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

aluminoborosilicate glasses equilibrated with various sources of chlorine (NaCl and PdCl2) at high 
pressure (0.5–1.5 GPa) and high temperature (1350–1400 °C). The Cl solubility reaches up to 11 mol% 
in borosilicate glass and appears to be strongly influenced by the concentration of network-modifying 
cations (Ca and Na) and increases with increasing CaO + Na2O content. The Cl solubility is enhanced 
in Ca-bearing rather than Na-bearing borosilicate glass, suggesting a higher affinity of chlorine for 
alkaline-earth cations. Cl K-edge XANES and Cl 2p XPS spectra reveal that chlorine dissolves in 
glasses only as chloride species (Cl–) and no evidence of oxidized species is observed. Using PdCl2 as 
a chlorine source leads to a pre-edge signal for PdCl2 in the XANES spectra. The EXAFS simulations 
show that the Cl– local environment is charge compensated by Na+ or Ca2+ at a distance to first neighbor 
on the order of 2.7 Å, which is comparable to the observed distances in crystalline chloride compounds. 
The coordination to charge compensating cation is lower in the case of Ca2+ (~1.1) than Na+ (~4.3).
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Introduction
36Cl is a long-lived and radiotoxic radioisotope (301 ky, Endt 

and van dèr Leun 1973; Audi and Wang 2017) in the irradiated 
graphite of nuclear reactors (Wickham et al. 2017). 36Cl was 
found to be a major pollutant of groundwater after the Chernobyl 
nuclear plant accident (Chant et al. 1996; Roux et al. 2014). 36Cl 
is mixed with stable Cl during the pyrochemical reprocessing 
of spent fuel (Metcalfe and Donald 2004; Tomilin et al. 2007; 
Vance et al. 2012; Gin et al. 2017). The volatility of this element 
prevents its incorporation in common nuclear waste glass formu-
lations with the usual vitrification process in melters at ambient 
pressure (see Hrma 2010, Ilyukhina et al. 2010, Ojovan and Lee 
2011, Gin et al. 2017, and Goel et al. 2019). This behavior at 
high temperature is an important obstacle owing to the 36Cl high 
mobility in the environment, its radiotoxicity, and its long half-
life. Consequently, alternative processing should be proposed 
for immobilizing the 36Cl-bearing nuclear wastes in a safe and 
permanent manner. Besides, it should be emphasized that 36Cl is 
thought to be one of the main contributors to the dose released 
from geological repositories such as the CIGEO project (Méplan 
and Nuttin 2006). Therefore, the immobilization of chlorine is 
mostly dependent on the matrix durability.

A great deal of effort has been spent in these last decades to 
develop specific glass formulations to increase chlorine reten-

tion in glasses, especially in the alkaline-earth silicate glass 
systems (Siwadamrongpong et al. 2004; Schofield et al. 2009; 
Tan 2015; Chen et al. 2017; Tan and Hand 2018; Zhao et al. 
2019). Paradoxically, chlorine behavior in glasses is better known 
than other halogen behavior such as iodine, even though 129I is 
of more concern than 36Cl for geological disposal of nuclear 
wastes (Méplan and Nuttin 2006; Riley et al. 2016; Jolivet et al. 
2020, 2021; Morizet et al. 2021a, 2021b). It is due to the interest 
from the geological community for chlorine, as it is an impor-
tant volatile species involved in the degassing of the planetary 
interior through magmatic processes (Johnston 1980; Symonds 
et al. 1988; Carroll 2005). Indeed, chlorine has a great influence 
on magmatic processes such as diffusion, density, and viscosity, 
which are important constraints of eruptive processes (Métrich 
and Rutherford 1992; Carroll and Webster 1994; Dingwell and 
Hess 1998; Aiuppa et al. 2004; Zimova and Webb 2007; Evans et 
al. 2008; Aiuppa et al. 2009; Filiberto and Treiman 2009; Baasner 
et al. 2013; Dalou et al. 2015; Webster et al. 2015, 2018). These 
previous studies use high-pressure and high-temperature condi-
tions to increase the solubility of chlorine in melts to prevent 
evaporation, and to allow the understanding of the dependence 
of chlorine solubility as a function of chemical and physical pa-
rameters. For instance, it has been demonstrated that Cl solubility 
is strongly dependent on the CaO content (Carrol and Webster 
1994; Signorelli and Carroll 2002; Evans et al. 2008) and that 
Cl has strong structural affinities with Ca in glasses (McKeown 
et al. 2011). Cl solubility is negatively affected by the Al content 
(Dalou et al. 2015), which may be ascribed to a rivalry for the 
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