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Abstract 
The understanding of glass alteration mechanisms in contact with iron is a major issue to study the 

long-term behavior of radioactive waste package in repository conditions. A glass/iron/claystone 

system was altered in contact with COx water at 50°C for 4.5 years in Andra's underground research 

laboratory in Bure, France. Multiscale and multitechnical (SEM-EDX, µRaman, STXM and TEM) 

characterization of the system revealed the presence of nanometric crystalline Fe(III)-rich smectite, 

assimilated to nontronite, in the glass alteration layer and in corrosion products. These phyllosilicates 

were identified by STXM using a comparative approach with a database of reference spectra 

obtained on iron-silicate. 

  



Introduction 
Glass is commonly used in many applications, such as optic fibers [1], medieval stained glass [2,3], 

dental glass [4,5], and vitrification of radioactive waste [6,7] due to its durability. Nevertheless, it is 

subject to alteration processes, especially in water. To set up a reliable prediction of its behavior, 

glass alteration mechanisms must be understood in detail. In the specific context of French nuclear 

industry, the French National Radioactive Waste Management Agency (Andra), designs a repository 

for the disposal of High Level Radioactive Waste (HLW) in a clay medium [8]. 

Performance assessment of the glass matrix strongly depends on several parameters: temperature, 

water composition and its renewal rate, chemical interactions with elements in solution, near field-

environment, etc [9,10]. Leaching is the most probable process for nuclear glass (R7T7-type) 

alteration [11]. It begins with the penetration of water into the glass associated with the release of 

alkali in the solution according to the hydratation/interdiffusion mechanism [12]. In parallel, glass 

hydrolysis, always induced by water, depolymerizes and dissolves the glass by breaking the Si-O-Si 

and Si-O-Al bridging bonds, for example. These two stages generate a high dissolution rate, called the 

initial dissolution rate, which tends to fall by several orders of magnitude when a protective gel is 

formed on the glass surface, between pristine glass and solution. It is formed when the solution is 

saturated in silicon, in addition to a condensation of hydrolysed Si within the gel [13]. 

The French concept to dispose and confine HLW relies on a borosilicate glass matrix in a stainless 

steel canister, enclosed in a carbon steel overpack and emplaced into a low permeability clay host 

rock. The aim of these packages is to prevent glass alteration and to limit migration of radionuclides 

released under the action of water over a timescale of a few thousand years [8]. After an initial 

resaturation transient, clay water will inevitably corrode steel overpack, reach up to glass and cause 

its hydrolysis. Iron corrosion and glass hydrolysis release iron and silica in solution. These elements 

could precipitate to form Fe-O-Si phases and modify the chemical equilibria. These phases could be 

considered as phyllosilicates which have been shown to play a major role in the dissolution of glass 

[14–19]. These laboratory experiments studies exhibited the deleterious effect of such phases 

regarding the glass alteration kinetics. Indeed the precipitation of Fe-O-Si phases in the glass 

alteration layer (GAL) or in Iron Corrosion Products (ICP) can lower the concentration of Si in solution 

and prevent the formation of a protective gel layer. The knowledge of the exact nature of these 

neoformed phases is crucial for modelling the long-term alteration of glass. Although models exist 

(GRAAL [9], GM2001 [20]), considering the long-time scale, predictions need to be validated by 

representative samples altered in the same environment expected in the future nuclear waste 

disposal site. Unfortunately, there is little information about the nature of these phases neoformed 

under repository conditions. Consequently, it is necessary to perform extensive characterization on 



representative systems. For these reasons, a glass alteration in a glass/iron system in contact with 

water and claystone altered at 50°C for 4.5 years in the Andra’s Undergrounds Research Laboratory 

(URL) has been studied. The aim of the present paper is to improve the methodology presented by 

Carrière et al. [21] in order to characterize at the nanoscale Fe-O-Si neoformed phases in the 

experimental system. This methodology is based on a combination of Scanning Transmission X-ray 

Microscopy (STXM) at the Fe L and Si K-edges including the study of new reference spectra of 

phyllosilicates and Transmission Electron Microscopy (TEM) [16,19,21–30]. 

Materials and methods 

Glass/iron/argillite system 
“MVE1201” is an in-situ experiment (acronym for glass-environment materials, in French) performed 

in the test interval of a 10 m long vertical descending borehole in the Andra’s URL (490 meters deep). 

The test interval was initially filled with a mixture of glass powder (particle size: 150-250 μm, 

composition in Table 1) and iron filings (particle size: 1-2 mm, composition given in Table 2). The test 

interval was initially saturated with a synthetic water simulating the porewater chemistry of the 

surrounding Callovo-Oxfordian argillaceous rock (COx), dopped with iodine and deuterium. The 

interval pressure was raised to 40 bars (close to the pressure of the rock surrounding the sealed 

interval). Due to the lack of hydraulic pressure difference between the interval and the surrounding 

rock, the transport of dissolved elements was mainly diffusive. In contact with the same water, four 

cells fixed at the extremity of rods were filled with the same glass/iron mixture to allow to sample 

the solid phases at four times. Around the vessel, a heater system maintained a temperature of 50°C. 

A closed water circulation was maintained at flow rate equal to 5 mL/minute between the interval 

and a module located in the drift. This module was made of a circulation pump, a flowmeter, several 

sampling cells used to get samples of the leachate and monitor its chemical evolution. 

Sample used in this study was leached for 54 months. The average pH of the alteration solution 

measured over time was 6.98 ± 0.11 [31]. The temperature was constant, and its measured value 

was between 50 and 55 °C. Composition of COx water measured just before dismantling is given in 

Table 3. 

After the 2-hour dismantling, the system was frozen at -20°C for 48 hours and then lyophilized under 

vacuum for 3 days to eliminate water. The MVE system was embedded in a tri-component epoxy 

resin Flucka (resin + hardener + accelerator) under vacuum. It was cut and polished to 1 µm 

roughness under a N2 atmosphere in glove box (oxygen content less than 100 ppm). The Figure 1 

shows the embedded system and the section obtained after cutting according to the blue vertical 

axis (with copper adhesive tape for SEM observations). 



Analytical techniques 

SEM-EDS 

Scanning electron microscopy coupled with dispersive energy spectroscopy (SEM-EDS) was used to 

observe the alteration of the glass and iron particles, which can be identified by the GAL and ICP. The 

morphology and elemental chemistry analyses of the polished cross-section samples previously 

coated with carbon by depositing a layer approximately 15 nm thick in order to avoid charge 

accumulation on the glass surface, were conducted using a Jeol JSM-7001F Field Effect Scanning 

Electron Microscope (SEM-FEG). Electrons are produced from LaB6 and accelerated to adjust the 

sensitivity to the resolution or intensity of the signal. Two detectors equip the SEM, one detects 

backscattered electrons to obtain images that are sensitive to the chemical composition while the 

other collects the secondary electrons. The microscope is also coupled to an EDS SDD detector 

(Silicon Drift Detector) for chemical analysis and quantification of elements using mainly 

hyperspectral mapping (each pixel in the image is associated with an EDS spectrum). The acquisitions 

and the processing were done with Aztec from Oxford Instruments. These maps were obtained using 

an acceleration voltage of 15 kV so that all the characteristic lines of the elements of interest can be 

excited. 

MicroRaman spectroscopy 

Raman analyzes were carried out on an Invia Renishaw micro-spectrometer equipped with a Nd-YAG 

green laser doubled with 532 nm wavelength and equipped with a CCD detector associated with a 

2400-line array. Laser power was filtered at 0.1 mW. The beam was focused using a Leica DMLM 

optical microscope with 5 lenses (x5, x20, x50, x50 long distance and x100). At x50 the size of the 

beam was approximately 1 μm² and the depth probed was of the order of a micrometer. Raman 

spectra were recorded with a resolution of 2 cm-1 and the spectrometer was calibrated on a silicon 

wafer with a main vibration band at 520.5 cm-1. 

Spectra acquisition and processing were done using Wire 3.4 software. Spectra acquisitions in point 

mode are recorded between 200 and 1300 cm-1 and / or between 3200 and 3900 cm-1. Cosmic lines 

were removed and the baseline is sometimes adjusted to overcome the effects of fluorescence. The 

oxygen-sensitive sample was placed in an anoxic cell before analyses [32]. 

FIB 

The areas of interest identified by previous techniques were cut perpendicular to the surface to 

prepare thin foils using an electron-ion double-column microscope (SEM-FIB). Two focused ion 

beams were used. The first, brand FEI Helios Nanolab 660 from CIMAP / GANIL in Caen, France, with 

a variable acceleration voltage from 0.5 kV to 30 kV and an ion current of 1 pA and 65 nA. The 

second, a FEI Strata DB 235 at IEMN Lille, France, of which voltage varies from 0.2 kV to 30 kV and a 



current intensity ranging from 1 pA to 20 nA. The double electronic / ionic column allows 

identification and machining of FIB foils. Platinum (Pt) was deposited on the surface of zone of 

interest with the electron and ion beam to protect from irradiation and ensure the mechanical 

strength of the foil during thinning. Thinning was performed on each faces of the foil with the Ga+ to 

obtain the desired thickness. A "cleaning" of the 2 faces at 5, 2 and 1 keV punctuated the preparation 

of the foils to eliminate the layer of damage and contamination. Firstly, the foil was thinned to 1 µm 

for STXM analyses at Si K-edge. Then it was re-thinned to 100 nm for STXM investigations at Fe L-

edge then TEM observations. 

TEM 

Transmission electron microscopy (TEM) was carried out at 200 keV with a JEOL 2010 F electron gun 

at CIMAP / GANIL Caen, France. It was also equipped with a diode EDAX X-ray microanalysis, which 

allows chemical analysis in addition to imaging or electron diffraction to characterize nanoscale 

phases. Electron diffraction was used on nanometric phases which have a composition close to 

silicate. Selected area electron diffraction (SAED) ring pattern obtained provides information on 

crystallinity. Furthermore, in real space, d-values were calculated for each ring with ImageJ software, 

and then compared to the d-values (corresponding to hkl indices) with diffraction data from 

American Mineralogist Crystal Structure Database (AMCSD). The error of the measurement was 0.05 

Å. 

STXM 

The scanning transmission X-ray microscopy (STXM) data collection was performed on the Canadian 

Light Source (CLS) SM 10ID-1 beamline at the University of Saskatchewan (Canada). The high energy 

accelerator includes a 300 MeV linear accelerator, a 2.9 GeV synchrotron and a storage ring that 

operates at 1.9 GeV at a current of 250 mA. STXM is a technique based on the absorption of X-rays 

around the absorbing atom. The spatial resolution is close to 30 nm, corresponding to the size of the 

beam for a flux of 108 photons/s. The technique provides spatial information on the nanostructure, 

the chemical environment or the valency of phases. The chemical environment of silicon is probed at 

the K-edge and allows the atomic environment around the absorber atom to be determined at a 

distance greater than 5 or 6 Å [33–36]. Fe L-edge gives the valence and speciation of this element 

contained in alteration layers of glass, iron corrosion products and ferro-silicate phases [37–39]. The 

energy ranges of these edges, the step corresponding to the energy resolution, as well as the 

thicknesses of the foils specific to each edge are given in Table 4. 

Between 100 and 200 hyperspectral images (stacks) were collected on the foils at different energies 

by scanning the desired range (Table 4). At first, the drift of each hyperspectral image was corrected 

by performing an alignment. Then they were converted into optical density images (OD = -ln (I / I0) 



where I represents the intensity of each pixel of the sample and I0 the incident intensity measured in 

an area devoid of sample. Principal component analysis (PCA) of the stack allowed us to find regions 

with the same spectral signal, from which average spectra were derived [40]. Spectra were calibrated 

in energy by using a reference phase (1846.6 eV for quartz at Si K-edge, 708.3 eV and 710.0 eV for L3-

a and L3-b respectively for maghemite and siderite at Fe L-edge). Using reference spectra normalized 

to an absolute linear absorbance corresponding to a phase thickness of 1 nm (expressed in optical 

density [38]), experimental spectra were then decomposed using a least squares method. This 

decomposition was done using standard reference spectra from the database created during this 

work. The best fit using the smaller number of reference spectra was then selected based on 

statistical parameters such as chi², correlation coefficient, total thickness. Since each spectrum 

obtained from the references were normalized to a thickness of 1 nm, the total thickness obtained 

for the model spectra is an estimate of the total thickness of the foil or the phase. The consistency 

with the real thickness ensure to the quality of the decomposition analysis. All analyses were 

conducted using aXis2000. 

Reference compounds 
Silicate reference compounds were chosen in order to implement a comparative approach with the 

Si species detected in the altered glass/iron/claystone system. The chosen Si species were the most 

probable at the temperature and pressure conditions expected in Andra's URL in Bure, and in 

agreement with the literature (especially with the thermochemistry database developed by Andra 

[41]). Thereby the choice was restricted to phyllosilicates belonging to serpentine-kaolinite (1:1 

group), smectite and mica (2:1 group), and chlorite (2:1:1 group). Table 5 specifies the formula and 

source of each reference phases. Berthierine, greenalite, cronstedtite and chamosite come from 

Excalibur Mineral Corporation. Saponite FeIII and saponite FeAl were synthetized by IMPMC 

(Sorbonne University, Paris, France) by a hydrothermal treatment of hydrolyzed gel Na, Mg, Al and Si 

hydroxides [42]. They contain Fe3+ and Fe3+ plus Al3+ in tetrahedral site respectively. Georgia kaolinite 

(KGa-1), California chlorite (CCa-2), California hectorite (SHCa-1) and Australia nontronite (NAu-2) 

were provided by the Clay Mineral Society. Muscovite was provided courtesy of ISTeP (Sorbonne 

University, Paris, France), and nontronite Garfield came from Garfield, Washington, USA. Saponite 

B46 is an autohydrothermal ferroan saponite [43]. 

Each compound was identified by X-ray diffraction in our laboratory (not shown). The samples for 

STXM analyses were prepared according to the procedure described by Rivard et al. [29], namely a 

silicate or iron powder in an alcoholic solution placed on a carbon-coated copper TEM grid and air-

dried. 

  



Results 
The SEM micrograph presented in Figure 2 shows a representative distribution of glass and iron 

powder. Distance between iron and glass particles does not exceed 600 µm in two dimensions. The 

GAL thicknesses were observed to vary depending on their location in the system. Along the sides of 

the cylinder, the GAL are thicker (sometimes reaching 50 µm, see Figure 3-a and b) than in the center 

of the cylinder (about 10 µm, Figure 3-c and d). At the outer surface of the GAL, (Figure 3-b) the 

typical presence of heavier elements appears in brighter layers on the SEM micrograph because of 

their high atomic number. All glass particles present the same alteration faces, except along the 

sides. A closer observation of the GAL by SEM coupled to EDS suggests that it is made of two 

different layers (Figure 4). The inner layer is thicker than the outer layer, around 6 and 2 µm 

respectively. GAL is easily identified and localized on cross section by the absence of Na caused by 

glass hydration and interdiffusion mechanism [12,44], while this element is present in the pristine 

glass (PG) (Table 6). Because Zr has a low solubility in water [9,13], it is considered as the last 

element to decrease in content in the GAL during the alteration of glass in water. The Si/Zr ratio 

between PG and GAL-inner layer provides information on the alteration process, decreasing from the 

PG (where it is close to 10) to the inner GAL (4.5). A decrease of Si/Zr ratio means a silicon 

concentration decrease in the GAL compared to the PG, which suggests glass hydrolysis [9,45]. 

Furthermore the inner layer contains 8  wt.% of rare earths elements (i.e. lanthanides: Nd, La, Ce for 

the most representative) against only 2 wt.% in the outer layer, as they are locally precipitated. 

Moreover the outer layer does not contain Zr, and few quantities of rare earths (lanthanides), 

suggesting a dissolution/reprecipitation process for this layer. Otherwise, the iron content shows a 

sharp increase in the GAL compared to the PG, and moreover is distributed differently in the outer 

and inner layers of the GAL (respectively 18 and 30 wt.%, see Table 6). Si/Fe ratios are higher in the 

inner part of the GAL (0.8) compared to the outer part (1.5).  

In summary, from these observations it appears that GAL consists of 2 layers. The inner one related 

to the gel with a low retention of Si, from which the alteration rate can be determined, and an outer 

one on the gel surface considered as a precipitated layer. 

A layer of Iron Corrosion Products (ICP) was found along the metallic iron grains, averaging about 2 

µm in thickness, and not exceeding 5 µm. EDS measurements made on the ICP (Figure 4, location 3 

and Table 6) show that, in addition to the presence of oxygen and iron, the ICP layer is enriched in Si, 

with a Fe/Si ratio close to 7, and to a lesser extent with Na (2 wt.%) and Ca (1 wt.%). 

MicroRaman spectroscopy was performed at different locations on the transverse section (Figure 5). 

The spectra obtained from the ICP have an intense vibration band at 1069 cm-1, and two less intense 



bands at 300 and 380 cm-1. These bands are characteristic of chukanovite Fe2(OH)2CO3, an iron 

carbonate [46]. No iron-silicate phases were identified by this method, despite the presence of 

silicon in the ICP. This was attributed to the extremely weak Raman scattering of these phases [26]. 

The spectra obtained on the GAL only shows the characteristic broadbands of a glassy structure 

around 285 and 930 cm-1, again, no iron-silicate phases were identified by this method. 

To perform investigations on these silicon containing phases at the nanoscale, a thin foil was sampled 

by FIB in an area containing the PG, ICP and GAL layers (Figure 6). STXM and TEM analyses were 

performed on the same foil. To avoid potential irradiation damage caused by electrons 

(amorphization of potential crystallized phases), STXM characterization were performed first at the Si 

K-edge on the 1.0 ± 0.2 µm thick foil. Then, after a slimming to a thickness of 100 ± 20 nm by FIB, first 

STXM at Fe L-edge then TEM analyses were performed. TEM observations in the GAL and in ICP show 

the presence of nanometric particles (about 100 nm in length) only in the inner part of the GAL 

(Figure 7-a). TEM-EDS analyses on the particles (Table 7) revealed that they consisted mostly of 

oxygen (28 wt.%), silicon (17 wt.%) and iron (24 wt.%). The Fe/Si ratio is 1.4. Minor elements such as 

Ca, Na, Al and Zn were also detected. Note the presence of rare earth elements (18 wt.% i.e. 4 at.%) 

in the glass matrix. SAED was performed on crystallites (Figure 7-b). The presence of distinct rings 

indicates the crystallinity of the particles. Measured inter-reticular distances were compared to 

AMCSD and International Center for Diffraction Data (ICDD) based on x-ray diffraction data of 

silicates, iron oxides and rare earths oxides. Despite the lack of precision of electron diffraction and 

the fact that the diffracted intensities do not correspond to the one of X ray diffraction, the best 

similarity is obtained with the most intense lines of Garfield nontronite (AMCSD-007180 Table 8), 

Na0.4FeIII
2(Si, Al)4O10(OH)2, an iron aluminosilicate of the smectite group. However the typical lines of 

dehydrated smectites corresponding to long inter-reticular distances, for example around 10 Å for 

d[001], are not visible on the SAED pattern probably because they are located too close to the direct 

beam, forbidding the unambiguous identification of nontronite with this method. 

For STXM analyses, spectra were first collected at the Si K and Fe L-edges on iron oxides, carbonates 

and silicates reference materials (Table 5). Figure 8 to Figure 11 present STXM spectra collected at 

the Si K-edge for serpentines-kaolinite group, smectites group, chlorites group, mica and pristine 

nuclear glass SON68. All these phases have the most intense peak at 1846.6 eV (noted A) due to Si 

fourfold coordinated by O [47]. Except for cronstedtite and pristine glass, an intense peak is also 

present around 1855-1857 eV (noted C). The shape and intensity of the peak around 1850 eV (noted 

B) varies. It is present as a shoulder or a sharper oscillation for serpentines-kaolinite group, chlorites 

group and for mica. For smectites group, it is present for the 3 saponites but totally absent for the 2 

nontronites (Garfield and NAu-2), montmorillonite (SWy-2) and hectorite (SHCa-1). It is also absent in 



the nuclear glass spectrum. A more or less intense broad band around 1862 eV (noted D) is present 

for all phases and is due to the contribution of neighboring O [16]. 

Figure 12-a shows the Si K-edge map (subtraction of two images, one acquired at the maximum 

absorption threshold of the element at 1846.6 eV, and a second taken before the edge, at 1835 eV) 

from the entire thin foil of the experimental sample. It clearly shows the PG, GAL and ICP layers 

(Figure 12-a), corresponding to various Si concentration. Stacks from which Si K-edge spectra were 

extracted were then collected at different locations in the PG, the inner and outer part of the GAL, 

and in the ICP part which contain Si (Figure 12b). Spectra obtained at any location in the inner, outer 

GAL or ICP have the same general features and differ from the one obtained in the PG. The latter 

spectrum corresponds to amorphous SiO2. The structure observed on the other spectra reflects the 

crystallinity, at least in part, of the Si-containing phases in GAL and ICP. The peaks observed at the A 

(1846.60 eV), C (1856.5 eV) and D (1862.6 eV) positions on the silicate references are present on the 

experimental spectra, while the B oscillation (1850 eV) is absent. Thus, a qualitative comparison with 

the database of silicate references promotes the smectites group (nontronite, montmorillonite, 

hectorite). Indeed, only these phases present A, C and D oscillations and absence of the B oscillation. 

Note also that the intensities of the oscillations C and D are equivalent, contrary to what is observed 

on smectite-group spectra. Nevertheless, a qualitative comparison between references and 

experimental spectra exclude the presence of chlorites, mica, serpentines, kaolinite and saponites.  

Linear regression fits of the experimental spectra were performed using references (nontronite NAu-

2, nontronite Garfield, hectorite SHCa-1, montmorillonite SWy-2 and pristine glass). Spectra were 

decomposed following the procedure indicated in the methodology part with several combinations 

of reference spectra. The best fit is shown in Figure 13 and Table 9. It is obtained with combination of 

two reference phases only: nontronite Garfield (an iron-silicate of smectite group 

(Na0,4FeIII
2(Si,Al)4O10(OH)2)) and amorphous glass spectrum. Compared to the experimental spectra, 

there is no energy shift, and the intensities of oscillations in position A, C and D (around 1846 eV, 

1855 eV and 1862 eV) are the same. Correlation coefficient and chi² equal to 0.99 and 0.02 

respectively also testify to the good quality of the fit. Regarding inner part of GAL, linear regression 

analysis indicated it was 90% nontronite Garfield and 10% SiO2 (expressed in equivalent thickness 

following the methods proposed by Dynes et al. [38] – see methodological part), versus 98% 

nontronite Garfield and 2% SiO2 in the outer layer. The total thickness, 811 nm, of the simulated 

spectrum is in good agreement with the thickness of the foil (1.0 ± 0.2 µm), suggesting a reliable fit. 

Note that in both cases the contribution of amorphous SiO2 spectrum is essential for a satisfactory 

decomposition, and in particular to respect relative intensities of A, C, and especially the intensity in 

D position. Concerning ICP, best result was obtained with nontronite Garfield (93%) and SiO2 (7%). 



The total thickness, around 640 nm, is lower than the thin foil thickness which can be explained by 

the fact that silicon containing phases are not the majority phase throughout the ICP, where 

chukanovite was identified by microRaman as the majority phase. 

The Fe L-edge spectra were obtained after collecting stacks respectively on ICP and GAL (Figure 14-a). 

Note that there is no difference between spectra obtained in the inner and outer part of GAL. The 

spectrum obtained in the ICP corresponds to a Fe(II)/Fe(III) mixed oxidation degree. On the contrary, 

the spectra obtained in the GAL corresponds more to a phase with a high Fe(III) content. Because the 

Fe L-edge is affected by the valence [37,48,49], we chose to fit the spectra by a linear combination of 

pure Fe(II) and Fe(III) reference phases (siderite and maghemite, Fig. 14) and the Fe(II)/Fe(III) 

proportion is deduced following the procedure presented in the methodological part. The same fit 

was made on the nontronite reference spectra. The results confirm that the main part of iron 

contained in nontronite Garfield is Fe(III), around 90% versus 10% of Fe(II), as expected in Fe-rich 

dioctahedral phyllosilicate (Table 7). Iron valency in GAL is also 90% Fe(III) and 10% Fe(II) which is 

consistent with the valency of iron in the glass (Fe(III)) and the presence of nontronite. On the 

contrary, a mixed valence around 50% Fe(III) and 50% Fe(II) is observed in ICP, according to the 

presence of nontronite and iron carbonate respectively (Table 10). 

Discussion 
The maximum ICP layer thickness measured on the metallic iron particles was 5 µm. In addition to Fe 

and O, ICP layer contained around 10 wt.% of silicon, with an Fe/Si ratio close to 7. Traces of Ca and 

Na were also present. Only chukanovite (Fe2(OH)2CO3), an Fe(II) carbonate, was identified in the ICP 

layer by microRaman spectroscopy. This Fe(II) valency was in agreement with a carbonated and 

anoxic environment under the conditions of the experiment. This phase, formed by precipitation of 

aqueous carbonates with Fe(II), was observed by numerous authors associated with generalized 

corrosion [16,19,26,27,49–52]. In addition to this carbonate, structural information given by X-ray 

absorption spectroscopy at the Si K-edge also suggested that dioctahedral Fe(III)-rich smectites which 

contain silicon were present in the ICP layer. Therefore Fe(II)/Fe(III) ratio detected at Fe L-edge in the 

ICP layer was probably due to concomitant presence of nontronite (Fe(III)) and iron carbonate 

(Fe(II)). Ca and Na were associated with nontronite. Note that these two elements, as well as silicon, 

could come from both COx solution in equilibrium with claystone and glass alteration. 

There was an altered layer of glass on all the surfaces of the glass particles. All glass particles showed 

the same alteration faces, except along the sides of the system, thus pointing to homogeneous 

alteration, with a GAL thickness at around 8-10 µm. Despite alteration (as proven by the Na 



disappearance and the Si depletion), the inner layer, related to the gel, has conserved some glass 

feature as it contains rare earths (RE) and Zr (elements that are the last released during alteration 

process). The Si/Zr ratio in the inner layer was about 5 compared to non-altered glass (Si/Zr  ratio  =  

10), in accordance with hydration and hydrolysis mechanisms releasing the glass network former and 

modifier elements [11]. On the contrary, the outer part of the alteration layer did not have the 

signature of the glass, since Al and Zr were present only in traces, and RE locally precipitated as they 

are retained on the glass surface [53]. The absence (or low amount) of Al and Zr, and precipitated 

lanthanides suggested a dissolution/reprecipitation formation process. 

Although SON68 glass contains some iron, significantly higher concentrations of this element were 

measured in GAL layer (both inner and outer), with a Fe/Si ratio close to 1 (compared to 0.12 in the 

PG), indicating that this element in the GAL layer came from the corroded iron particles. Indeed, iron 

incorporation into GAL porosity was already observed in previous studies of alteration of 

glass/iron/clay and glass/iron systems both at 50°C and 90°C [16–19,27]. The iron source (metallic 

iron, oxide, carbonate) and the glass to iron distance were presented as factors influencing the 

thickness of the GAL as well as the amount of iron in the GAL layer. 

The combination of two nanometric chemical and structural analytical techniques enabled the 

identification of iron phyllosilicate phases with good confidence. First, the TEM observation showed 

the presence of crystallized nanoparticles which precipitated locally in GAL, the TEM-EDX indicating 

an atomic ratio Si/Fe of 1.4, compatible with phyllosilicates TOT [26]. Results of electron diffraction 

showed inter-reticular distances in good agreement with the ones of nontronite 

(Na,Ca)0.3Fe3+
2(Si,Al)4O10(OH)2•n(H2O). The resolution of the STXM (30 nm) experiment did not allow 

for isolation of the nanoparticles identified by TEM. Nevertheless, the investigation of larger zones 

was undertaken. The comparison of spectra acquired by STXM at the Si K-edge in GAL, to 

phyllosilicate reference phases belonging to several structural groups (i.e. serpentine, kaolinite, di 

and trioctahedral smectite, chlorite, mica) suggested a mixture of nontronite and amorphous SiO2. A 

part of amorphous silica seemed to be slightly higher in inner layer of GAL than in outer layer, 10% 

and 2% in equivalent thickness respectively. A proportion of the amorphous silica in the inner layer 

could be attributed to the glass matrix, i.e. glassy framework depleted in Si compared to pristine 

glass, in which nano Fe-rich silicates had precipitated. This was confirmed by the presence of Zr and 

RE in the inner layer. The small part of amorphous silica observed in the outer layer could be due to 

the amorphization of a few tens of nanometers in thickness of each faces of the foil, during the FIB 

preparation [54,55]. But, the very low proportion of amorphous silica confirms that this layer 

corresponds to a reprecipitation zone, as already suggested by the absence of Zr. STXM observations 

at Fe L-edge, showed that iron bearing phases in the inner and outer layer of GAL contained mostly 



Fe(III). This valence was compatible with that measured in the reference of Garfield nontronite. Thus 

dioctahedral Fe(III)-rich smectites, assimilated to nontronite, precipitate and crystallize in GAL, likely 

in the pores of the inner GAL [17,18], or after a dissolution reprecipitation process in the outer GAL. 

According to the literature [56,57], silicon, iron, and aluminum are the 3 essential elements for 

nontronite formation and the Si/Al/Fe ratio can directly affect the crystalline nature of the 

nontronites. These authors also suggested that other elements such as calcium enable the formation 

of well-ordered alumina nontronite. On the other hand, the use of potassium or sodium as a 

substitute for calcium forms poorly ordered nontronites. In the present study, the nontronites of the 

inner layer seem to be more crystallized, contrary to those of the outer layer and in the ICP which do 

not diffract. The presence of Al and Ca in inner layer and conversely the absence (or small quantity) 

of these elements in the outer layer and ICP could explain the crystalline nature of the nontronites 

(Table 6). 

Although present in solution (Table 3), the absence of Mg in the GAL and in ICP (Table 6) layers could 

explain the absence of saponites (trioctahedral Fe-rich smectite) in the glass/iron/clay system 

[56,57], which could be formed under the conditions of temperature, pressure and potential of the 

URL. In addition, the initial pH for the formation of magnesium silicates must be greater than 8 at 

50°C [56,58] which is not the case here, with a measured stable pH of 6.98 ± 0.11 [31]. 

Nontronites formation depends on the geochemical parameters, whether formed in the laboratory 

or in a natural formation. Near neutral pH, for temperatures below 100°C and pressures of a few 

bars, reducing conditions are required to synthesize and form nontronite [56,57,59]. Similar 

conditions, at pH close to neutrality and in reducing medium from -0.1 to -0.2 V/SHE, have resulted in 

the formation of nontronites in Lake Malawi in South Africa at 25 bars and 22°C [60], as well as in the 

Atlantis II deep in the Red Sea, for a temperature in the order of 100°C and a pressure of 200 bar 

[61–63]. Whether synthetic or natural nontronites, these formation conditions are close to those 

imposed by the COx in the present study (50°C, -190 mV/SHE and neutral pH). 

Although Petit et al. [64] indicated that nontronite can be synthetized in laboratory in conditions 

from ambient to 200°C temperature, influence of temperature seems even more crucial in 

iron/claystone and/or glass/iron/claystone experiments. Indeed, studies showed that serpentines are 

preferentially formed at 90°C in such experiments, and at about 50°C the serpentines are no longer 

stable [16,23,24,26,30,50,65–67]. It could explain that at 50°C in our study only smectites were 

identified, and not serpentines. 



Despite reducing conditions imposed by the COx, nontronites contain a majority of Fe(III). The 

literature mentions that Fe(III) predominates in the structure of this phase [68,69], confirmed by 

STXM at the Fe L-edge. Although some authors manage to synthetize nontronites in reducing 

conditions [56,57,70,71], mechanisms of Fe(II) oxidation to Fe(III) under anoxic and reducing 

conditions during nontronites formation are not clearly reported. The origin of iron oxidation could 

be explained by the reduction of water [72,73]. It could also result from a charge transfer after 

aqueous Fe(II) has been adsorbed and incorporated in the structure of the clay [59], as compensation 

of the charges during the oxidation which can cause the departure of metallic cations from the 

structure [74]. 

Note that iron rich phyllosilicates have already been observed in glass alteration layers. For example, 

Burger et al. [18] (glass/iron/claystone system at 50°C) and Michelin et al. [49] (glass/iron system at 

30°C or 50°C) detected Fe-rich silicates phases but did not identify them, unlike Dillmann et al. [19] 

(glass/iron system at 50°C), Gin et al. [75] (Glass leached for 26 years in granitic groundwater at 90°C) 

and Aréna et al. [58] (glass + FeCl2 at 50°C) who detected respectively greenalite (serpentine group), 

TOT structure (smectite group) and trioctahedral smectite. Carrière et al. [21] highlighted Fe-rich 

phyllosilicates in GAL, assimilated to chlorites. But the comparison of their published data with the 

more complete database suggests clearly that the published spectrum is in better agreement with a 

mix of Fe(III)-rich nontronite and a small part of amorphous silica, as in the present study. Otherwise, 

basaltic glasses from hydrothermal magmatism, often used as natural analogue altered on the long 

term, contain crystallized smectites within alteration layer named palagonite [76,77]. 

Finally regarding the thickness of the inner layer of GAL, and assuming a constant rate, the 

dissolution rate of the glass was estimated at 1.0 to 1.4.10-2 g.m-2.d-1. It is lower than the initial 

dissolution rate of SON68 glass in COx water at 50°C, noted 𝑉0  𝐶𝑂𝑥
50°𝐶 , equals to 9.3.10-2 g.m-2.d-1 [11]. 

Therefore, after 4.5 years of alteration, the average glass alteration rate, calculated from the gel 

thickness, was divided by almost 10 (V0/7 to V0/9 precisely). However it is higher than the residual 

dissolution rate, corresponding to a decrease of alteration kinetic of several orders of magnitude, 

obtained in saturation conditions of the silicon in solution at 90°C [15,78–82]. This is probably due to 

the presence of Fe in the gel which precipitates with hydrolyzed Si to form nontronite. The presence 

of Fe probably delays glass passivation and maintains a relatively high dissolution rate preventing 

condensation of hydrolyzed Si in the gel and saturation of the solution in Si [13,15–18,45,78–83]. 



Conclusion and prospect 
A glass/iron system in contact with claystone was altered at 50 ° C for 4.5 years at -490 meters in the 

Andra’s underground research laboratory of Bure. It was characterized in order to identify the Fe-rich 

silicate phases that form during glass alteration and iron corrosion. The physicochemical parameters 

were monitored and remained stable over the period the system was in the drill hole (T °C, pH, 

pressure). 

Multitechnical nanometric characterizations (STXM at Si K-and Fe L-edges, TEM) were performed on 

the same FIB foil and identified Fe-O-Si neoformed phases in the glass alteration layer and iron 

corrosion products. These phases correspond to Fe(III)-rich smectites assimilated to nontronite, 

consistently with the iron valence measured by STXM at the Fe L-edge. The average glass dissolution 

rate, calculated after 4.5 years from the gel thickness, corresponds to V0/10 and not to a residual 

rate. This could be explained by the presence of smectite in the gel, which consumes the hydrolyzed 

silica. The latter does not condense in the gel and the silica saturation conditions of the solution are 

not reached. Indeed these steps are necessary to form a protective gel that reduces the dissolution 

rate by several orders of magnitude. 

At this stage of the study, it is not possible to determine the origin of the silicon detected in the ICP 

layer. It could come from either glass alteration or the solution (in equilibrium with claystone), while 

the iron contained in the GAL comes mainly from iron corrosion. Moreover, if Fe(II) phases were 

observed in the ICP layer, in good agreement with the literature, it appears that the nontronites 

contain Fe(III). Subsequently, it will be necessary to identify the mechanism by which Fe(II) oxidizes 

to Fe(III), a metallic cation contained in nontronite. Finally, if nontronites were detected for an 

alteration temperature of 50°C, it will be important to consider their stability according to the 

variations of the temperature within the waste package to reinforce the understanding of waste 

package behavior on the long term. 
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Tables 
 

Table 1: Average composition of SON68 glass (in weight per cent, wt.%) obtained by X-ray fluorescence and inductively 
coupled plasma) 

Element wt.% 

Si 21.24 

Ca 3.22 

Li 0.8067 

Zn 1.977 

B 5.35 

Cs 1.063 

Al 2.56 

K 0.4567 

Sr 0.3433 

Ba 0.615 

Na 7.823 

Sn 0.0257 

Co 0.1833 

Cr 0.0437 

Ni 0.17 

Fe 0.31 

Mn 0.3567 

La 1.753 

Nd 2.093 

Ce 4.15 

Pr 0.5767 

Zr 2.14 

Mo 1.417 

P 0.0823 

O rest 

 
Table 2: iron powder composition (certified by Alfa Aesar) 

Element wt.% 

Carbon 0.0006% 

Sulfur 0.0010% 

Iron Balance (>99.98%) 

 
Table 3: chemical composition of COx groundwater measured just before dismantling 

pH Eh 
(mV/SHE) 

Na+ 

(mg/L) 

K+ 

(mg/L) 

Ca2+ 

(mg/L) 

Mg2+ 

(mg/L) 

Sr2+ 

(mg/L) 

Si 
(mg/L) 

Cl- 
(mg/L) 

B SO4
2-

 

(mg/L) 

I- 
(mg/L) 



 

7.2 58.6 963 39.2 344 129 18.3 12 1920 500 0.51 46.6 51.7 

 

  



Table 4: energies for Si K-and Fe L-edges 

Edge Studied range Energy resolutions  Threshold energy 
Thin film 
thickness 

Fe L 690 - 740 eV 

698 to 704 eV: step of 0.6 eV 
704.2 to 713 eV: step of 0.15 eV 
713.2 to 719 eV: step of 0.41 eV 

719.2 to 730: step of 0.15 eV 
731 to 740: step of 0.56 eV 

708 eV 100 nm  

Si K 1830 -1880 eV 

1830 to 1842 eV: step of 0.5 eV 
1842.2 to 1849 eV: step of 0.2 eV 
1849.2 to 1870 eV: step of 0.4 eV 

1870.5 to 1880: step of 1 eV 

1846 eV 1 µm 

 

  



Table 5: phyllosilicates used for comparative approach 

Layer Group 

Chemical formulas 

 *from webmineral 

 **from Data Handbook for Clay Minerals[84] 

Provenance 

1:1 

Berthierine Excalibur 
trioctahedral Serpentine  

(Fe2+,Fe3+,Al,Mg)2-3(Si,Al)2O5(OH)4* 

Excalibur 
Mont St. 
Hilaire, 
Quebec, 
Canada 

Greenalite 
trioctahedral Serpentine  

(Fe2+;Fe3+)2‐3Si2O5(OH)4* 
Excalibur 
La Union, 
Murcia, Spain  

Kaolinite KGa-1b 
dioctahedral Serpentine  

(Mg0.02Ca0.01Na0.01K0.01)(Al3.86Fe0.02
3+Ti0.11)(Si3.83Al0.17)O10(OH)8

** 

Source clay 
Repository, 
Washington 
County, 
Georgia, USA 

Cronstedtite 
trioctahedral Serpentine  

Fe2+
2Fe3+(Si,Fe3+)O5(OH)4* 

Excalibur 
(unspecified 
location) 

2:1 

Nontronite Garfield 
dioctahedral Smectite  

Na0,3Fe3+
2(Si, Al)4O10(OH)2.n(H2O)** 

Garfield, 
Washington, 
USA 

Nontronite NAu-2 
dioctahedral Smectite  

M+
0.97(Si7.57Al0.1Fe0.42)(Al0.52Fe3.32Mg0.7)O20(OH)4  

M+=(Ca, Na, K)** 

Uley Mine, 
South 
Australia 

Montmorillonite SWy-2, 
dioctahedral Smectite  

(Ca0.12Na0.32K0.05)(Al3.01Fe0.41
3+Mg0.54)(Si7.98Al0.02)O20(OH)4** 

County of 
Crook, State 
of Wyoming, 
USA 

Hectorite SHCa-1, 
trioctahedral Smectite  

(Mg0.56Na0.42K0.05)(Mg4.6Li1.39)(Si7.75Al0.17Fe0.05
3+)O20(OH)4** 

 

San 
Bernardino 
County, 
California, 
USA 

Saponite B46 
trioctahedral Smectite  

Ca0.3(Fe2+,Mg,Fe3+)3(Si,Al)4O10(OH)2•4(H2O)* 

Late Variscan 
Saar-Nahe 
Basin, SW 
Germany 

Saponite FeIII 
trioctahedral Smectite  

Ca0.3(Fe2+,Mg,Fe3+)3(Si,Al)4O10(OH)2•4(H2O)* 
Fe3+ in tetrahedra  
 

Synthetized 
by IMPMC  

Saponite FeIIIAl 
trioctahedral Smectite  

Ca0.3(Fe2+,Mg,Fe3+)3(Si,Al)4O10(OH)2•4(H2O)* 
Al et Fe3+ in tetrahedra 
 

Synthetized 
by IMPMC  

Muscovite 
dioctahedral Mica  

KAl2(Si3Al)O10(OH,F)2* ISTeP 

2/1/1 

Chamosite, 
tri-trioctahedral Chlorite  

(Fe2+;Mg;Fe3+)5Al(Si3Al)O10(OH;O)8* 

Excalibur 
unspecified 
location. 
California or 
Wyoming, 
USA  

Chlorite CCa-2 , 
trioctahedral Chlorite  

Ca0.05(Mg4.44Al0.6Fe3.47
3+Fe3.02

2+Ti0.06)(Si4.51Al13.49]O20(OH)16** 

Flagstaff Hill, 
El Dorado 
County, 
California, 
USA 

 



Table 6: SEM-EDX chemical composition analysis (wt.%) of the GAL, PG, and ICP obtained in rectangular areas shown on 
figure 4 (n.d. not detected) 

area Si Fe O Al Ca Na Zr Zn 

rare 

earths 

(La, Ce, 

Nd, Pr) 

1, GAL inner 

layer 
23 18 40 4.5 1.5 n.d. 5 n.d. 8 

2, GAL outer 

layer 
20 30 42 1.0 0.6 n.d. 0.5 4 1.9 

3, ICP 8 55 28 n.d. 0.6 2 n.d. n.d. 6.4 

4, PG 28 3.4 42 3.3 4.1 5.3 3.1 3.3 7.5 

 

Table 7: TEM-EDX chemical composition analysis (wt.%) of the nanoparticles identified on Figure 7 

Element Si Fe O Al Ca Na Zr Zn 

rare 

earths 

(La, Ce, 

Pr, Nd) 

Wt.% 17 24 28 1.0 1.5 2 5.7 2.6 18.2 

 

Table 8: comparison between measured distances on the SAED pattern and most intense d[hkl] of nontronite Garfield 
(AMCSD-007180), montmorillonite, saponite, chlorite, greenalite, magnetite and chukanovite 

measured 
distance 

(Å) 

Garfield 
nontronite 
reference  

montmorillonite saponite chlorite greenalite magnetite chukanovite 

distance 
(Å) 

d[hkl] 
distance  

(Å) 
distance 

(Å) 
distance 

(Å) 
distance 

(Å) 
distance  

(Å) 
distance  

(Å) 

 9.6 001 9.69 12.3 14.37 7.08   

 4.57 020 4.84 6.15 7.18 4.72   

4.3 4.37 -111 4.49 4.58 4.79 4.43 2.53 6.14 

3.2 3.20 003 4.2 3.1 4.39 3.54 2.10 5.14 

3.0 3.04 112 2.46 2.63 3.89 2.52 1.62 3.76 

2.6 2.60 -131  2.53 3.59 2.15 1.48 3.73 

2.4 2.40 -132  1.53 2.87 1.78  2.92 

2.1 2.12 202      2.63 

1.8 1.86 -134      2.57 

 



Table 9: Parameters of the best linear regression at Si K-edge performed with smectite reference spectra and SON68 
spectrum to fit experimental spectra in corrosion products and glass alteration layer 

Area Contribution for linear 
regression 

R² Chi² effective 
thickness (nm) 

GAL outer 
part 

98% nontronite + 2% SiO2 0.99 0.02 811 

GAL inner part 90% nontronite + 10% SiO2 0.99 0.02 811 

ICP with Si 93% nontronite + 7% SiO2 0.99 0.02 636 

 

Table 10: valence of iron in glass alteration layer, in iron corrosion products and in the nontronite Garfield reference 
obtained with linear regression on Fe L-edge spectra 

sample Fe(III) Fe(II) R² chi² 

GAL 88 % 12 % 0.93 0.04 

ICP 51 % 49 % 0.97 0.40 

Nontronite Gar. ref. 90 % 10 % 0.99 0.29 

 

  



Figures 
 

 

Figure 1: (a) photograph of the glass/iron/claystone system embedded in resin before cutting along the blue axis. (b) 
optical photograph of the cross section of the system. In black: SON68 glass powder and in bright iron powder 

 

 

Figure 2: FEG-SEM micrography of the cross section showing the micrometric glass grains and the millimetric iron ones 

 



 

Figure 3: FEG-SEM micrograph of iron and glass particles (named G) along the side of the glass/iron cylinder (a, and zoom 
in white in rectangle b) and at the center (c, and zoom in white rectangle d) showing glass alteration layers thicknesses 

 



 

Figure 4: SEM micrograph in secondary electron and EDX elementary mapping on representative facies of alteration in 
the glass/iron system 

 

 

Figure 5: (a) backscattered electron micrograph with localization, in red and blue, of µRaman analyses. (b) µRaman 
spectra obtained in ICP (red) of iron powder assimilated to chuckanovite Fe2(CO3)(OH)2 and in GAL (blue) 

 



 

Figure 6: (a) localization, in red, and FIB cross section of the sample. Pristine glass, glass alteration layer, iron corrosion 
products and iron are present simultaneously  

 

 

Figure 7: (a) TEM bright field micrograph on black nanoparticles found in GAL inner layer and SAED pattern (b) with the 
identified d-spacings 

 

 

Figure 8: Si K-edge spectra obtained on 3 serpentines (greenalite, berthierine, cronstedtite) and kaolinite 



 

Figure 9: Si K-edge spectra obtained on 7 smectites (saponite B46, 2 synthetized saponites, Garfield nontronite, NAu2 
nontronite, montmorillonite SWy2, hectorite SHCa1) 

 

Figure 10: Si K-edge spectra obtained on 2 chlorites (chamosite, CCa2) 

 



 

Figure 11: Si K-edge spectra obtained on mica (muscovite) and pristine glass SON68 

 



 

Figure 12: Si K-edge spectra (a) and STXM Si K-edge cartography (b) obtained in the pristine glass (green), inner (blue) 
and outer part (purple) of the glass alteration layer, in nontronite Garfield (black) and in ICP (red) which contain silicon 
(ICP* does not contain Si) 

 



 

Figure 13: experimental and fitted spectra obtained at Si K-edge in glass alteration layer (inner part) and in iron corrosion 
products 

 

 

Figure 14: (a) Fe L-edge experimental spectra obtained on iron corrosion products (red) and on glass alteration layer 
(blue). See Fig. 12 for the location of areas from which the spectra are extracted. (b) Fe L-edge spectra obtained on 
references of iron II (siderite FeCO3). iron III (maghemite γ-Fe2O3) and nontronite Garfield 
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