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ABSTRACT 26 

The solubility, speciation and local atomic environment of chlorine have been determined for 27 

aluminoborosilicate glasses quenched from high-pressure (0.5-1.5 GPa) and high-temperature 28 

(1350-1400°C) equilibrated with various sources of chlorine (NaCl and PdCl2). The Cl 29 

solubility reaches up to 11 mol.% in borosilicate glass and appears to be strongly influenced 30 

by the concentration of network modifying cations (Ca and Na) and increases with increasing 31 

CaO + Na2O content. The Cl solubility is enhanced in Ca-bearing rather than Na-bearing 32 

borosilicate glass, suggesting a higher affinity of chlorine for alkaline-earth cations. Cl K-33 

edge XANES and Cl 2p XPS spectra reveal that chlorine dissolves in glasses only as chloride 34 

species (Cl-) and no evidence of oxidized species is observed. Using PdCl2 as a chlorine 35 

starting source leads to pre-edge signal for PdCl2 in the XANES spectra. The EXAFS 36 

simulations show that Cl- local environment is charge compensated by Na+ or Ca2+ at a 37 

distance to first neighbor on the order of 2.7 Å that is comparable to the observed distances in 38 

chlorine crystalline compounds. The coordination to charge compensating cation is lower in 39 

the case of Ca2+ (~1.1) than Na+ (~4.3). 40 

 41 
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 44 

INTRODUCTION 45 

36Cl is a long-lived and radiotoxic radioisotope (301 ky, Endt and Van der Leun 1973, Audi et 46 

al. 2017) arising from irradiated graphite in nuclear reactors (Wickham et al. 2017). 36Cl is 47 

found to be a major pollutant of ground water after the Chernobyl nuclear plant accident 48 

(Chant et al. 1996, Roux et al. 2014). 36Cl is mixed with stable Cl during the pyrochemical 49 
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reprocessing of spent fuel (Metcalfe and Donald 2004, Tomilin et al. 2007, Vance et al. 2012, 50 

Gin et al. 2017). The volatility of this element prevents its incorporation in common nuclear 51 

waste glass formulations with usual vitrification process in melters at ambient pressure (see 52 

Hrma 2010, Ilyukhina et al. 2010, Ojovan and Lee 2011, Gin et al. 2017, Goel et al. 2019). 53 

This behavior at high-temperature is an important obstacle owing to the 36Cl high mobility in 54 

the environment, radiotoxicity and long half-life. Consequently, alternative processing should 55 

be proposed for immobilizing in a safe and permanent manner the 36Cl-bearing nuclear 56 

wastes. Besides, it should be emphasized that 36Cl is thought to be one of the main 57 

contributors of the dose released from geological repositories such as the CIGEO project 58 

(Meplan and Nuttin 2015). Therefore, the immobilization of chlorine is mostly dependent on 59 

the conditioning matrix durability. 60 

A great deal of effort has been spent these last decades to develop specific glass formulations 61 

to increase chlorine retention in glasses, especially in the alkaline-earth silicate glass systems 62 

(Siwadamrongpong et al. 2004, Schofield et al. 2009, Tan 2015, Chen et al. 2017, Tan and 63 

Hand 2018, Zhao et al. 2019). Paradoxically, chlorine behavior in glasses is better known than 64 

other halogen behavior such as iodine, even though 129I is of more concern than 36Cl for 65 

geological disposal of nuclear wastes (Meplan and Nuttin 2015, Riley et al. 2016, Jolivet et al. 66 

2020, 2021, Morizet et al. 2021a,b). It is due to the interest from the geological community 67 

for chlorine, as it is an important volatile species involved in the degassing of the planetary 68 

interior through magmatic processes (Johnston 1980, Symonds et al. 1988, Carroll 2005). 69 

Indeed, chlorine has a great influence on magmatic processes such as diffusion, density and 70 

viscosity; which are important to constrain for eruptive processes (Métrich and Rutherford 71 

1992, Carroll and Webster 1994, Dingwell and Hess 1998, Aiuppa et al. 2004, Zimova and 72 

Webb 2007, Evans et al. 2008, Aiuppa et al. 2009, Filiberto and Treiman 2009, Baasner et al. 73 
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2013, Dalou et al. 2015, Webster et al. 2015, 2018). These works use high-pressure and high-74 

temperature conditions to increase the solubility of chlorine in melts to prevent evaporation, 75 

and to allow the understanding of the dependence of chlorine solubility as a function of 76 

chemical and physical parameters. For instance, it has been demonstrated that Cl solubility is 77 

strongly dependent on CaO content (Carrol and Webster 1994, Signorelli and Carroll 2002, 78 

Evans et al. 2008) and that Cl has strong structural affinities with Ca in glasses (McKeown et 79 

al. 2011). Cl solubility is negatively affected by the Al content (Dalou et al. 2015), which may 80 

be ascribed to a rivalry for the use of charge balancing cations, as observed for iodine (Jolivet 81 

et al. 2020, Morizet et al. 2021b). 82 

Cl solubility in borosilicate glasses is not extensively investigated, as the actual industrial 83 

processes are inefficient for Cl retention in glasses at atmospheric pressure (Hrma 2010). The 84 

most interesting work yet regarding chlorine behavior in borosilicate glasses is the work by 85 

Tan (2015) and Tan and Hand (2018); the latter being limited to the aluminosilicate glass 86 

compositions. More recently, Zhao et al. (2019) focused mostly on the role of alkaline-earth 87 

cations for chlorine incorporation in glasses and concluded that i) Cl solubility in borosilicate 88 

glasses increased with the size of the alkaline-earth element, the highest Cl content (2.54 89 

at.%) reached for a Ba-bearing borosilicate glass, ii) the same applied to aluminosilicate 90 

glasses, iii) glass composition seemed more important than melting temperature to incorporate 91 

Cl in glasses, iv) Cl decreased glass transition temperature in a comparable way to other 92 

halogens such as iodine (Jolivet et al. 2021) or fluorine (Zimova and Webb 2007), v) Cl 93 

affected the polymerization of the glass network, as for iodine (Jolivet et al. 2020), and vi) 94 

above chlorine saturation, phase separation occurred, but Cl was not necessarily present in the 95 

newly formed phase, neither was it retained in the glass. Although, the aforementioned studies 96 

constitute landmarked works in the race for the understanding of chlorine behavior and its 97 
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immobilization in specific glass matrices, the Cl contents reached in these nuclear waste glass 98 

could be drastically improved using pressurization vitrification. Vitrification at ambient 99 

pressure cannot prevent chlorine from escaping by evaporation, despite all the effort made to 100 

improve the process (Tan 2015, Tan and Hand 2018). Furthermore, high-pressure conditions 101 

may help to prevent phase separation, which seems to be a common issue when dealing with 102 

chlorine (see Tan 2015, Gin et al. 2017). 103 

In the present work, we investigate the chlorine incorporation into glasses synthesized under 104 

high-pressure and high-temperature conditions. We explore borosilicate glasses with varied 105 

compositions to investigate the role of boron, the role of alkali and alkaline-earth contents in 106 

the Cl incorporation. The local atomic environment of Cl is also investigated using X-ray 107 

Photoelectron Spectroscopy (XPS) and X-ray Absorption Spectroscopy (XAS), in order to 108 

determine the impact of high-pressure conditions on the Cl environment in glasses. We also 109 

attempt to discuss the systematics of Cl solubility in glasses using a field strength formalism. 110 

 111 

EXPERIMENTAL METHODS 112 

Starting Material 113 

We investigated chlorine solubility in various glass compositions in the system SiO2-Al2O3-114 

B2O3-CaO-Na2O (-ZrO2). Most of the compositions were synthesized in Jolivet et al. (2019, 115 

2020, 2021) and Morizet et al. (2021a,b) to study the incorporation of iodine in glasses. The 116 

preparation of volatile-free glasses is described elsewhere (Jolivet et al. 2019). Glass batches 117 

were prepared from a mixture of oxides (SiO2, Al2O3, CaO) and carbonates (Na2CO3). Prior to 118 

the high-pressure syntheses, these glasses were melted in a box furnace at 1200°C for 1 to 2 119 

hours. Experiments on the ISG (International Simple Glass) composition were conducted 120 

from a provided ISG ingot that was also used as a standardized glass for nuclear waste glass 121 
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studies (see Gin et al. 2013). This glass has been intensively studied by the community 122 

(Inagaki et al. 2013, 2014, Elia et al. 2017, Abdelouas et al. 2013, Charpentier et al. 2016, 123 

Mendoza et al. 2012, Mohd et al. 2015, Guerette and Huang 2015, Collin et al. 2018, Jolivet 124 

et al. 2019) including for investigations on iodine incorporation in glasses using extreme 125 

conditions (Jolivet et al. 2020, 2021, Morizet et al. 2021b). All the studied glass compositions 126 

and experimental conditions are provided in the Table 1. 127 

The ISG, LJ8 and BASN3 compositions are polymerized glasses, with a high concentration of 128 

network forming oxides (SiO2, Al2O3, B2O3). The main difference between these glasses is 129 

mostly represented by the change in the K* parameter defined as ([SiO2]+[Al2O3])/[B2O3] and 130 

modified after the K parameter from Dell et al. (1983). The ISG composition is an high silica 131 

glass (60.2 mol.% SiO2), with 16 mol.% B2O3 to ease the melting and optimize the physical 132 

properties, and a small amount of Al2O3 and ZrO2 stabilizing the network. The Na2O and CaO 133 

content are optimized to balance the charges of the AlO4
- and ZrO6

- units, and to have a 134 

relatively high N4 (~0.5, Charpentier et al. 2016, N4 = [BO4] / [BO4] + [BO3], see Dell et al. 135 

1983). The LJ8 composition is similar to the ISG composition, but with a lower B2O3 content 136 

(6.4 mol.%, Jolivet et al. 2019), and slightly more Al2O3, CaO, and Na2O. Consequently, the 137 

K* of this glass, is higher than the K* of the ISG (10.8 vs 4, see Table 1). The BASN3 138 

composition is even lower in B2O3 content (4.8 mol.%), and higher in SiO2 and Al2O3 (64.6 139 

and 9.8 mol.%, respectively). This glass has a higher K* than ISG and LJ8 (15.5), and the N4 140 

is 0.52 (see Jolivet et al. 2019). In BASN3, the Na2O is the only non-network former (21.1 141 

mol.% Na2O, Table 1). 142 

The other glasses of this study, NH, LJ4b, BFS3 and 4, C35, and the pCABS1 and 2, are 143 

depolymerized glasses, featuring low network former oxide content and relatively high non-144 

network former content. The NH composition has been extensively used in Jolivet et al. 145 
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(2020, 2021) to investigate the effect of the incorporation of iodine in glasses. It is a 146 

simplified simulant of LAW glasses (Low Activity Waste, see Ojovan and Lee 2011), with a 147 

high Na2O content (24.2 mol.%). It has a relatively low SiO2 content (43.1 mol.%) and almost 148 

the same B2O3 content as ISG (15.1 mol.%, Table 1) but with a higher Al2O3 content, so the 149 

K* of NH is nearly identical to ISG (3.5 and 4, respectively). BFS3 and 4 are similar to NH, 150 

but a part of the Na2O content is substituted with CaO (see Table 1). The pCABS1 and 2 151 

glasses are similar to NH, but do not contain Na2O that is replaced by CaO. The pCABS1 has 152 

a slightly different K* from pCABS2 (2.6 and 3.9, respectively) due to different B2O3 content 153 

(substitution with CaO content, see Table 1). The C35 is a B2O3 rich glass (29.1 mol.%), that 154 

does not contain Na2O (33.6 mol.% CaO) and has been studied in Morizet et al. (2021a). It 155 

has one of the lowest K* with LJ4b (1.3 and 1.5, respectively). LJ4b has an intermediate SiO2 156 

content (49.8 mol.%), an high B2O3 content (33.8 mol.%), and a high Na2O content (16.4 157 

mol.%, Table 1). The N4 of this glass is 0.42 (in Jolivet et al. 2019). Overall, the investigated 158 

glass compositions probe a large range of B2O3 (5-35 mol.%), large range of SiO2 (30-65 159 

mol.%) and a large range of network modifying cations (9-33 mol.%) with either CaO or 160 

Na2O or both as the nature of network modifying cation. 161 

High-pressure syntheses 162 

The experimental charge consists of a mix of glass powder (~300 mg) and a Cl-bearing 163 

compound (~30 mg), such as NaCl or PdCl2. The NaCl is dried at 500°C for 24 h in a box 164 

furnace prior to loading. We also use PdCl2 as Pd and Cl2 dissociates at high-temperature, and 165 

Pd is poorly soluble in glasses, as described in Dalou et al. (2015). In all cases, chlorine is 166 

loaded above supposed saturation and Cl input can be as high as 29.1 mol.% (Table 1). The 167 

mixed powder is loaded into platinum capsules (13 mm in length and 5.4 mm in diameter) 168 

welded shut at both ends. The capsule is isolated from the graphite furnace with a MgO 169 
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ceramic sleeve. The intrinsic oxygen fugacities (fO2) are supposed to be constrained by the 170 

used ¾ inch talc-Pyrex assemblies at relatively oxidizing conditions (Morizet et al. 2017) at 171 

1.5 log unit above the Quartz-Fayalite-Magnetite (QFM) buffer. 172 

High-pressure experiments are achieved using an end-load piston-cylinder apparatus, 173 

following the same protocol as described in Jolivet et al. (2020). Sample pressure is first 174 

increased to 0.5 GPa, then temperature is increased to ~500°C and held for 5 min for NaCl 175 

loaded syntheses, to an hour for PdCl2 loaded syntheses to allow the dissociation of NaCl and 176 

PdCl2, into Cl, Na and Pd, respectively. Then, pressure and temperature are increased to the 177 

final conditions. Experimental conditions for each synthesis are presented in the Table 1. We 178 

investigated a pressure range from 0.5 to 1.5 GPa, and a temperature range from 1300 to 179 

1500°C. The temperature was monitored with a B-type thermocouple measuring at the top of 180 

the capsule. The measured temperature has a precision of ±5°C. Most of the experiment were 181 

melted for 5h. We performed an isobaric quench, using a piloted pumping system. The 182 

quench rate is at least ~100°C/s in the first 500°C. 183 

Scanning Electron Microscopy – Energy Dispersive Spectroscopy (SEM-EDS) for major element 184 

concentrations in glasses 185 

The chemical characterization of the recovered glasses was performed with a JEOL 5800LV 186 

SEM, equipped with a SDD SAMx EDS. The glass chips were mounted in an epoxy plug, 187 

with an ISG reference chip on each plug. We used ISG (Gin et al. 2013, Table 1), as a 188 

standard composition to ensure the correctness and robustness of the analytical measurements. 189 

The electron beam voltage was set at 15 kV and the current at 0.5 nA. The current was 190 

regularly controlled to ensure a reproducible electron flow during all the analytical 191 

campaigns. The acquisitions were conducted on a spot larger than 20 µm to avoid Na loss 192 

under the electron beam. We followed the recommendations of Newbury and Ritchie (2013) 193 
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to improve the quality of our results. Each sample was scanned at least 10 times with a scan 194 

duration of 1 min to reduce the minimum concentration for identification (peak threshold 195 

criterion, see Newburry and Ritchie 2013). We used the minor X-ray family members to 196 

avoid misinterpretation near noise level and improve the quantification. We started and 197 

finished all analytical measurements with 15 scans of an ISG sample to ensure there was no 198 

instrumental drift. All the measurements were obtained using internal standards for the 199 

different elements: LaB6 for B2O3, wollastonite for SiO2 and CaO, NaCl for Na and Cl, 200 

Corundum for Al2O3. The EDS results were slightly corrected in accordance with the ISG 201 

standard composition given by Gin et al. (2013). Based on the replicated measurements, the 202 

uncertainty of the major oxide and chlorine quantification was typically ± 0.2 mol.%. All 203 

chemical characterization results are shown in the Table 1. 204 

X-ray Photoelectron Spectroscopy (XPS) for chlorine speciation in glasses 205 

Several glass samples were investigated using XPS to determine the chlorine speciation. 206 

Spectrum acquisition was carried out on a Kratos Nova spectrometer equipped with a 207 

monochromatic Al Kα radiation operating at 1486.6 eV and 300 W. The characterization 208 

(beam size 300x700 µm2) was done on glass chips collected from the bulk of the experimental 209 

charge (3x3 mm2). We acquired the spectra with different pass energy: at 160 eV for the wide 210 

spectrum with a step of 0.5 eV and at 20 eV for high-resolution XPS spectra on elements with 211 

a step of 0.1 eV. The all over XPS instrument energy resolution with the pass energy 160 and 212 

20 eV was on the Fermi edge 1.9 and 0.4 eV, respectively. All measurements were conducted 213 

with charge neutralization owing to the insulating nature of the glass samples. The spectra 214 

were referenced against the adventitious C 1s transition at 284.8 eV. For Cl species, the high-215 

resolution XPS spectra were acquired at the Cl 2p ~200 eV binding energy core level and 216 

with a spectral window between 190 and 215 eV to be sufficiently large for background 217 
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subtraction and to cover the region for chloride (~199 eV) and chlorate (~208 eV) species 218 

(Moulder et al. 1992). We used the CasaXPS© software to treat the XPS spectra (Fairley et al. 219 

2021). We used a Tougaard function for background subtraction (Tougaard 1997). For each 220 

local Cl environment, the Cl 2p peaks were fitted with two asymmetric Gaussian-Lorentzian 221 

lines linked to keep the area ratio of 1/2 between the 2p3/2 and 2p1/2 lines and a spacing of 1.6 222 

eV in agreement with spin-orbit splitting ratio. 223 

X-ray Absorption Spectroscopy (XAS) 224 

For several glass samples, we acquired the Cl K-edge X-ray Absorption Spectroscopy. The 225 

acquisitions were conducted on the LUCIA beamline at SOLEIL synchrotron operating at a 226 

current of 450 mA and an energy of 2.75 GeV (Vantelon et al. 2016). Both the X-ray 227 

Absorption Near-Edge Spectroscopy (XANES) and Extended X-ray Absorption Fine 228 

Structure (EXAFS) regions were acquired. The energy of the incoming photons was selected 229 

by using double crystal monochromator Si(111). The energy calibration of the incoming 230 

photons was achieved on NaCl powder by selecting the first inflexion point of the spectrum at 231 

2824.5 eV. The XAS spectra on the glass were collected in fluorescence mode with a silicon 232 

drift diode detector. To avoid the self-absorption effect, the geometry of the beamline was set 233 

to a low angle between the sample surface and the detector (2°). 234 

During the experiment, the spectra were acquired with an unfocused beam having a size of 235 

4x2 mm2 in order to maximize the count rate. The glass powder was placed on a copper plate 236 

using carbon tape and placed inside a vacuum chamber at 5x10-2 mbar. The XAS spectra were 237 

collected at the Cl K-edge in the range 2780-3800 eV. For each point, the counting time could 238 

go up to 10 s depending on the region of interest. We collected at least five spectra on each 239 

glass sample in order to obtain an average spectrum with a good signal to noise ratio. The 240 
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presented spectra correspond to an average of the different scans for a given sample. We also 241 

conducted acquisition on several crystalline standards for comparison and fingerprinting of 242 

the XAS glass spectra: NaCl, CaCl2, PdCl2, NaClO4. In these crystalline compounds, the Cl 243 

oxidation state varies from -1 in chlorides to +7 in perchlorates, and the local environment of 244 

Cl is changing with respect to the first coordination shell (i.e. distance and coordination 245 

number to the first neighbor). 246 

The XAS spectra were reduced using the Demeter package; the normalization and the merge 247 

of the XAS spectra as well as the background removal were carried out with the Athena 248 

software (Newville et al. 1995; Ravel and Newville 2005) or Fastosh (Landrot 2018). In 249 

addition, the self-absorption effect was checked using the Fluo algorithm implemented in 250 

Athena. For several samples (i.e. the ones synthesized with PdCl2 as the source of Cl), we had 251 

to correct the XANES spectra with the Athena deglitching package, due to the presence of 252 

several absorption peaks related to the presence of Pd and located at 3173 eV (L3-edge) and 253 

3330 eV (L2-edge). The description of the spectrum treatment is provided in Suppl. Mat. 2. 254 

The first coordination sphere to Cl atoms was obtained from the simulation of the EXAFS 255 

signal by using the single scattering signals determined by known crystalline structure: NaCl, 256 

CaCl2 and PdCl2, and obtained from the Crystallographic Open Database (Vaitkus et al. 257 

2021). We used k2-weighted signal function in the k-space between 2.85 and 8.5 Å-1 for all 258 

spectra. The simulation of the Radial Distribution Function (RDF) using the scattering paths 259 

was done using the Artemis software. We used the spectrum from NaClO4 to determine the 260 

delta E0 (ΔE0 = -3.8 eV) and the scattering amplitude (S0
2 = 0.888). We used different RDF 261 

interval (1.1-3.0 Å) depending on the sample (see Table 2). 262 

 263 
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RESULTS 264 

Cl solubility in borosilicate glasses 265 

The recovered high-pressure glasses were examined for crystals or bubbles. Samples with 266 

strong heterogeneities were discarded from the study (i.e. samples showing phase separation). 267 

Samples with bubbles are common and kept, as the presence of bubbles assesses the 268 

saturation of chlorine in the glass. If most of the samples are transparent, several samples also 269 

exhibit a tainted brown color. For instance, the brownish color observed for C35-Cl is 270 

ascribed to the presence of tiny bubbles. We did not find Pd micro-sphere as observed in 271 

Dalou et al. (2015). We assume that most of the Pd stayed at the bottom of the capsules 272 

during the experiment, due to the way it was loaded (at the bottom instead of mixed), the high 273 

density of Pd and because of the low viscosity of borosilicate melts at >1000°C. However, as 274 

mentioned above the XAS spectra show evidence of Pd absorption peaks, which implies that 275 

some Pd is still present in the bulk glass. The content of the bubbles could not be analyzed but 276 

is assumed to be Cl2 gas. The chlorine content in the glasses is presented in the Table 1. 277 

We performed experiments mostly at 1 GPa and at 1400°C to focus this study on glass 278 

compositional parameters. The Cl content as a function of non-network cation concentration, 279 

expressed as the [CaO + Na2O] is shown in Figure 1 and is obtained from the data point in 280 

Table 1. The change in Cl solubility as a function of K* as described earlier is provided in the 281 

Suppl. Mat. 2 as it turns out to be less informative than anticipated. The distinction has been 282 

made for the samples obtained with NaCl and PdCl2 as the source of chlorine and as a 283 

function of pressure (0.5 to 1.5 GPa). In Figure 1, within the error in the chlorine content 284 

(±0.2 mol.%) we do not identify any effect of the initial source of chlorine. The Cl content in 285 

glasses appears strongly dependent on the non-network cation content. For instance, the 286 

lowest Cl content reached (~2 to 4 mol.%) are for the ISG composition having a low [CaO + 287 
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Na2O] content; whereas the highest Cl content is observed for C35-Cl (11.1 mol.% Cl) and 288 

pCABS2-Cl (~10 mol.% Cl) having high CaO content (~30 mol.%). The observed trend is not 289 

surprising as Cl is thought to be incorporated in the vicinity of these cations, especially 290 

alkaline-earth cations (McKeown et al. 2011, Tan 2015, Tan and Hand 2018, Zhao et al. 291 

2019). The nature of the non-network forming cation should play a role as well. For instance, 292 

Cl content in NH, BFS4 and BFS3 samples is increasing along with the substitution of Na for 293 

Ca (see Table 1) for experiments loaded with NaCl and conducted at 1.0 GPa. The same is 294 

observed for polymerized glasses such as LJ8 and BASN3: BASN3 contains only Na2O (21.1 295 

mol.%), whereas LJ8 also contains CaO (9 mol.%, plus 15.3 mol.% Na2O), the latter is richer 296 

in Cl than BASN3 of 1 to 2 mol.% (Table 1). 297 

The Figure 2 presents the Cl content as a function of the XCaO defined as [CaO] / [CaO + 298 

Na2O]. The results shows that Cl content is positively correlated with the XCaO. The highest 299 

Cl content is reached for the highest XCaO compositions, such as C35-Cl at 11.1 mol.% Cl 300 

(XCaO = 1, see Table 1). Conversely, the lowest Cl content is observed in the Ca-free 301 

compositions, such as BASN3 (from 1.1 to 3.4 mol.% Cl) and LJ4b (4 mol.% Cl, Table 1, 302 

Figure 2). Compositions with similar XCaO (ISG and NH, Table 1) exhibit higher Cl content 303 

when depolymerized (CaO + Na2O content is higher). Compositions with similar K* 304 

parameters, such as the NH, BFS4 and BFS3 series, solubilize more Cl with increasing 305 

XCaO: 3.5 to 6.4 for NH (XCaO ~ 0.24), 6.5 for BFS4 (XCaO ~ 0.64), to 10.2 for BFS3 306 

(XCaO ~ 0.83, see Table 1 and Figure 2). In lime glasses (pCABSx and C35), the Cl content 307 

increases with both B2O3 content and CaO content, from 21.8 mol.% B2O3 and 16.1 mol.% 308 

CaO for pCABS1-Cl, to 29.7 mol.% B2O3 and 26.2 mol.% CaO for C35-Cl. This is consistent 309 

with the conclusion of Evans et al. (2008) and McKeown et al. (2011), which mention that Cl 310 

has more affinities with Ca2+ in glasses than with Na+ cations. At first sight (from Figure 1 311 
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and 2), we do not observe a clear impact of the initial source of chlorine (NaCl or PdCl2) on 312 

the chlorine solubility, however, this aspect requires more experimental investigations to be 313 

clarified. 314 

Chlorine speciation in borosilicate glasses from XPS and XANES 315 

Several glasses were characterized using Cl K-edge XAS. The Cl XANES for the studied 316 

glasses and crystalline chlorine compounds are shown in Figure 3A and B, respectively. The 317 

spectra for glasses have been categorized as a function of loaded chlorine source: NaCl or 318 

PdCl2. There is a striking feature observed in Figure 3A that is the presence of a pre-peak 319 

located at ~2821 eV for the samples synthesized with PdCl2 source. This peak is absent in the 320 

spectra for samples synthesized with NaCl. The same pre-peak is observed in the spectrum 321 

obtained for PdCl2 in Figure 3B, which suggests that a non-negligible quantity of PdCl2 is 322 

present in the glass. Whether it corresponds to dissolved or disseminated PdCl2 particles is not 323 

clear and would require advanced characterization using Transmitted Electron Microscopy to 324 

investigate at the nanoscale the glasses. 325 

As shown in Figure 3B, there is a clear distinction between chlorine species depending on the 326 

Cl oxidation state. For instance, the main line for reduced Cl in crystalline compounds (-1 in 327 

NaCl, CaCl2 and PdCl2) is located at ~2828 eV whereas the main line for oxidized Cl in 328 

crystalline compounds (+7 in NaClO4) is located at ~2834 eV. The shift to higher energy in 329 

the edge position is a common feature that has been documented in previous work for other 330 

elements such as Fe (e.g. Wilke et al. 2011). For crystalline compounds, the main line is broad 331 

in the case of NaCl and CaCl2 and narrower for NaClO4. The latter spectrum exhibits a broad 332 

signal between 2840 and 2860 eV that is not visible in the spectra for NaCl and CaCl2 or 333 

PdCl2. Without exception, the spectra obtained for glasses in Figure 3A show a main line 334 
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relatively broad and asymmetric with a peak maximum at 2828 eV, regardless of the initial 335 

source of chlorine and the existence of the pre-peak due to the presence of PdCl2. This 336 

observation clearly indicates that chlorine is dissolved under its reduced form, Cl-, within the 337 

glass structure and surrounded by either Na+ or Ca2+ as charge balancing cation, or even Pd2+ 338 

in the case of samples synthesized with PdCl2 as the initial source of chlorine. This result is in 339 

total agreement with the previous work using XANES from Evans et al. (2008) on 340 

aluminosilicate glasses synthesized at high pressure (0.5 GPa). McKeown et al. (2011) also 341 

pointed out that chlorine was dissolved as Cl- with Ca2+ as the main balancing cation based on 342 

EXAFS simulation of the first coordination sphere for chlorine in borosilicate glasses 343 

synthesized at ambient pressure. 344 

The suggested results from XANES analyses are confirmed by the XPS analyses that are 345 

shown in Figure 4 for several samples. The entire set of spectra is provided in the Suppl. Mat. 346 

1. We show in Figure 4 the XPS spectra obtained in the Cl 2p energy region along with the 347 

modeling of the 2p3/2 and 2p1/2 peaks and the derived peak parameters. The nature of the 348 

chlorine source and the measured Cl content is reported on each plot. First, the nature of 349 

initial chlorine does not seem to influence the measured Cl speciation. Second, for all the 350 

characterized samples there is only one peak doublet that is ascribed to the Cl 2p1/2 and 2p3/2 351 

located at 201 and 198 eV, respectively. The derived peak width at half maximum is on the 352 

order of 1.5 eV and the peak position are 198.7 and 200.3 eV for the Cl 2p3/2 and 2p1/2, 353 

respectively. The chlorine signal located at this binding energy corresponds to chlorine 354 

dissolved as chloride species: NaCl, CaCl2 and PdCl2 in our case and as reported in Moulder 355 

et al. (1992). Distinction between the chloride species is currently not possible from the 356 

spectra in Figure 4. The chloride is the only species and there is no evidence for chlorate 357 

species that would give a peak doublet between 205 and 210 eV (Moulder et al., 1992); 358 
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therefore, confirming the XANES results and in agreement with previous works on the 359 

chlorine dissolution in glasses (Evans et al. 2008, McKeown et al. 2011). Both XANES and 360 

XPS results are essential and complementary as they provide constraints on the employed 361 

model that will be used for determining the geometry of the local Cl environment in glasses 362 

using EXAFS simulation. 363 

Chlorine local environment in borosilicate glasses from Cl K-edge EXAFS simulations 364 

The results of the EXAFS simulations for several samples are reported in Figure 5 showing 365 

the total amplitude of the EXAFS signal (|χ(R)| in Å-3) as a function of the RDF (R+ΔR in Å). 366 

The fitted curve to the data is shown as well as the RDF region that is of concern for the fit 367 

(see Table 2). An insert of the imaginary part (|χ(R) Img| in Å-3) of the amplitude is also 368 

shown (the entire set of spectra is provided in Suppl. Mat. 1). It should be pointed out that the 369 

shown EXAFS spectra is corrected to remove a low RDF signal (R+ΔR < 1.6 Å) that does not 370 

correspond to a chlorine signal. Details on the correction procedure is provided in Suppl. Mat. 371 

2. Currently, we do not have any explanation for the presence of this low RDF signal. The 372 

XANES and XPS results show that chlorine dissolves as chloride species (NaCl, CaCl2 and 373 

PdCl2). For chlorides, the typical next nearest neighbor distance is the lowest at 2.31 Å for 374 

PdCl2 (Wells et al. 1938) and is on the order of ~2.70 Å for NaCl and CaCl2 (van Bever and 375 

Nieuwenkamp 1935, Finger et al. 1978). Owing to the mathematical form of the EXAFS 376 

function, such distances correspond to peak position at ~1.8 and 2.2 Å for PdCl2 and NaCl or 377 

CaCl2, respectively. Therefore, signals below this region do not actually correspond to a 378 

possible chlorine local environment present in the investigated borosilicate glasses. The 379 

R+ΔR signal obtained for C35-Cl is a particular case (see Figure 5E) as the signal at low 380 

radial distribution function (R+ΔR < 1.5 Å) is not averaged out by the applied correction. The 381 
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peak located at ~1.4 Å could correspond to a first nearest neighbor distance close to ~1.9 Å. 382 

That distance could match adequately to the Cl-Cl distance in Cl2 molecules (Karan and 383 

Arunan 2004). One can argue that the EXAFS signal at lower R+ΔR could also correspond to 384 

next nearest neighbor in chlorate (or perchlorate) cluster, in which a Cl5+ is surrounded by 385 

three oxygen atoms for charge compensation at typical distance of ~1.4 Å (Zachariasen 386 

1929); however, we have demonstrated that chlorate species are absent from the synthesized 387 

borosilicate glasses. 388 

The simulation of the EXAFS signal has been performed using the following single scattering 389 

paths: Cl-Na, Cl-Ca and Cl-Pd. The Cl-Pd scattering path was not used in the case NaCl was 390 

the initial source of chlorine; the Cl-Na scattering path was not used in the case of Na-free 391 

glasses (pCABS2 and C35); the Cl-Ca scattering path was not used in the case of Ca-free 392 

glasses (BASN3-212 and LJ4b). We used rCl-Na, rCl-Ca and rCl-Pd at 2.72, 2.70 and 2.31 Å. For 393 

each scattering path, we started with a Debye-Waller factor (σCl-X) of 0.003 and fixed the 394 

coordination numbers (CNCl-X) at 1. The optimization of the EXAFS spectra was done with 395 

the following steps: the rX-Cl was optimized then followed by the σCl-X; this step was repeated 396 

two to three times, then the CNCl-X was optimized. The entire optimization procedure was 397 

repeated several times. The optimization was stopped when parameters did not show any 398 

significant improvement in the χ2 value (χ2 witnessing the robustness of the fit). It should be 399 

stressed that the reported simulation represents only one possible solution and that other 400 

solutions may exist. 401 

The simulation results are provided in Table 2. The reported error bars have been determined 402 

from the Artemis software. We did not observe any systematic change of the derived 403 

parameters (CNCl-X, rCl-X and σCl-X) as a function of chlorine content. The derived distances to 404 

the next nearest neighbor are on average 2.29±0.13, 2.64±0.07 and 2.75±0.04 Å for Cl-Pd, Cl-405 
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Na and Cl-Ca, respectively. These distances are comparable to the observed distances in 406 

crystalline structures for chlorides and in good agreement with the results of Chungong et al. 407 

(2017) based on neutron diffraction data. However, the obtained rCl-X distances are 408 

significantly different from the results reported in McKeown et al. (2011) that extracted rCl-Na 409 

close to 4 Å. The same applies to the CNCl-Na that is on the order of 8 in McKeown et al. 410 

(2011) whereas it is on average 4.3 from the results in Table 2. Although it is difficult to 411 

reconcile both sets of results, we point out that the proposed results in Table 2 and Figure 5 412 

are a non-unique solution. The CNCl-Ca is on average 1.08 that is ¼ of the derived CNCl-Na. 413 

This difference is potentially explained by the change in the cationic charge: less Ca2+ than 414 

Na+ is required to charge compensate the Cl-. The CNCl-Na is surprisingly high in the case of 415 

NH22-2, respectively. We currently do not have any explanation for such a high CNCl-Na. One 416 

hypothesis is that regions within the NH glass are enriched with respect to Na while others are 417 

depleted, and Cl- aggregates several Na+ for charge compensation. To our knowledge, these 418 

results are the first obtained on the chlorine local environment in Cl-bearing borosilicate 419 

glasses synthesized under high-pressure conditions; however, more advanced experimental 420 

work is required to provide a full picture of the local atomic environment for chlorine 421 

dissolved in glasses under different conditions: from reduced (Cl-) to fully oxidized (Cl7+). 422 

 423 

IMPLICATIONS: RATIONALE FOR CHLORINE SOLUBILITY IN 424 

ALUMINOBOROSILICATE GLASSES 425 

Chlorine solubility results shown in the present work suggest that high-pressure conditions are 426 

beneficial for dissolving large amount of chlorine in the glass. Whereas this behavior has been 427 

observed for aluminosilicate glasses previously (Alletti et al. 2009, Dalou et al. 2015, Webster 428 
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et al. 2014, 2015), we also show it for aluminoborosilicate glasses with application to the 429 

immobilization of chlorine nuclear waste. It should be mentioned that the determined Cl 430 

content is higher than the I content reached in Jolivet et al. (2020) and Morizet et al. (2021a) 431 

for identical glass compositions (i.e. ISG, NH, C35), which confirms once more that there is a 432 

solubility hierarchy between halogens related to their size (Dalou et al. 2015, Dalou and 433 

Mysen 2015). In addition, chlorine solubility appears to be affected by the nature of the 434 

charge compensating cation as observed in Figure 2 and showing a strong increase in Cl 435 

solubility with increasing XCaO. This result suggests that increasing the cation charge for the 436 

Cl- charge compensating element induces an increase in the chlorine solubility. Zhao et al. 437 

(2019) showed that changing the alkaline-earth cation also changes the chlorine solubility. 438 

These aspects imply that chlorine solubility is to some extent controlled by the nature of the 439 

charge compensating cation and that Cl- is better dissolved in the vicinity of alkaline-earth 440 

cations. 441 

We have synthesized this aspect in Figure 6 compiling several experimental datasets obtained 442 

on chlorine solubility. We did not gather all the existing experimental data points, however, 443 

these represents a good picture of the Cl solubility as a function of glass composition. We 444 

compiled the data 1) from Filiberto and Treiman (2009) obtained on a basaltic composition 445 

synthesized under reducing conditions; 2) from Dalou et al. (2015) investigating the effect of 446 

Al2O3 content on the Cl solubility in simplified Na2O/K2O-Al2O3-SiO2 system for pressure 447 

between 0.5 and 2.5 GPa; 3) from Webster et al. (2015) that were obtained for pressure up to 448 

0.7 GPa under oxidizing and anhydrous conditions; and 4) from the present work acquired 449 

between 0.5 and 1.5 GPa and for aluminoborosilicate glass compositions. The change in the 450 

glass composition is expressed as the Network Modifying Field Strength that is calculated 451 

with the following equation (1): 452 
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𝑁𝑒𝑡. 𝑀𝑜𝑑. 𝐹𝑖𝑒𝑙𝑑 𝑆𝑡𝑟. =  ∑ ×∑ ×   (1) 453 

Where Xi corresponds to the molar fraction of network modifying cation i (i.e. Na+, K+, Ca2+ 454 

and Mg2+ in the present database), zi/ri is the cation field strength defined as the ratio between 455 

the effective cationic charge divided by the cation radius. We used the data from Shannon 456 

(1976) for ri. The dividing term is calculated from the sum of the oxygen molar fraction on 457 

network modifying oxides. 458 

In detail, several trends or data distributions can be observed from Figure 6. The reported data 459 

points from Filiberto and Treiman (2009) at the lower right in Figure 6 suggest that imposing 460 

reducing conditions (graphite capsules corresponding to log fO2 at QFM -1.5, Quartz-461 

Fayalite-Magnetite buffer, relevant to martian magmatism, e.g. Herd et al. 2002) induces an 462 

observable decrease in Cl solubility. The observed lower Cl solubility under reducing 463 

conditions is comparable to the behavior observed for CO2 (Pawley et al. 1992, Morizet et al. 464 

2010, Wetzel et al. 2013) or S (Jugo et al. 2010, Klimm et al. 2012). The main difference is 465 

that imposing reducing experimental conditions imposes to reduce the volatile species: CO2 466 

reduced to CO, CH4; S reduced to S2-. It is not the case for chlorine considering that Cl- is the 467 

most reduced chlorine species. Applying reducing conditions involve a change in the melt 468 

structure by redistributing the network modifying cations that are possibly less available for 469 

charge compensation of the negative charges for Cl- that cannot dissolves. 470 

The data of Dalou et al. (2015), trends on the left with increasing Al content, shows that: 1) 471 

there is a dramatic effect of the glass Al content on chlorine solubility with a maximum Cl 472 

solubility in Al-free glasses, 2) at a given composition increasing pressure induces an increase 473 

in the Cl solubility, and 3) increasing the cation field strength induces an increase in the Cl 474 
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solubility. The decrease in Cl solubility with increasing Al2O3 content can be explained by the 475 

fact that Al species (i.e. AlO4
-) in the glass require charge compensation by network 476 

modifying cation due to the excess negative charge on AlO4
- units. A comparable behavior 477 

has been observed for iodine dissolved as I- in borosilicate glasses (Jolivet et al. 2020, Morizet 478 

et al. 2021b): the charge compensating cation for AlO4
- units is not scavenged by the 479 

dissolution of I- species therefore limiting the iodine solubility. It can also be observed that 480 

the Cl solubility is affected by the nature of the alkali itself and that a distinct trend in Cl 481 

solubility can be observed for K-bearing and for Na-bearing glasses. We suspect that the 482 

difference in the zi/ri between K+ and Na+: 0.725 and 0.980, respectively; could explain such 483 

difference in Cl solubility: Increasing the zi/ri value would increase the Cl solubility. Our data 484 

obtained on Ca-bearing glasses (Ca2+ with zi/ri = 2) show the highest Cl solubility above 10 485 

mol.%. 486 

The data from Webster et al. (2015) shown in Figure 6 exhibit an exponential increase in the 487 

Cl solubility with increasing Network Modifying Field Strength, regardless of the 488 

experimental conditions. Our data on aluminoborosilicate glasses also match the trend shown 489 

by Webster et al. (2015) data. The glass compositions investigated in Webster et al. (2015) 490 

have ~10 mol.% Al2O3 at the lowermost end of the Dalou et al. (2015) trends with ~11 mol.% 491 

Al2O3. Most of the Cl solubility points are obtained on glasses having network former cation 492 

concentrations (i.e. SiO2, Al2O3 and B2O3) on the order of ~60 to 70 mol.%. C35-Cl has less 493 

than 50 mol.% for SiO2+Al2O3+B2O3 and also has the highest Cl solubility obtained. 494 

Therefore, the nature and the concentration of network modifying cation appear to be of a 495 

prime importance for the dissolution of chlorine. Depolymerizing the glass structure by 496 

increasing the network modifying cation concentration allows the dissolution of more chlorine 497 

as Cl-. This is consistent with the high concentration of chlorine measured in natural silica 498 
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undersaturated rocks (Paul et al. 1976). Large interest in chlorine behavior has been raised 499 

from previous experimental studies (Webster et al. 1999, 2014, 2015, 2020); however, further 500 

additional work is required to build semi empirical model for chlorine solubility that can 501 

integrate a broader range of glass compositions, from aluminosilicate to aluminoborosilicate 502 

glasses, held under various pressure, temperature and redox conditions. 503 

 504 

SUMMARY 505 

In the present work, we have investigated the solubility, the speciation, and the local atomic 506 

environment of chlorine in aluminoborosilicate glasses synthesized under high-pressure 507 

conditions (0.5-1.5 GPa). The XPS and XANES measurements reveal that chlorine is 508 

dissolved as chloride (Cl-) species in the glass. The EXAFS fitting of the Cl spectra show that 509 

the Cl- local atomic environment is surrounded by Na+ or Ca2+ at distances on the order of 510 

~2.7 Å. Furthermore, four times as much Na+ than Ca2+ is required to charge compensate the 511 

chloride negative charge. 512 

We also show that chlorine dissolution is strongly favored in Ca-rich glass composition over 513 

Na-rich ones. Comparison with previous experimental data on Cl solubility indicates that 514 

describing the Cl solubility evolution as a function of glass composition is rather complex and 515 

involves several aspects: 1) the nature of the Cl- charge compensating cation, 2) the 516 

concentration of Al2O3 that requires charge compensation, 3) the fO2 conditions whether it is 517 

oxidizing or reducing and then 4) the degree of polymerization of the glass that allows the 518 

insertion of chlorine within its structure. 519 

 520 
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 771 

Figure caption 772 

Figure 1: Chlorine content as a function of non-network former cations content expressed as 773 

the [CaO + Na2O] showing the gradual increase in Cl solubility with increasing network 774 

modifying cation concentration. 775 

Figure 2: Change in Cl solubility as a function of XCaO = [CaO] / [CaO + Na2O]. It can be 776 

clearly observed that Cl solubility is enhanced in the case of Ca-rich glasses in comparison to 777 

Na-rich suggesting that the nature of the cation itself plays a major role on Cl solubility. 778 



35 

 

Figure 3: Cl K-edge XANES spectra acquired for glasses (A) and crystalline compounds (B). 779 

The used source of chlorine is indicated for Cl-bearing glasses. 780 

Figure 4: XPS spectra in the Cl 2p binding energy region and obtained for several glasses 781 

with different Cl content up to 11.1 mol.%. Chlorine is dissolved only as chloride species as 782 

witnessed by the doublet peak located at ~200 eV. The peak fitting parameters are indicated 783 

next to each simulation. There is no evidence of chlorate species. 784 

Figure 5: Radial Distribution Function (R+ΔR in Å) obtained from EXAFS spectra for glasses 785 

with different Cl content. The insert corresponds to the imaginary part of the RDF amplitude 786 

spectrum. The fitted region is indicated and does not consider the lower R+ΔR signal that is 787 

considered as an unwanted EXAFS signal and basically filtered (see Suppl. Mat. 2). 788 

Figure 6: Chlorine solubility (in mol.%) as a function of the Network Modifying Field 789 

Strength (see text for the detailed calculation). Along to this work, several other datasets are 790 

also reported: Filiberto and Treiman (2009), Dalou et al. (2015), Webster et al. (2015). The 791 

trends in the data of Dalou et al. (2015) is ascribed to the difference in the Al2O3 content; the 792 

lower chlorine solubility for Filiberto and Treiman (2009) can be explained by the reducing 793 

conditions applied during their experiments. 794 



Table 1: Experimental conditions, major element concentrations and chlorine solubility in 
synthesized glasses. 

Sample T (°C) P (GPa) Duration (h) Clinit.d
SiO2 Al2O3 B2O3 CaO Na2O ZrO2 Total Clsol. 

K*a R*a XCaOb NMFSc

Mol.%e 

ISG21-1 PdCl2 1400 0.5 5 11.4 64.6 4.0 17.5 4.5 5.2 1.9 97.7 2.3 3.9 0.6 0.46 1.70 

ISG21-2 PdCl2 1400 0.5 5 27.2 60.0 3.8 16.9 5.6 8.7 1.8 96.7 3.3 3.8 0.3 0.39 1.74 

ISG22-1 PdCl2 1400 1 5 17.1 64.6 4.0 17.8 4.0 5.1 2.0 97.5 2.5 3.9 0.5 0.44 1.70 

ISG22-2 PdCl2 1400 1 5 29.1 61.5 3.8 16.9 5.0 7.5 2.0 96.8 3.2 3.9 0.3 0.4 1.72 

ISG23-1 PdCl2 1400 1.5 5 15.6 63.1 4.0 18.6 4.4 5.2 2.0 97.3 2.7 3.6 0.6 0.46 1.72 

ISG23-2 PdCl2 1400 1.5 5 22.3 61.2 3.8 16.4 5.2 7.8 2.0 96.4 3.6 4.0 1.0 0.4 1.72 

ISG22-1 NaCl 1400 1 5 4.4 57.1 3.6 15.2 5.5 13.7 1.6 96.6 3.4 4.0 1.0 0.29 1.78 

ISG22-2 NaCl 1400 1 5 6.5 57.0 3.6 15.2 5.4 13.7 1.6 96.5 3.5 4.0 1.0 0.28 1.78 

ISG22-3 NaCl 1400 1 5 11.3 56.9 3.6 15.3 5.4 13.7 1.5 96.4 3.6 4.0 3.2 0.28 1.78 

LJ8 221 NaCl 1400 1 5 3.5 62.3 6.0 5.4 7.9 15.6 97.1 2.9 12.7 2.7 0.34 1.70 

LJ8 222 NaCl 1400 1 5 6.9 61.1 5.8 6.0 7.8 15.5 96.2 3.8 11.2 2.8 0.33 1.71 

LJ8 021 NaCl 1200 1 1 6.5 60.5 5.4 6.7 8.0 15.2 95.8 4.2 9.9 2.8 0.34 1.71 

BASN3-211 NaCl 1400 0.5 4 3.8 62.4 9.8 4.4 22.3 98.9 1.1 16.2 3.1 0 1.81 

BASN3-212 NaCl 1400 0.5 4 11.5 62.3 9.8 4.4 22.3 98.9 1.1 16.2 3.6 0 1.81 

BASN3 221 NaCl 1400 1 5 3.8 61.6 9.7 4.4 23.0 98.7 1.3 16.1 3.3 0 1.82 

BASN3 223 NaCl 1400 1 5 11.5 61.3 9.6 4.4 23.3 98.6 1.4 16.0 1.6 0 1.82 

BASN3-231 NaCl 1400 1.5 4 3.8 63.7 9.7 3.1 20.8 97.4 2.6 23.4 0.9 0 1.78 

BASN3-232 NaCl 1400 1.5 4 11.5 63.2 9.1 3.7 21.2 97.3 2.7 19.7 0.4 0 1.79 

BASN3-021 NaCl 1200 1 1 6.3 61.6 8.2 7.2 19.6 96.6 3.4 9.6 0.8 0 1.80 

NH21-1 PdCl2 1400 0.5 5 13.3 46.0 9.8 15.9 7.9 16.9 96.5 3.5 3.5 1.8 0.32 1.92 

NH21-2 PdCl2 1400 0.5 5 24.6 55.5 9.0 15.6 6.4 9.6 96.2 3.8 4.1 1.7 0.4 1.81 

NH22-1 PdCl2 1400 1 5 13.7 49.4 10.5 13.5 7.8 13.3 94.5 5.5 4.4 2.1 0.37 1.86 

NH22-2 PdCl2 1400 1 5 26.3 44.7 9.5 13.5 7.7 18.7 94.0 6.0 4.0 2.0 0.29 1.92 

NH22-2 NaCl 1400 1 5 7.3 40.9 9.0 13.4 7.6 25.5 96.4 3.6 3.7 0.5 0.23 1.99 

NH22-3 NaCl 1400 1 5 12.0 39.0 8.8 13.7 7.0 25.1 93.6 6.4 3.5 1.7 0.22 2.01 

BFS3-222 NaCl 1400 1 5 11.7 41.1 5.4 12.4 25.6 5.3 89.8 10.2 3.8 0.7 0.83 1.69 

BFS4-221 NaCl 1400 1 5 7.7 46.1 6.0 11.8 18.9 10.7 93.5 6.5 4.4 0.5 0.64 1.75 

pCABS1-Cl PdCl2 1350 1 4 15.2 50.6 5.5 21.8 16.1 94.0 6.1 2.6 0.6 1 1.74 

pCABS2-Cl PdCl2 1350 1 4 10.0 44.5 5.1 13.4 27.4 90.4 9.6 3.7 0.5 1 1.63 

C35-Cl PdCl2 1350 1 4 14.5 28.2 4.8 29.7 26.2 88.9 11.1 1.1 0.6 1 1.87 

LJ4b-223 NaCl 1400 1 5 11.4 48.1 31.3 16.6 96.0 4.0 1.5 1.0 0 1.98 
a The K* and R* parameters are derived from the parameters defined by Dell et al. (1983) for Na-bearing borosilicate glasses and have been modified in 
order to introduce the presence of Al2O3 and the presence of CaO. See text for the details on the calculations. 
b The XCaO is defined as the ratio between CaO and the total network modifying cation concentration such as [CaO] / [CaO + Na2O]. 
c The NMFS corresponds to the Network Modifying Field Strength that is calculated from Eq. 1. It stands for the field strength (zi/ri) of the network 
modifying cations (Ca2+ and Na+) normalized to the field strength of the total oxygen carried by the network modifying cations. 
d The Clinit. indicates the initial loaded chlorine content in the capsule either as NaCl or PdCl2. 
e The major element concentrations including the chlorine solubility have been determined using SEM-EDS and the B2O3 content is calculated from the 
total and corrected according to the ISG standard (see Jolivet et al. 2020). The typical error bar on each oxide and chlorine is ±0.2 mol.%. 

  



Table 2: Cl K-edge EXAFS spectra simulation results for chlorine local atomic environment in 
glasses. 

Sample Clsol. R space (Å)a CNCl-Pd rCl-Pd sCl-Pd CNCl-Na rCl-Na sCl-Na CNCl-Ca rCl-Ca sCl-Ca 

LJ4b-223 4.0 1.5-2.8    2.46(14)b 2.70(0) 0.012(1)    

BASN3-212 1.1 1.5-2.8    3.63(26) 2.67(1) 0.023(1)    

BFS3-222d 10.2 1.75-2.9    0.44(14) 2.52(2) 0.007(4) 0.68(17) 2.77(2) 0.015(4) 

ISG23-2 3.6 1.1-3.0 1.97(6) 2.30(0) 0.012(0) 5.91(32) 2.68(1) 0.036(1) 0.63(5) 2.74(1) 0.008(1) 

NH22-2 PdCl2 6.0 1.7-3.0 0.42(9) 2.15(2) 0.014(2) 8.86(88) 2.64(3) 0.076(6) 0.40(4) 2.80(1) 0.001(0) 

pCABS2-Cl 9.6 1.75-2.8 0.72(20) 2.46(3) 0.023(4)    1.73(11) 2.72(1) 0.017(1) 

C35-Clc 11.1 1.75-2.8 0.51(15) 2.23(2) 0.016(4)    1.95(16) 2.70(1) 0.018(1) 

a The R space corresponds to the Radial Distribution Function interval obtained from EXAFS that has been fitted. 
b The error derived on each fitted parameter is reported in between the brackets and corresponds to a variation on the last digit value. The error has been 
from the Artemis fitting software. 
c For this particular sample, we observe a strong signal not averaged out by the R background (see Suppl. Mat.) located at ~1.3 Å, which could 
correspond to a distance to first neighbor on the order of ~1.8 Å. Although, we did not try to simulate this peak we ascribe it to the possible presence of 
bubbles filled with gaseous Cl2 with rCl-Cl = 1.8 Å. 
d The reported data for this sample is uncertain considering the possibility for Na+ and Ca2+ to be in the vicinity of the Cl- species. Hence, the 
simulations using either Cl-Na path or Cl-Ca path or both Cl-Na and Cl-Ca paths lead to very similar results. In other words, the distinction between the 
Ca or Na local environments surrounding the Cl- is not possible. 
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