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1 Abstract 8 
This work addresses the impact of radiation damage on the leaching of international simple glass (ISG). 9 
Pristine and specimens irradiated with multi-energy Au ions were leached for 82 days at 90 oC in pure 10 
water and pH 9 and regularly sampled. Samples leached for 13 and 58 days were characterized using 11 
transmission electron microscopy (TEM) to study the microstructure(s) of the alteration layers formed 12 
from the radiation-damaged and pristine glasses. Furthermore, a sample altered for 82 days was 13 
immersed in water enriched in isotopically tagged water molecules (H2

18O) to study and compare the 14 
mobility and reactivity of water at room temperature in the alteration layers formed on these glasses. 15 
The studies revealed that radiation damage diminished the chemical durability of the ISG glass since 16 
the beginning of the leaching experiment. Concomitantly, the formation of a non-porous alteration 17 
layer of about 237 nm after 13 days of leaching evolving into the formation of a nanoporous alteration 18 
layer of about 570 nm after 58 days of leaching was observed in the irradiated glasses. In contrast, a 19 
non-porous altered layer of about 138 nm only developed in the non-irradiated specimen altered for 20 
58 days. Using energy-filtered transmission electron microscopy, the altered layers in all the cases were 21 
found to be depleted in boron, in agreement with the time of flight secondary ion mass spectroscopy 22 
studies. Despite pore formation, similar behaviour in the 18O — 16O exchanges (with respect to the 23 
uncertainties) was observed in the major part of the alteration layers whether formed from the 24 
irradiated or pristine ISG, leading to the conclusion that the greater alterability of the radiation-25 
damaged ISG may not be due to the porosity. However, isotopic exchanges also revealed a significantly 26 
higher reactivity of water in the alteration-layer/glass interface for the irradiated glass. While these 27 
studies provide important insights about the role of porosity and radiation damages, they also highlight 28 
the complex nature of glass dissolution and suggest that studies directed at alteration-layer/glass 29 
interface are needed to better understand and explain the mechanisms controlling the glass 30 
dissolution in the residual alteration rate regime.  31 

2 Introduction  32 
Glasses due to their ease of manufacture and flexibility to accommodate a variety of elements in their 33 
structure are used as nuclear waste conditioning matrices around the world. To address the release 34 
and transport of radionuclides from such wasteforms, it is important to understand the mechanisms 35 
of glass leaching and the way in which various factors such as pH, temperature, glass composition and 36 
self-irradiation damage play a role in it. Although the fundamental leaching mechanisms of glasses, 37 
such as water penetration and interdiffusion 1-4, hydrolysis of the bonds 5,6, condensation 6-8 and, 38 
precipitation of secondary phases in certain cases 8,9 are well described, the specific mechanisms 39 
controlling glass dissolution in the long-term and the role played by radiation damage are still debated 40 
in the literature. A universally accepted picture of glass dissolution incorporating the impact of 41 
radiation damage is yet to emerge. In recent years, two fundamentally different limiting mechanisms 42 
of glass leaching in the long-term alteration regime have been the focus of researchers 6,7,10-15. The 43 
interface-coupled dissolution-precipitation (ICDP) 6,11,12,16 model proposes simultaneous hydrolysis and 44 
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precipitation at the glass-water interface leading to inward progress of the leaching front and 45 
formation of the so-called surface alteration layer (SAL). The SAL, as depicted in Figure 1, is also 46 
referred to as the alteration-layer/glass interface or reactive interface in the literature. Transport of 47 
glass constituents and water through the precipitated SAL eventually controls the rate of leaching 48 
explaining the rate drop and approach to the so-called “residual rate” of glass alteration/leaching. The 49 
second model, on the other hand, proposes inter-diffusion and ion exchange as the fundamental 50 
mechanisms for glass leaching and the formation of the alteration layer, followed by progressive in-51 
situ hydrolysis/re-condensation 7,10,13-15. In this model, mobile elements are ion-exchanged (Na, Ca) or 52 
hydrolysed (B) with water (H+/H3O+) resulting in the formation of silanol groups (Si-OH) in the ion-53 
exchanged region which eventually transforms into the alteration layer via condensation reactions 54 
(2SiOH ⇌ Si-O-Si + H2O). In this case, the alteration layer region called gel (Figure 1) as a diffusive 55 
barrier is the transport limiting factor explaining the residual alteration rate regime. Nevertheless, 56 
none of these models directly address or take into account the effect of ion irradiation on the 57 
microstructure of the alteration layer, including the SAL part, at nano-scale. It is essentially the aspect 58 
of radiation damage that will be the focus of this study.  59 

A majority of the studies on the long-term leaching behaviour have mainly focused on the impact of 60 
beta and gamma radiation 17-20. The predominant role of alpha decay of minor actinides on the long-61 
term radiation component has only been recently highlighted 17. Indeed, the alpha irradiation ageing 62 
of the glass will cause significant changes in its structure and properties 17,21,22. Due to the various 63 
complexities associated with handing and characterizing radioactive specimens, ion irradiation has 64 
been widely used as a proxy to simulate the effects of self-irradiation damage. It was recently observed 65 
in the literature that the alteration behaviour of borosilicate glasses was significantly modified by the 66 
prior external irradiation by heavy ions 22-24, specifically, during the residual alteration rate regime 22,23. 67 
Radiation damage was observed to result in an alteration layer around 4 times thicker than the one 68 
formed on a non-irradiated glass leached under the same conditions. The evolution of the leaching 69 
rate with irradiation dose was attributed to the effects of nuclear collisions 23, essentially, following 70 
the trend as observed in the structural and mechanical properties with nuclear dose. Also, the altered 71 
thickness evolved as a square root of time, indicating that the actual alteration rate versus time 72 
diminished on both the irradiated and non-irradiated samples 23. These observations suggest that the 73 
effects of irradiation on the alteration mechanisms (in the residual rate regime) are linked to the 74 
changes in either the glass structure and/or its properties. These modifications potentially induce an 75 
increase in water migration and/or an increase in the reactivity in the alteration layer formed from the 76 
irradiated glass (making it less passivating than the one formed from a non-irradiated glass).  77 

In the present communication, we aim to better understand which part of the alteration layer formed 78 
from an irradiated glass is modified in terms of its passivating properties that could explain the 79 
increased residual rate and the formation of a thicker alteration layer. As the microstructure of altered 80 
glasses is still poorly understood and there are currently no studies focusing on the microstructure of 81 
the radiation-damaged and leached ISG, this article aims to use transmission electron microscopy 82 
(TEM) and energy-filtered TEM (EFTEM) at cryogenic temperatures to study and compare the 83 
microstructure of the non-irradiated and irradiated ISG glass after various leaching intervals. The 84 
leaching tests were conducted under the same conditions as reported earlier 23. Furthermore, as the 85 
gel reorganization and its formation from the glass (at the gel/glass interface) involves dissociation of 86 
oxygen bonds, a specific experiment was performed by using isotopically tagged water molecules 87 
(H2

18O) to assess the water ingress and oxygen exchanges through the alteration layers formed from 88 
the irradiated and non-irradiated glasses. By following 18O — 16O exchanges versus time and depth, it 89 
was possible to access the self-organization ability of the alteration layers obtained from irradiated or 90 
non-irradiated glasses at ambient temperature 7 and the role of porosity. 91 

 92 
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 93 
Figure 1: A schematic view of the alteration and associated terminology used in the present publication. 94 

 95 

3 Experimental methodology 96 
An overview of the experimental scheme is presented in Figure 2. Several ISG glass specimens 97 
(6.25×12.5×1 mm3) were partially masked with a thick Al foil to maintain a non-irradiated reference 98 
area and then irradiated with multi-energy gold ions (0.5 to 3.5 MeV) for various fluences up to a 99 
maximum of 5.5×1014 ions.cm-2 to attain a uniform and saturation damage state up to a depth of about 100 
1000 nm (Figure 2(a)). Details of this ion irradiation are presented elsewhere 23. After ion irradiation, 101 
the Al mask was removed and the specimens were leached for up to 82 days at 90 °C in water under 102 
static conditions (Figure 2(b)). The experiment involved placing the irradiated glass monoliths in a PFA-103 
Teflon reactor, covering them by an ISG glass powder bed (40-63 µm mean size) and adding deionized 104 
water. The mass of the glass powder was adjusted to yield a glass-surface-area to solution-volume 105 
ratio (S/V) of 200 cm-1 in order to quickly attain saturation with respect to Si (within one day) so as to 106 
focus on the residual rate regime of the leaching. A pH of 9 (± 0.1) at 90°C was measured from the first 107 
day to the end of the leaching experiment. The leached specimens were sampled regularly (13, 32, 40, 108 
58 and 82 days) and mainly analysed using ToF-SIMS. The ToF-SIMS results have been published in an 109 
earlier article 23. A dependence of alteration layer thickness on the irradiation dose was observed in 110 
the earlier work for fluences less than 3.7 x 1013 ions.cm-2 whereas for larger fluences a saturation in 111 
the alteration thickness was attained (figure 5 in S. Mougnaud et al. 23). Figure 6 from the previous 112 
article is reproduced here in Figure 2(f) showing the alteration thickness as a function of the leaching 113 
time for the irradiated (dose at saturation) and non-irradiated specimens. 114 

 115 

3.1 TEM specimen preparation and characterizations 116 
Specimens altered for 13 and 58 days, as indicated by the rectangles in Figure 2(f), were selected for 117 
microstructural characterisation using TEM in the current study. These particular specimens were 118 
chosen to probe the microstructure of the leached specimens in the first days of alteration — when 119 
the alteration layer forms and the differences because of the previous irradiation were already clearly 120 
observable — and when the residual leaching rate is well established (58 days) (this can be seen from 121 
the ToF-SIMS data presented in Figure 2(f)). 122 

Before making the specimens for the TEM analysis, the leached specimens were coated with 100 - 200 123 
nm of Cr (Figure 2(c)) using a Quorum QT150T sputter coater to avoid any charging and surface damage 124 
during specimen preparation using the focussed ion beam system (FIB). A region of interest on the 125 
irradiated and non-irradiated areas of the corroded specimens was then deposited with carbon (2 µm 126 
thick) to prevent any ion beam damage during specimen preparation (Figure 2(c)). The specimens for 127 
TEM analysis were then prepared using 30 keV Ga ions and standard FIB procedures. Using a Hitachi 128 
9500 TEM and a Gatan liquid-nitrogen cooled TEM specimen holder, the specimens were cooled to –129 
130 oC for TEM/EFTEM analysis (Figure 2(d)). The low temperature was chosen to reduce the extent of 130 
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electron beam damage. The distribution of pores in the TEM images of the corroded specimens was 131 
analysed using Fiji software 25. The images were first thresholded to define the background level and 132 
then using the particle analysis tool of Fiji, the pores were fitted with circles to evaluate pore 133 
diameters. 134 

 135 

3.2 Immersion in H2
18O at ambient temperature 136 

A specimen altered for 82 days, as described previously, was considered here. This specimen had been 137 
irradiated up to a total fluence of 4.6 x 1014 ions.cm-2 (note that as described in S. Mougnaud et al.23, 138 
the damage saturation occurred after about 3.7 x 1013 ions.cm-2). The alteration layer thicknesses were 139 
measured by ToF-SIMS both on the irradiated zone (IZ) and the non-irradiated zone (NIZ) to be 140 
respectively of 586 and 162 nm (± 10%). This altered specimen was then immersed at 25 ± 2 °C in a 141 
solution of H2

18O with 18O/16O = 1.45 ± 0.06 for 143 days (i.e. 3413 hours) and sampled regularly in 142 
order to record the oxygen isotopic profiles in the alteration layer by ToF-SIMS as described in 7 and as 143 
illustrated in Figure 2Figure 2(e). It has been previously shown that in these conditions, the analytical 144 
protocol of 18O/16O is accurate 7 and that the glass sample did not leach significantly. 145 

The ToF-SIMS analyses were performed by Tescan Analytics, Fuveau, France, using a ToF-SIMS 5 146 
spectrometer (IonTof—Munster, Germany). The analytical procedure was optimized to minimize the 147 
exchange between pore water and air humidity and, to quantify the oxygen isotopic ratio in the 148 
alteration layer. For ToF-SIMS, a pulsed 25 keV ∼0.03-pA Bi3++ primary ion source was employed over 149 
a rastered area of 50 μm × 50 μm (beam size ≤ 3 μm). Depth profiling (negative ion mode) was 150 
performed using a 1-keV Cs+ sputter beam with a 90-nA target current over a 200-μm x 200-μm area. 151 
An electron flood gun was used to avoid the specimen charging. A 1D profilometer was used to 152 
measure the final crater depth at the end of the analysis. Data was then displayed as a function of 153 
depth considering the same sputtering rate in the alteration layer and in the pristine glass. The natural 154 
18O/16O ratio in the glass before immersion was established by first analysing a non-altered ISG glass 155 
coupon, containing both an irradiated zone and a non-irradiated zone. Finally, the 18O/16O profiles were 156 
normalized to reach the natural abundance (2.05×10-3) in the non-altered glass 7.  157 

The results are then presented in terms of  versus time, according to equation 1 26, where 18O/16O is 158 

the atomic ratio of 18O to 16O and the reference, ( ) , refers to the (18O/16O) ratio measured by 159 

ToF-SIMS in the non-altered glass part, and very close to the natural abundance. 160 

𝛿 =
( )  

( )

 Equation 1 161 



5 
 

 162 
Figure 2 : An overview of the experimental methodology. (a) Partially masked ISG specimens were first irradiated with 0.5 to 163 
3.5 MeV Au ions; (b) The mask was removed and the irradiated specimens were altered for up to 82 days at pH 9 and 90 °C; 164 
(c) The specimens were taken out and protective layers of Cr and C were deposited on the leached specimens to prepare the 165 
FIB TEM lamellae; (d) The thin FIB TEM lamellae were characterized using the TEM; (e) Implementation of the sequences of a 166 
glass specimen immersion in H218O and analyses by ToF-SIMS (IZ and NIZ stand for irradiated and non-irradiated zone 167 
respectively) ; (f) ToF-SIMS results from an earlier study showing the alteration thickness as a function of the leaching time for 168 
the pristine and irradiated specimens, at saturation dose 23. The grey and blue rectangles indicate the specimens analysed by 169 
TEM in the current study (13 days and 58 days of leaching) and the specimen immersed in H218O (82 days of leaching), 170 
respectively. 171 

 172 

4 Results 173 

4.1 TEM characterization 174 

4.1.1 The Microstructure of the non-irradiated altered region (58 days of leaching) 175 
Bright-field TEM (BF-TEM) and EFTEM images of the lamella taken from the non-irradiated region of 176 
the specimen corroded for 58 days are shown in Figure 3. Figure 3(a) gives a low-magnification view 177 
of the lamella. Based on the transmitted intensity (mass thickness contrast), following regions (from 178 
right to left) can be identified: (i) Vacuum region, (ii) protective carbon coating deposited in the FIB 179 
system, (iii) protective chromium deposited using plasma sputter coater, (iv) a non-porous altered 180 
layer (NPL) of about 138 nm which is relatively brighter and, (v) the non-altered glass (NAG) which is 181 
relatively darker compared to the NPL. The transmitted intensity profile in the NPL and NAG is 182 
superimposed on the figure for visual aid. The EFTEM images showing boron, Cr and C are shown in 183 
the inset (a-1). The NPL was found to be depleted in boron as indicated by a dark band between the 184 
NAG and Cr layer in the inset. A higher magnification image of the glass (NAG+NPL) is shown in Figure 185 
3(b) where the two regions can be clearly differentiated on the basis of the transmitted intensity 186 
(brightness). A higher magnification EFTEM image for boron distribution and boron intensity profile is 187 
shown in Figure 3(c). Figure 3(d) shows a higher magnification BF-TEM image to better visualize the 188 
microstructure of the NAG and NPL. Other than the contrast differences, no visible microstructural 189 
differences can be identified in the two regions. It is worth mentioning that the width of the NPL 190 
calculated both from the BF-TEM and EF-TEM images (~138 nm) is in excellent agreement with the 191 
ToF-SIMS analysis in our earlier study 23 and shown in Figure 2(f).  192 
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It is worth mentioning that because the microstructure of the non-irradiated specimen leached for 58 193 
days did not show any major changes, except the loss of mobile elements, there was no reason to do 194 
the microstructural characterisation of the non-irradiated specimen leached for 13 days. 195 

 196 
Figure 3: BFTEM and EFTEM images of the non-irradiated ISG glass corroded for 58 days at 90 °C and pH 9. (a) A low 197 
magnification BF-TEM image showing non-altered glass (NAG), a 138 nm wide non-porous altered layer (NPL), protective 198 
chromium, protective carbon and vacuum on the extreme right. A transmitted intensity line profile is superimposed on the 199 
glass to help differentiate the NAG and NPL. The inset (a-1) is an EFTEM image showing the distribution of B, Cr and C. The 200 
NPL appears as a darker band sandwiched between the NAG and Cr; (b) a higher magnification BF-TEM image only showing 201 
the NAG and NPL. The two are demarcated by a white dashed vertical line; (c) An EFTEM image showing the distribution of 202 
boron in the NAG and NPL. The superimposed line profile shows the boron intensity and, (d) a higher magnification BF-TEM 203 
image near the interface between the NAG and NPL to better visualize the microstructure at the nanoscale. Other than the 204 
brightness difference, no microstructural differences can be seen between the two regions.  205 

 206 

4.1.2 The Microstructure of irradiated and altered regions (13 days and 58 days of leaching) 207 
The BFTEM and EFTEM images of the lamella taken in the irradiated region of the specimen altered for 208 
13 days are shown in Figure 4. It showed an alteration layer of about 237 nm in excellent agreement 209 
with the ToF-SIMS results (the superimposed line profile shows the transmitted electron intensity). 210 
The alteration layer was found to be depleted in boron as shown in the EFTEM images displayed in the 211 
inset-(a-1) and also in agreement with the published data23. No visible microstructural differences were 212 
found between the altered and the non-altered glass, nor between the alteration layers observed in 213 
this case and the non-irradiated glass altered for 58 days (except in the alteration thickness value). 214 
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 215 
Figure 4: BFTEM and EFTEM images of the ISG glass irradiated with Au ions and then corroded for 13 days. The specimen 216 
showed a non-porous altered layer of 237 nm. The line profile shows the transmitted electron intensity and the inset (a-1) 217 
shows the EFTEM elemental maps. The altered layer was found to be depleted in boron. 218 

The BFTEM and EFTEM images of the lamella taken in the irradiated region of the specimen altered for 219 
58 days are shown in Figure 5. This specimen was also protected with Cr and C as in the previous case 220 
but, in this case, the protective layers started to come off during the TEM analysis. A low magnification 221 
image showing the partially detached Cr layer is shown in Figure S1 in the supplementary information 222 
(SI). Excluding the C and Cr layers, the following regions can be identified in the BF-TEM image (right 223 
to left): (i) Vacuum region, (ii) an alteration layer of lighter contrast (demarcated from the rest of the 224 
glass by a vertical dashed line) and, (iii) non-altered glass of slightly darker contrast. A higher 225 
magnification image of the alteration layer is shown in Figure 5(b). This layer can further be subdivided 226 
into at least two regions: (ii-a) an outer porous layer of about 490 nm referred as Microporous Layer 227 
(MiL) with an average pore size of about 1.5 ± 0.2 nm (see Figure 6(a) for the pore size distribution). A 228 
higher magnification image of the bright appearing pores is shown in Figure 5(d). (ii-b) A non-porous 229 
altered layer of about 80 ± 10 nm. The ± 10 nm error is due to the uncertainty in precisely locating the 230 
end of the MiL. A higher magnification image showing the MiL on the right-hand side and the NPL on 231 
the left-hand side for direct comparison is shown in Figure 5(c). A low magnification EFTEM image 232 
showing the boron distribution and the boron intensity profile in the altered and non-altered glass is 233 
shown in Figure 5(e). The width of the alteration layer was found to be about 570 nm (490 + 80 nm) 234 
which is in good agreement with the ToF-SIMS data (Figure 2(f)). A direct comparison of the irradiated 235 
and non-irradiated cases with leaching taking place from the top surface is presented in Figure 6(b). 236 
Besides clearly showing the variable thickness of the alteration layers, the presence of pores after 58 237 
days in contrast to their lack after 13 days is noteworthy. 238 
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 239 
Figure 5: BF-TEM and EFTEM images of the ISG glass pre-irradiated with Au ions and then corroded for 58 days at 90 oC and 240 
pH 9. (a) A low magnification BF-TEM image showing the non-altered glass (NAG) and an alteration layer of about 570 nm. A 241 
transmitted intensity profile is shown superimposed; (b) a higher magnification BF-TEM image to better visualize the porosity 242 
in the alteration layer. The alteration layer consisted of a microporous layer (MiL) of about 490 nm and a non-porous layer 243 
(NPL) of about 80 nm. The NPL region is roughly indicated by two vertical dashed lines; (c) a higher magnification image 244 
showing the NPL on the left-hand side and MiL on the right-hand side; (d) a higher magnification image showing the pores in 245 
the MiL; and, (e) an EFTEM image and boron intensity profile (in white) showing the distribution of boron in the non-altered 246 
glass and the alteration layer.   247 

 248 
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 249 

Figure 6: The distribution of porosity and a comparison of the effects of leaching. (a) The distribution of pores in 250 
the irradiated ISG specimen corroded for 58 days at 90 oC and pH 9. The solid line shows a log-normal fit; (b) a 251 
direct comparison of the effects of leaching on the Au irradiated and non-irradiated ISG glass corroded under the 252 
same conditions (90 oC, pH 9). The dashed lines and the numbers indicate the alteration layer boundary and its 253 
thickness. The non-irradiated glass leached for 58 days has a non-porous alteration layer of about 138 nm 254 
whereas the irradiated glass leached for 58 days has a combination of porous and non-porous alteration layer of 255 
about 570 nm. The irradiated glass leached for 13 days has a non-porous alteration layer of about 237 nm. The 256 
alteration layers in all the cases were depleted in boron.  257 

 258 

4.2 Immersion in H2
18O 259 

The 18O/16O ratio and boron concentration profiles in the irradiated and non-irradiated zones 260 
respectively are presented in Figure 7Figure 7 for various durations of immersion in H2

18O. First, it is 261 
worthy to note that the boron profiles confirm that the glass did not significantly alter during the 262 
immersion in H2

18O at 25 °C because the alteration layer thicknesses of (620 ± 20) and (165 ± 10) nm 263 
in the irradiated and non-irradiated zones respectively are in good agreement with the previously 264 
determined values just after leaching (as summarized in Table 1Table 1 (at ± 10%) 23). Secondly, it was 265 
observed that for all contact durations, 18O exchanged with 16O in the whole alteration layer thickness 266 
and penetrated up to the so-called SAL (also called “reactive interface” in some studies) for both the 267 
irradiated and non-irradiated specimens. The 18O/16O ratio is in fact well defined in the TOF-SIMS by 268 
sharp anti-correlated changes in the boron concentration at the same time, as highlighted in Figure 8. 269 
Moreover, as also previously observed by Gin et al. 7, the increase of 18O in the alteration layer was 270 
measurable even at the shortest contact time (3 min).  271 

It can also be noticed that the 18O/16O profiles were mostly flat in a great part of the altered layer depth 272 
(called as “flat front” hereafter), whereas a spike was observed at the SAL. The “flat front” regions 273 
were respectively of 100 nm for the non-irradiated zone and 500 nm for the irradiated zone. Figure 9 274 
presents the evolution of the normalized 18O/16O ratio, called , with time in the “flat front” parts of 275 
the irradiated and non-irradiated zones respectively. The differences observed between the non-276 
irradiated and irradiated zones were within the uncertainty limits (from 10 to 20 % for each data point), 277 
implying that the number of exchanges between 16O from the gel and 18O from the tracing solution 278 
was very close in both the cases. However, slight differences can be noticed for the very short 279 
immersion times (see Figure 9(b)). 280 
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In both the zones (Figure 7Figure 7 and Figure 9), the 18O concentration increased with the contact time, 281 
but slowed down and seemed to stabilize after around 1065 hours, which could reflect a possible 282 
saturation with time in the 18O – 16O exchanges. 283 

 284 

 285 

Figure 7: Evolution of the 18O/16O ratio versus depth (upper figures) and of the normalized boron concentration versus depth 286 
(lower figures). On the left (a), the profiles obtained from the non-irradiated zone are presented. On the right (b) the profiles 287 
obtained from the irradiated zone are presented. The dashed lines represent the natural  18O/16O abundance (2.05×10-3). 288 

 289 

Figure 8: Comparison between the 18O/16O ratio profile and the boron concentration profile for the irradiated zone after 1735 290 
hours of immersion in H218O enriched at 60%. 291 
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 292 

Figure 9: Evolution of , calculated in the “flat front” region of the alteration layers developed in the irradiated and non-293 
irradiated zones, as a function of the contact time with H218O solution. Errors bars are calculated from the standard deviation 294 
on the values in the “flat front”. a)-total immersion time and b) zoom of the first day of immersion (very short times). 295 

However, an intense peak (called “spike”) at the alteration-layer/glass interface (i.e. SAL) was observed 296 
(Figure 7Figure 7 and 8) for both the irradiated and non-irradiated zones, with a greater magnitude in 297 
the irradiated zone. This “spike” also increased with time in both the cases. In order to quantify the 298 
magnitude of the “spike” with time, its value was compared to the reference ratio in the glass, by using 299 
Equation 1 and the resulting  is presented in Figure 10Figure 10, as a function of the immersion time, 300 
for the two zones (irradiated and non-irradiated). The data show a significant change in the value of   301 
versus time whether the parent glass was irradiated or not. For the longest contact time (3413 hours), 302 
the  value was about 2.1 times higher at the interface in the irradiated zone compared to the interface 303 
in the non-irradiated zone and there was no obvious indication of its saturation even after 3413 hours. 304 
In conclusion, there was thus more isotopic exchange between the H2

18O and the altered layer in this 305 
“reactive interface” for the irradiated glass. 306 

 307 

 308 

Figure 10 : Evolution of  at the interface (spike signal at the interface) as a function of the immersion time for the two zones: 309 
the non-irradiated one (black) and the irradiated one (red). 310 

 311 
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4.3 Summary of the results 312 
The results obtained in the present study, which aimed to finely characterize the alteration layer of the 313 
radiation-damaged and altered glasses, are summarized in Table 1Table 1. TEM showed no visible 314 
microstructural differences between the altered and the non-altered glass after 13 days, nor between 315 
the alteration layers observed on the irradiated glass altered for 13 days and the non-irradiated glass 316 
altered for 58 days (except in the thickness value). However, the microstructure and porosity of the 317 
irradiated glass evolved with leach time (13 days compared to 58 days), with the appearance of a 318 
microporous layer after 58 days with an average pore size of (1.5 ± 0.2) nm.  319 

Isotopic exchanges of 18O between H2
18O solution and 16O from the alteration layer showed a similar 320 

behaviour (within 10 – 20 % of uncertainties) in the “flat front” region in the irradiated and non-321 
irradiated zones. The 18O isotope penetrated into the whole alteration thickness since the shortest 322 
contact time (3 min) and its ratio (compared to 16O) increased with time, reaching saturation after 1065 323 
hours. A “spike” in the 18O — 16O exchanges was observed at the interface between the alteration layer 324 
and the glass (i.e. SAL) with a greater magnitude (x 2.1 at the longest contact time) in the irradiated 325 
glass compared to the non-irradiated glass. 326 

 327 

Alteration duration 13 days 58 days 82 days 
Non-irradiated 
glass 

(34 ± 4) nm 23 (112 ± 12) nm 23 
TEM: NPL of  138 nm  

(162 ± 17) nm 23 
(165 ± 10) nm (18O/16O) 
18O/16O ratio: “flat front” in the first 100 nm and 
spike at the SAL 

Irradiated glass (241 ± 25) nm 23 
TEM: NPL of  237 nm 

(563 ± 57) nm 23 
TEM: external micro-porous 
alteration layer (MiL 490 nm) 
and NPL of  80 nm. Total ~ 570 
nm 
In MiL : average pore size of (1.5 ± 
0.2) nm 

(586 ± 59) nm 23 
(620 ± 20) nm (18O/16O) 
18O/16O ratio:  

- “flat front” in the first 500 nm, with 
magnitude comparable to the non-
irradiated area (± 10-20% uncertainties)  

- spike at the irradiated SAL, 2.1 times higher 
after 3413h than in the non-irradiated area. 

Table 1 : Summary of the results obtained in the present study by TEM and 18O/16O exchanges. Comparison with data from 23. 328 
NPL means “non-porous altered layer”, MiL “micro-porous altered layer” and SAL “surface altered layer”. 329 

  330 
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5 Discussion 331 
An increase in the alterability of radiation-damaged ISG glasses has been previously observed using 332 
ToF-SIMS 23. In the present study, the leached samples were characterized using TEM and subjected to 333 
tracing experiments with 18O isotope. These experiments were aimed to: better understand the 334 
microstructure of alteration layers and its role in water transport; identify the leaching mechanisms; 335 
and, address how they are affected by radiation damage. From this perspective, the discussion is 336 
framed around the following questions: 337 

(i) How does radiation damage affect the reactivity/leachability of the glass? 338 
(ii) Why did the alteration layer in the irradiated ISG show porosity and not in the non-339 

irradiated one? 340 
(iii) Are the alteration layers, their reactivities and their passivation properties different in the 341 

irradiated and non-irradiated ISG? 342 
(iv) Does porosity in the alteration layer play a role in water transport during leaching and does 343 

it affect the rate of leaching? 344 
(v) Is it the entire alteration layer or the reactive interface (SAL) that controls the rate of 345 

leaching or alternatively, what is the rate-limiting step? 346 

We will first focus on the potential impact of radiation damage to develop a fundamental picture of 347 
how radiation damage may affect various aspects of leaching and then eventually based on this 348 
understanding try to address rest of the questions. 349 

 350 

5.1 Radiation damage and higher reactivity of the irradiated glasses 351 
All irradiation studies whether on actinide doped specimens or on ion irradiated specimens have 352 
shown that radiation damage introduces several defects in the glass network. These defects are usually 353 
in the form of dangling bonds (non-bridging oxygen atoms and peroxy bridges), oxygen-deficient 354 
centres, molecular oxygen and coordination changes of certain network formers such as boron21,22,27-355 
30. The mechanisms that dominate the leaching process should be affected because they eventually 356 
involve dissociation of bonds within the glass network — which itself is modified by the radiation 357 
damage. Therefore, radiation damage should directly play a role at this stage of leaching because it 358 
introduces dangling and strained bonds into the network thereby facilitating the process of leaching 359 
either by directly reducing the number of the bonds that need to be hydrolyzed or by facilitating the 360 
interaction of water with the strained bonds and other pre-existing defects. Radiation damage can also 361 
broaden the ring distribution 31,32 and thereby directly affect the diffusion barriers for water molecules 362 
33. More specifically for the case of the ISG glass and its simple and complex counterparts, the effects 363 
of ion irradiation have been extensively studied using both experimental approaches and atomistic 364 
simulations 21-23,27,29,31,34,35. All these studies have shown that ion irradiation causes network 365 
depolymerization and transformation of 4-coordinated boron into 3-coordinated boron. For example, 366 
heavy-ion irradiations of the ISG glass have yielded a transformation of about 16 % of the 4-367 
coordinated boron into 3-coordinated boron; depolymerization of the borosilicate network (formation 368 
of Q3 units at the expense of Q4 units); formation of molecular oxygen — either as a result of partial 369 
re-polymerization or/and due to a recombination of displaced oxygen atoms and, broadening of the 370 
ring distribution due to the formation of larger and smaller rings. Although detailed studies on how 371 
each of these modifications affects the leaching are still lacking, we will try to delve into this aspect in 372 
the following sections: the various irradiations induced modifications and their potential impact on the 373 
leaching are listed and addressed below. 374 

 375 
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5.1.1 Network depolymerization 376 
Network depolymerization will lead to the formation of units such as Q1, Q2 and Q3 at the expense of 377 
the Q4 units. This can also generate defects such as non-bridging oxygen atoms which can react with 378 
water forming silanol groups. When comparing the irradiated and non-irradiated structures, it is 379 
therefore evident that a higher degree of hydrolysis is needed in the non-irradiated glass to break the 380 
bonds as compared to the irradiated glass where radiation damage acts as a source of the dangling 381 
bonds. Furthermore, MD simulations have shown that the energy barrier for the condensation of Qn 382 
units increases as their connectivity increases. This is because increased connectivity requires a 383 
collective rearrangement upon condensation compared to the low connectivity Qn units which only 384 
require local rearrangement 36. Therefore, condensation reactions between Q3 units are more difficult 385 
than between the Q1 or Q2 units. As radiation damage is known to increase the degree of network 386 
depolymerization, the irradiated glass should contain a higher proportion of depolymerized Qn units 387 
and consequently undergo faster condensation for these highly depolymerized units. Thus, radiation 388 
damage can increase the rates of hydrolysis and condensation (i.e. higher chemical reactivity) 389 
consequently accelerating the process of leaching and subsequent structural relaxation of the leached 390 
glass. However, it can be noticed that the initial alteration rate of alpha-doped glasses and externally 391 
irradiated glasses21,37,38, corresponding to the hydrolysis of the glassy network is not fundamentally 392 
modified compared to non-irradiated glasses. But these results correspond to the hydrolysis observed 393 
in very diluted medium. Is this information transposable to confined medium like what can happen in 394 
the SAL?  395 

 396 

5.1.2 Transformation of BO4 to BO3 397 
Kinetic Monte-Carlo simulations of leaching of sodium borosilicate and sodium alumino-borosilicate 398 
glasses indicate that irrespective of the glass composition an increase in the concentration of 3-399 
coordinated boron leads to an increase in the rate of leaching 32. These results are also supported by 400 
experimental studies of leaching of sodium borosilicate glasses as a function of boron content in the 401 
glass (from 0 to 75 mole % of B2O3)39. The experimentally measured normalized release rates of Na, Si 402 
and B adjusted for pH 9 as presented in Table 2 of ref 39 are plotted in Figure S2 in the SI as a function 403 
of the percentage of 3-coordinated boron atoms measured using NMR spectroscopy. The data show a 404 
consistent increase in the release rate of the elements with an increase in the fraction of the 3-405 
coordinated boron species. In addition, NMR spectroscopy of altered ISG glass leached at pH 7 for 100 406 
days at 90 oC has shown that the altered glass was slightly enriched in B (IV) compared to the non-407 
altered one. This can be understood as a preferential release of B (III) during alteration 40. In any case, 408 
one of the consequences of the irradiation-induced transformation of BO4 to BO3 is to free up the Na 409 
atoms. The freed Na atoms, in turn, lead to the formation of non-bridging oxygen atoms on silica 410 
tetrahedra making them vulnerable to attack by water (formation of silanol). Therefore, irradiation-411 
induced transformation of 4-coordinated boron into 3-coordinated boron (about 16 % increase in the 412 
case of the ISG glass) and network depolymerization as a result of this transformation can both be 413 
expected to increase the rate of leaching due to higher leachability of the 3-coordinated boron atoms 414 
and higher chemical reactivity of the depolymerized network.  415 

 416 

5.1.3 Formation of point defects 417 
Energy barriers for various reactions between H2O and Si-O-Si and between H2O/O2 and oxygen-418 
deficient centres (E’ defect centre) have been calculated from ab-initio calculations 33. For the case of 419 
interstitial H2O + Si-O-Si reaction, the formation of silanol groups (Si-OH) has the lowest energy barrier 420 
in the range of 0.3 to 0.7 eV. For the case of the interstitial H2O + E’ reaction, the reaction is exothermic 421 
(+1.4 eV) with an energy barrier of 1.8 and 1.3 eV if the vacancy is neutral or charged respectively. In 422 
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the case of E’ + O2 reaction, there is no energy barrier and the reaction is exothermic with an energy 423 
release of about 4.5 eV. Compared to the energy barrier for water diffusion through large rings (~ 0.8 424 
eV), the E’ + H2O is reaction limited whereas E’+O2 is diffusion limited. These low and no-energy-barrier 425 
exothermic reactions with defects in the irradiated glass should provide favorable transport pathways 426 
which would be limited or absent in the non-irradiated glass. It is therefore plausible that the overall 427 
outcome of irradiation-induced point defects would be to increase the reactivity of the glass and the 428 
rate of alteration at least when the water transport within the glass is not significantly affected by the 429 
precipitated phases and the alteration layer. 430 

It is worth highlighting that detailed studies to identify various irradiation-induced point defects in the 431 
ISG glass need to be undertaken. A very good overview of various defect types in amorphous SiO2 is 432 
presented in L. Skuja et al.41. Techniques such as UV-Visible spectroscopy, EPR and photoluminescence 433 
could be indispensable tools in this regard. Such studies could then be complemented by ab-initio 434 
simulations of the reactions of water with various defect types to better understand how irradiation-435 
induced defects would affect the chemical reactivity of the ISG glass.  436 

 437 

5.1.4 Changes in the ring size-distribution 438 
First-principles calculations on the diffusion of O2 and H2O through amorphous SiO2 33 have shown that 439 
energy barrier for water diffusion through 4, 5, 6 and 7 member rings is about 2, 1.8, 0.85 and 0.8 eV 440 
respectively and that the water diffusion primarily takes place through six-member and larger rings 441 
with small energy barriers (~ 0.8 eV). Based on an earlier work on the MD simulation of radiation 442 
damage in simple borosilicate glasses 31, the distribution of rings in a sodium borosilicate glass (with 443 
same R ([Na2O]/[B2O3]) and K ([SiO2]/[B2O3]) as the ISG glass) before and after radiation damage (Figure 444 
S3 in the SI) shows that there is an increase in the fraction of the 10-member and larger rings and 3-445 
member rings after radiation damage. Furthermore, our earlier MD simulations of radiation damage 446 
in amorphous SiO2 have shown an increase in the fraction of large voids 42. Therefore, the formation 447 
of larger rings and voids due to radiation damage, as predicted by MD simulations, would help increase 448 
the diffusion of water through the glass network and consequently accelerate the rate of leaching. 449 
Furthermore, energy barriers for the fracture 43 and hydrolysis 44 of Si-O-Si bonds in 3 to 5-member 450 
rings have been calculated based on molecular orbital calculations using unrestricted Hartree Fock 451 
theory. The fracture energy barriers range from about 77 to 103 kcal/mol whereas energy barrier for 452 
the hydrolysis of 3, 4 and 5-member rings have been estimated to be 7, 29 and 39 kcal/mol respectively 453 
(fracture in presence of water). These estimates show that 3-member rings are easiest to hydrolyse 454 
and going by the predictions of the MD simulations — which show an increase in their proportion — 455 
radiation-damaged network should provide pathways for easier hydrolysis. This point was also noticed 456 
by Bunker 15. Thus, in a radiation-damaged network, larger rings can offer pathways for faster water 457 
diffusion and smaller rings can provide pathways for easier hydrolysis leading to an acceleration in the 458 
leaching.  459 

 460 

In summary, irradiation-induced modifications that can render the ISG glass structure prone to water 461 
attack and make it vulnerable to leaching. To precisely identify the contributions of each of these 462 
mechanisms is beyond the scope of this article but the indication is that the majority of the 463 
contributions listed above can accelerate the rate of leaching, by affecting one or several fundamental 464 
leach mechanisms. We are now going to discuss the isotopic exchanges taking place in the alteration 465 
layer and the potential impact of irradiation on the alteration layer microstructure. 466 

 467 
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5.2  Formation of alteration layer, reactive interface and rate-limiting factors 468 
When comparing the microstructure of alteration layers in the irradiated and non-irradiated ISG glass, 469 
essentially, no differences were observed after 13 days of leaching whereas the microstructures after 470 
58 days were strikingly different. For the irradiated ISG glass, the study revealed the development of a 471 
porous alteration layer with time. Judging by the results of the 13 and 58 days of leaching, one could 472 
infer that maturation of the alteration layer and the formation of porosity took at least 13 days and 473 
less than 45 days in the irradiated glass. The fact that no porosity was observed in the non-irradiated 474 
glass does not mean that porosity is specifically associated with radiation damage. Studies using 475 
spectroscopic ellipsometry on a pristine ISG glass leached for 1625 days at pH 7 and 90° C have also 476 
shown the formation of porosity. In addition, we also analyzed a non-irradiated ISG specimen leached 477 
for about 1 year at pH 7 and 90° C with the TEM which showed a similar porous layer (TEM work 478 
unpublished, the rest has been published in earlier work 7). Therefore, the current results highlight 479 
that the maturation of the alteration layer into a porous gel takes place faster in the irradiated glass. 480 
Nonetheless, more detailed microstructural characterisation would be needed to pin down the time 481 
scales needed for gel maturation, especially, for the non-irradiated glass where it seems to be a slow 482 
process. The fact that the gel maturation is faster in the irradiated glass is in agreement with the 483 
potential effects of radiation damage discussed in section 5.1 (i.e. faster water diffusion, faster 484 
hydrolysis and, faster condensation reactions and structural relaxation). 485 

Despite the lack of porosity after 13 days of leaching (as revealed by the TEM), the ion irradiated glass 486 
had an alteration thickness about 6 times the alteration thickness of the non-irradiated glass (see 487 
Figure 2(f)). This indicates it is rather the glass network damage (as discussed in section 5.1) that 488 
accelerated the rate of leaching and not necessarily the porosity. From this perspective, the 489 
development of porosity only seems to be an aftermath of the condensation reactions and structural 490 
relaxations with potentially no major contribution in the initial hydrolysis of the glass network. 491 
However, the 18O/16O ratio in the “flat front” after short contact duration of 3 minutes and 3 hours 492 
showed an increase by a factor of 2 and 36 % respectively in the irradiated glass compared to the non-493 
irradiated one. This indicates that the nature and behaviour of alteration layers, formed as a result of 494 
the leaching, towards water diffusion at room temperature was moderately affected by prior 495 
irradiation. The initial increase is potentially a result of the porosity as revealed by the TEM leading to 496 
an initial enhancement in water ingress. The current results are insufficient to address this point in 497 
detail because the transport can be affected by the interconnection of the pores. Some earlier 498 
publications have proposed/hypothesized existence of open channels and closed pores that can 499 
facilitate water transport 7. In light of this hypothesis, one could propose that some open channels 500 
connecting the ISG glass alteration layer to the outside solution may have contributed to the initial 501 
increase of δ in the “flat front” of the irradiated sample. However, further studies focused on 502 
evaluating the 3D size distribution of porosity, their inter-connectivity and links to the outside solution 503 
are needed in the future. On the other, the long duration immersion experiment showed only about 504 
36 % higher value of δ (in the “flat front”) for the irradiated specimen. This difference being within or 505 
marginally above the uncertainty values suggests that the interaction between water and alteration 506 
layer was only moderately affected by prior irradiation (if any at all). This has also been observed on 507 
glasses irradiated by electrons, where the gel formed from the irradiated glass was similar to the one 508 
formed from the non-irradiated glass 18. Therefore, once formed, the gel part of the alteration layers 509 
essentially lose any history of radiation damage of the parent glass and behave almost similarly in both 510 
the cases with respect to water exchange. This is not unusual because the impact of radiation damage 511 
is essentially to modify the rates of reactions at various stages (at the reactive interface) but once a 512 
complete structural relaxation has taken place, the final gel structure will be free of any history of the 513 
parent glass and the associated reaction rates.  514 

In stark contrast to the 18O/16O ratio in the “flat front” where 18O enrichment tended towards 515 
saturation over time, the 18O enrichment at the reactive interface (i.e. SAL) did not show any such 516 
tendency in the irradiated specimen. After 82 days, the value of δ for the irradiated specimen was 517 
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about twice the value for the non-irradiated one. A higher value of δ for the irradiated specimen is not 518 
surprising because radiation-damaged glass network can have a higher reactivity than the pristine one 519 
(as discussed earlier). Since the alteration layer after 82 days (~ 600 nm) is less than the radiation 520 
damage depth (damage depth ~1000 nm), it is plausible to propose that the rates of room temperature 521 
hydrolysis and other reactions in the interface region are higher in the irradiated specimen compared 522 
to the non-irradiated specimen. These higher reaction rates can lead to more exchanges/incorporation 523 
of 18O at the  reactive interface via hydrolysis and condensation reactions , as it is possible that some 524 
defects generated by the previous irradiation still exist and contribute to the higher reaction rate in 525 
this region. This is not necessarily true for the “flat front” region which essentially consists of a less 526 
reactive silica-rich gel already formed at 90°C with very little or no residual radiation damage. This 527 
hypothesis can be easily proved if a significantly longer leaching experiment (followed by H2

18O 528 
immersion) was conducted such that the alteration layer on the irradiated specimen extended far 529 
beyond the radiation-damaged depth. In this case, the reactive interface will have moved to the 530 
pristine region and the value of δ can be expected to drop back to the one seen in the pristine 531 
specimen. In any case, the higher reactivity of the reactive interface makes one wonder whether the 532 
rate of reaction at the interface is limited by the transport through the alteration layer or by the 533 
reaction rates at the reactive interface (or by a combination of both). It is a question of fundamental 534 
importance that needs to be addressed to understand the rate-limiting mechanisms and approach to 535 
the so-called “residual rate”. Therefore, further in-depth research needs to be undertaken on this 536 
subject to address questions such as these. 537 

 538 

6 Conclusion 539 
Specimens of ISG glass were first irradiated with multi-energy gold ions (0.5 – 3.5 MeV) to simulate the 540 
effect of recoil nucleus damage. These irradiated specimens were then subjected to leaching in water 541 
for up to 82 days at 90 oC and pH 9 under static conditions. After leaching, focused ion beam milling 542 
was used to extract thin TEM lamellae from the irradiated and non-irradiated specimens leached for 543 
13 and 58 days and characterized using TEM and EFTEM. In addition, specimens leached for 82 days 544 
were immersed in isotopically tagged water (H2

18O) at room temperature and analyzed using ToF-SIMS 545 
from 3 minutes to 3413 hours of immersion at regular intervals to track the ingress of isotopically 546 
tagged water and 18O -16O exchanges as a function of the immersion time.  547 

The EFTEM showed the development of boron depleted alteration layers in both the irradiated and 548 
non-irradiated ISG glass, in excellent agreement with the earlier ToF-SIMS results 23. After 13 days of 549 
leaching of the irradiated glass, the TEM images revealed the formation of a non-porous alteration 550 
layer of about 237 nm (~ 40 nm in the non-irradiated specimen). However, after 58 days of leaching of 551 
the irradiated specimen, an alteration layer of 570 nm (~138 nm in the non-irradiated specimen) that 552 
consisted of an outer porous region of about 480 nm (~ 86% of the alteration layer thickness) and an 553 
inner non-porous region of about 80 nm was observed. Besides being significantly smaller, the 554 
alteration layers in the non-irradiated glasses were non-porous in all the studied cases and the 555 
alteration thicknesses evaluated using both TEM and EFTEM were in excellent agreement with the 556 
earlier ToF-SIMS results. In addition to showing that the radiation damage accelerated the rate of 557 
leaching, the results highlight that radiation damage can also accelerate subsequent maturation of 558 
alteration layer into a porous gel-like microstructure. Based on the results thus far, we conclude that 559 
the maturation of the alteration layer into a porous structure took at least 13 days and at most 45 days 560 
(58 minus 13 days) in the irradiated glass. As no porosity was observed in the non-irradiated glass even 561 
after 58 days, it is plausible to assume that the maturation process would take more than 58 days. 562 
Additional studies are needed to precisely evaluate the gel maturation times for the irradiated and the 563 
non-irradiated ISG glass. 564 

By using ToF-SIMS to track 18O as a function of the specimen depth and immersion time in H2
18O, the 565 

alteration layer could be divided into two regions depending on the degree of 18O enrichment. The 566 
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most significant increase in the 18O enrichment was observed at the interface of the altered layer and 567 
the non-altered glass (i.e. at the reactive interface) where a sharp spike in 18O signal was observed 568 
compared to the rest of the alteration layer. Moreover, the spike in the irradiated glass was about 569 
twice the spike in the non-irradiated glass after 3413 hours of immersion. It was concluded that the 570 
higher 18O signal at the interface was due to higher reactivity of water at room temperature with the  571 
“glassy material” at the reactive interface compared to the boron and alkali depleted silica-rich gel-572 
layer formed after leaching. Furthermore, radiation damage introduced additional reactive defects and 573 
structural changes (changes in boron coordination, ring size distribution etc) which could further 574 
increase the reactivity of both the glass and the reactive interface layer. This was essentially 575 
manifested in the relatively higher 18O spike at the reactive interface in the irradiated glass compared 576 
to the non-irradiated glass.  In contrast, the 18O enrichment in most of the alteration layer was lower 577 
and almost flat (referred as “flat region”) from the surface up to almost the reactive interface - where 578 
the spike was observed. Furthermore, the differences in 18O enrichment in the “flat region” of the 579 
alteration layer on the irradiated and the non-irradiated glass decreased as a function of the immersion 580 
time. The irradiated glass initially showed an 18O signal twice the signal on the non-irradiated glass but 581 
this eventually dropped to just about differences within the uncertainty value for the irradiated glass 582 
after 3413 hours of immersion. It is plausible to propose that the presence of porosity in the irradiated 583 
glass may have contributed to the initial increase but in the long-term, the alteration layers behaved 584 
similarly reflecting their inherent reactivity. These results highlight that the long-term reactivity of the 585 
gel-layer at room temperature does not have a significant dependence on the prior radiation damage 586 
to the parent glass. Thus, although the rates of the leaching and gel maturation are affected by 587 
radiation damage, the final relaxed gel does not seem to retain a significant history of radiation 588 
damage. In essence, the isotope tracing experiments point out the important role the reactive 589 
interface plays in the irradiated as well as in the non-irradiated glass and highlight that the chemical 590 
reactivity at this interface could be the driving force for glass leaching. From this perspective, more 591 
studies focussing on the behaviour of the reactive interface in irradiated and non-irradiated glasses 592 
are needed to understand the mechanisms controlling the glass dissolution in the residual alteration 593 
rate regime.  594 

 595 

7 Supporting information 596 
Supplementary information is available in a “supplementary information” file. The information 597 
concern low magnification TEM image of the pre-irradiated ISG glass sample leached for 58 days, 598 
showing the partially detached Cr coating (fig S1), and some details of results contained in ref 39 (fig 599 
S2) and ref 31 (fig S3) in order to improve the discussion about some specific points. 600 

 601 
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