12d). This shift was 
supposedly due to i) the dissolution or consumption of the gel 
layer locally by the CSH precipitates, allowing a faster alteration 
from the opening of the porosity within the gel layer and ii) the 
local shift of the solution away from amorphous silica saturation. 
Supporting this assertion, the dissolution rate between 19 and 76 
days increased up to around 15x compared with the dissolution 
rate between 0 and 19 days, which is in reasonable agreement 
with previous findings. According to Fournier et al., 2017 [82], 
the precipitation of secondary phases at pH 10 could raise ISG 
dissolution rate up to 10–2 g.m-2.d-1, which remains much lower 
than r0 at the corresponding pH of 10. Although the phases that 
precipitated in Fournier’s study were zeolites instead of CSH, it 
gives an indicative value of the glass dissolution rate controlled 
by secondary silicate phases precipitation. Thus, it seems 
reasonable to observe a resumption of alteration at a quite low 
dissolution rate relative to r0. 

In addition, our study suggests that the impact of CSH must 
have remained local (i.e., at the contact between CSH and the 
surface of the altered coupon), since the Si concentration in the 
bulk solution remained such that [SiO2(aq)]/ [SiO2(aq)]eq > 9 %, 
which is a reasonable estimate for the solubility of the passivating 
gel layer (in other words, the decrease in the bulk aqueous Si 
concentration could not account for a such a drastic resumption 
of ISG dissolution). This suggestion would be supported by the 
observation that r disso(B) from ICP-OES analyses were equal or 
greater in general than r solid from solid characterization (Fig. 4), 
while the VSI analyses did not evidence any surface retreat (i.e., 
the consumption of the gel layer did not occur in areas devoid of 
secondary phases, and must have occurred below the CSH, which 
was impossible to probe with VSI). Of note, the resumption of the 
alteration due to the growth of secondary phases at the expense of 
the gel was also studied by Gin et al. (2015) [15]. After pertur-
bating the environment by increasing the pH from 9 to 11.5, they 
observed the precipitation of CSH and zeolites that maintained 
the dissolution rate close to the forward dissolution rate until 
complete dissolution of ISG. However, contrary to Gin et al. 
(2015) [15], the forward dissolution rate was not reached during 
our study, likely because the pH was lower than in this previous 
study [82].

(3) Between 76 days and 89 days, the concentration of calcium in the 
solution decreased to a few tens of ppm, which represent between 
9 % and 5 % of the initial concentration of calcium in the solution 
for I3 and I4, respectively. Because the evolution of Si in the so-
lution did not correlate with that of Ca, the crystallization of CSH 
can be dismissed. As a drop in pH was observed during that time, 
the consumption of Ca most likely resulted from the precipitation 
of calcium carbonates phases, probably due to a slow dissolution 
of CO2 in the solution, as the reactor is not fully impermeable. 
The ingress of CO2 in the reactors in long-term experiments 
shifted the composition of the solution outside of the stability 
field of CSH that were formed at early stages (Fig. 8a), resulting in 
their transformation in favor of carbonate phases and amorphous 
silica, as confirmed by TEM observations (Fig. 10a). Ultimately, if 

the resumption of ISG dissolution observed between 19 and 76 
days was due to the destabilization of the gel layer because of the 
growth of CSH, then the carbonation of CSH is a likely mechanism 
that could explain why ISG dissolution shifts back to a diffusion- 
controlled process, as the driving force for the gel layer destabi-
lization has vanished.

As a conclusion, whereas ISG dissolution rate is negatively correlated 
to first order with the activity of dissolved silica in the solution, to 
second order, the precipitation of CSH in the solution has likely 
contributed to a transient increase in the dissolution rate, but not up to 
the forward dissolution rate (around 0.5 % of r0). A hypothesis was 
proposed for this increase in the dissolution rate: the gel layer is dis-
solved or consumed locally by the CSH precipitates (Fig. 13).

5. Conclusion

While the mechanisms and kinetics of ISG dissolution have been 
extensively investigated over the past decade (Gin et al., 2018 [63] and 
references therein), the reactivity of ISG at basic pH and in (Ca, Si)-rich 
environment remained essentially unexplored. By studying the reac-
tivity of ISG in alkaline condition at 90 ◦C with various dissolved cal-
cium and silicon concentrations, the following conclusions can be 
drawn:

(i) The dissolution rate of ISG is strongly and negatively correlated 
with the activity of dissolved silica in the solution. The solubility 
of the gel layer may range between 2 % and 9 % of that of 
amorphous silica. Above that threshold, the dissolution rate re-
mains low (< 0.1 g.m-2.d-1) and is diffusion-controlled.

(ii) The secondary phases, and in particular CSH precipitates, have 
only a second order effect on the dissolution rate of ISG during the 
first 19 days of alteration. These conclusions contrast with those 
offered by Mercado-Depierre et al. (2013) [9], who observed that 
the dissolution rate increases up to the forward dissolution rate as 
soon as the solution is saturated with respect to CSH.

(iii) A resumption of the glass dissolution rate is observed between 19 
and 76 days. It can be explained by a shift in the alteration 
mechanism from diffusion to hydrolysis. However, the forward 
dissolution rate remains unattained.

(iv) The competition between the formation of CSH and calcium 
carbonates likely limited the resumption of ISG dissolution in the 
experiments conducted in the present study. For experiments run 
over durations exceeding 76 days, the precipitation of calcium 
carbonates consumed CSH while resulting in the acidification of 
the solution, which in turn was responsible for a shift in the so-
lution composition towards conditions closer to amorphous silica 
saturation. As a consequence, the dissolution process returned 
back to a diffusion-limited regime, though with a diffusion co-
efficient higher than in the previous step of the process.

This study proposes a general understanding of borosilicate glass 
behavior in (Si, Ca)-rich environment under alkaline condition which is 
of interest concerning the present concepts of deep geological repository 
in France. One of the main concerns of the borosilicate glass dissolution 
in interaction with a cementitious grout is the alteration resumption due 
to secondary phases. The results presented here tend to confirm this 
concern, however, the presence of carbonates in solution might prevent 
or limit the resumption of glass alteration from CSH precipitates. 
Therefore, we suggest that in addition to the impact of dissolved Ca and 
Si, future studies should be directed at assessing the impact of carbon-
ates and investigating the state of the altered glass after the alkaline 
alteration.
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