
1 
 

A spectroscopic study of uranyl speciation in chloride-bearing solutions 
at temperatures up to 250 °C 

 

A.A. Migdisov 1*, H. Boukhalfa 1, A. Timofeev 2, W. Runde 1, R. Roback 1, and A.E. Williams-
Jones 2     

 

 

1Los Alamos National Laboratory, P.O. Box 1663, M.S. J535, Los Alamos, NM 87545, US 

2Department of Earth and Planetary Sciences, McGill University, 3450 University Street, 
Montreal, Canada, H3A 0E8 

 

 

 

 

*corresponding author: artas@lanl.gov 1 

 

  2 

Migdisov, A. A., H. Boukhalfa, A. Timofeev, W. Runde, R. Roback, and A. E. Williams-Jones.  
"A Spectroscopic Study of Uranyl Speciation in Chloride-Bearing Solutions at Temperatures up to 250 Degrees C." 

Geochimica et Cosmochimica Acta 222 (Feb 1 2018): 130-45. http://dx.doi.org/10.1016/j.gca.2017.10.016.



2 
 

Abstract 3 

The speciation of U in NaCl-bearing solutions at temperatures up to 250 °C and concentrations 4 

of NaCl up to 1.5 m has been investigated using an in situ spectroscopic technique. The recorded 5 

spectra permit us to identify the species present in the solutions as UO2
2+, UO2Cl+, and UO2Cl2°. 6 

UO2Cl3
- is also likely present at high temperatures and NaCl concentrations, but concentrations 7 

of this species are insufficient for derivation of the formation constants. No evidence was found 8 

for species of higher ligand (Cl-) number. Thermodynamic stability constants derived for these 9 

species show fair agreement with published data for 25 °C, but differ significantly from those 10 

predicted by an earlier high-temperature study (Dargent et al., 2013), which suggested that 11 

UO2Cl4
2- and UO2Cl5

3- contribute significantly to the mass balance of uranyl chloride complexes, 12 

especially at high temperature. In contrast, our data suggest that the main uranyl-chloride 13 

complex present in aqueous solutions at T >150 °C and concentrations of NaCl relevant to 14 

natural hydrothermal systems is UO2Cl2°. The values of the logarithms of thermodynamic 15 

formation constants () for the reaction UO2
2+ + Cl- = UO2Cl+ are 0.02, 0.25, 0.55, 1.09, 1.59, 16 

and 2.28 derived at 25, 50, 100, 150, 200, and 250 °C, respectively. For the reaction UO2
2+ + 17 

2Cl- = UO2Cl2° the values of log  derived at these temperatures are 0.4, 0.58, 0.74, 1.44, 2.18, 18 

and 3.42. Values of the formation constant estimated for uranyl-chloride species predict the high 19 

concentrations of U observed by Richard et al. (2011) in fluid inclusions of the giant McArthur 20 

River unconformity-type uranium deposit.   21 
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1. Introduction 23 

A large proportion of uranium deposits, including the giant Olympic Dam  deposit in Australia 24 

and the giant McArthur River unconformity-type uranium deposit in Canada have been shown to 25 

have formed through hydrothermal scavenging, transport and deposition of uranium (e.g., Oreskes 26 

and Einaudi, 1992; Richard et al., 2011). Understanding of the factors governing the behavior of 27 

uranium in aqueous solutions at elevated temperatures is therefore crucial for predicting the 28 

conditions favorable for uranium ore formation and, in turn, developing robust, quantitative 29 

models for the genesis of these deposits. In addition to evaluating uranium ore-forming processes, 30 

accurate assessment of the hydrothermal mobility of uranium is also essential for understanding 31 

risks associated with nuclear accidents and the disposal of nuclear waste in geological formations 32 

(e.g., Burns et al., 2012; Ewing, 2015). In naturally occurring hydrothermal systems, including 33 

those responsible for uranium ore formation, one of the most common ligands is chloride, which 34 

typically is present in hydrothermal ore-forming fluids at concentrations exceeding 10 wt% NaCl 35 

equiv. For example, Oreskes and Einaudi (1992) reported concentrations of NaCl in fluid 36 

inclusions from the Olympic Dam deposit of up to 42 wt % NaCl equiv. The data collected for the 37 

giant McArthur River deposit also suggest the involvement of extremely saline brines containing 38 

up to 52 wt% NaCl (equivalent to 9 m [mol/kg]) (Derome et al., 2005). Further support for an 39 

association of high salinity brines and uranium deposits, is also provided by the comprehensive 40 

review of Cuney (2009) who cited numerous studies reporting high concentrations of NaCl in fluid 41 

inclusions from a variety of types of uranium deposits. Thus, despite the fact that aqueous chloride 42 

complexes of uranium are generally considered weak (Guillaumont et al., 2003), the very high 43 

concentration of chloride in these fluids can potentially overcome this weakness and make uranyl-44 

chloride complexes important agents for the mobilization and transport of uranium in ore-forming 45 

Migdisov, A. A., H. Boukhalfa, A. Timofeev, W. Runde, R. Roback, and A. E. Williams-Jones.  
"A Spectroscopic Study of Uranyl Speciation in Chloride-Bearing Solutions at Temperatures up to 250 Degrees C." 

Geochimica et Cosmochimica Acta 222 (Feb 1 2018): 130-45. http://dx.doi.org/10.1016/j.gca.2017.10.016.



4 
 

systems. This is the case for the hydrothermal transport of the rare earth elements (REE), for which 46 

we have demonstrated that weak chloride complexes can compete successfully with other species 47 

due to the very high concentrations of chloride typical in ore forming fluids (Migdisov et al., 2016).  48 

Experimental studies, employing spectroscopic, chromatographic, electromotive force, and high-49 

energy X-ray scattering techniques at ambient temperature (Ahrland, 1951; Davies and Monk, 50 

1957; Choppin and Du, 1992; Runde et al., 1996; Soderholm et al., 2011), have documented the 51 

existence of UO2Cl+, UO2Cl2°, and UO2Cl3
- in aqueous solutions, and have determined their 52 

thermodynamic stability constants. The data available for elevated temperature, however, are 53 

limited to a single study, namely that of Dargent et al. (2013), which employed in situ high-54 

temperature Raman spectroscopy up to 350 °C. In addition to the species determined at low 55 

temperature, Dargent et al. (2013) also identified species of significantly higher chloride/U ratios, 56 

i.e., UO2Cl4
2- and UO2Cl5

3-. Surprisingly, the species distribution predicted by the thermodynamic 57 

stability constants obtained in this study, attributed an appreciable contribution of these high ligand 58 

number species to the mass balance of uranyl-chloride complexes in saline solution at T>150 °C. 59 

. As discussed in Seward et al., (2014), increasing temperature generally leads to the destabilization 60 

of highly charged species and a larger contribution of neutral and weakly charged complexes 61 

because of the changing properties of water with increasing temperature. Without questioning 62 

quality of the spectral data collected by Dargent et al. (2013), we suspect that their derivation of 63 

the formation constants for UO2Cl4
2- and UO2Cl5

3- can be associated with uncertainties 64 

significantly larger than those reported in the paper. As their experiments were performed with 65 

LiCl solutions having a molarity of up to 3 M [mol/dm3] (12 M for peaks identification), accurate 66 

derivation of the thermodynamic stability constants would require application of a Pitzer-based 67 

activity model (e.g., Pitzer and Silvester, 1978; Monnin, 1990; Anderko and Pitzer, 1991). 68 
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However, as the parameters for such a model are not available for the temperatures investigated 69 

by Dargent et al. (2013), they were forced to use the much simpler model of Helgeson et al. (1981) 70 

(which was developed mostly for NaCl-based solutions), and, based on specific-ion theory 71 

(Grenthe et al., 1992), to correct for the deviations from this model that would make it applicable 72 

to LiCl. Such corrections can potentially introduce considerable error, and may lead to sizable 73 

shifts in the values of the derived stability constants from their true values. On another hand, it has 74 

recently been demonstrated that under some circumstances co-ordination/entropy-driven processes 75 

can stabilize highly charged complexes at elevated temperatures (Brugger et al., 2016), and this 76 

potentially might be the case of uranyl-chloride speciation. All the above suggests that the findings 77 

of Dargent et al. (2013) require verification, preferably performed by independent experimental 78 

technique. 79 

The goals of our study therefore are: 1) to investigate the stability of uranyl-chloride species at 80 

elevated temperature using an experimental technique different from that used before; and 2) to 81 

design the study in a way that would enable us to avoid potential problems associated with an 82 

unproven activity model. This study is based on electronic spectra of uranyl chloride solutions, 83 

collected in situ at temperatures up to 250 °C. As the most reliable and experimentally best-tuned 84 

activity model applicable to high temperature is that developed by Helgeson et al. (1981), Oelkers 85 

and Helgeson (1990) and Oelkers and Helgeson (1991) for NaCl-dominated solutions 86 

(recommended for up to I = 6 and T up to 600 °C), we employed NaCl-based solutions, rather than 87 

the LiCl-based solutions used by Dargent et al. (2013). Moreover, in order to optimize the 88 

reliability of the above model, we restricted concentrations of NaCl in our experimental solutions 89 

to 1.5 M.  90 

Migdisov, A. A., H. Boukhalfa, A. Timofeev, W. Runde, R. Roback, and A. E. Williams-Jones.  
"A Spectroscopic Study of Uranyl Speciation in Chloride-Bearing Solutions at Temperatures up to 250 Degrees C." 

Geochimica et Cosmochimica Acta 222 (Feb 1 2018): 130-45. http://dx.doi.org/10.1016/j.gca.2017.10.016.



6 
 

2. Experimental technique 91 

The experiments involved recording isothermal sets of spectra for solutions having a 92 

systematically changing ratio of uranyl and chloride concentration. Spectra were recorded over the 93 

wavelength range of 350 to 700 nm in increments of 0.2 nm using a Cary 5000 spectrophotometer. 94 

This range of wavelengths was selected to quantify the shifts associated with the ligand-metal 95 

charge transfer absorbance of uranyl species at 350-500 nm (Runde, 2000; Hagberg et al., 2005; 96 

Ruipérez and Wahlgren, 2010; Sun et al., 2015), and, at the same time, to be able to identify the 97 

potential reduction of uranyl to U(IV) species, which should be manifested by increasing 98 

absorbance at 600-650 nm (Runde, 2000; Tutschku et al., 2004; Nagai et al., 2005). The records 99 

demonstrating absorbance increase at this wavelength range were excluded and further spectral 100 

treatment was performed only for the 350-550 nm wavelength range. Isothermal measurements 101 

were made at 25, 50, 100, 150, 200, and 250 °C and a pressure of 100 bar using a high-temperature, 102 

flow-through spectroscopic cell built from grade 2 titanium, and equipped with two sapphire 103 

windows based on the design proposed in Suleimenov (2004) (Figure 1). Prior to the experiments, 104 

the cell surfaces were passivated to ensure chemical inertness of the vessel by heating at 400 °C 105 

in air for 12 hours, which resulted in the formation of thin and dense layers of TiO2. Sapphire 106 

windows were sealed into the cell body using gold o-rings and retainers. The experimental 107 

solutions were pumped into the cell through titanium and PEEK capillaries using a PEEK HPLC 108 

pump; pressure was maintained at 100 ± 1 bar using a PEEK back pressure regulator. The cell was 109 

heated to the temperature of interest using four cartridge heaters; temperature was maintained 110 

within ±0.1° C using an Omega CSi32 temperature controller. The 25 °C path length of the cell 111 

(0.85 cm) was determined by comparing the absorbance at 414 nm of uranyl solutions (UO3 112 

dissolved in triflic acid, Trifluoromethanesulfonic acid, CF3SO3H, Acros Organics, 99%, extra 113 
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pure) recorded in the cell and in a standard quartz cuvette with 1.0 cm path length; changes of the 114 

path length with temperature were minor, but were accounted for using the value of the thermal 115 

expansion of Ti (8.6·10-6 m/(m K)). 116 

Considering that CO2 is present in the atmosphere, and is a strong binding ligand for uranyl-ions 117 

(Guillaumont et al., 2003), the uranyl stocks were prepared by dissolving UO3 solid (99.8% 118 

International Bio-Analytical Industries, Inc.) in degassed CO2-free distilled water with large excess 119 

of triflic acid to maintain the pH of the stock in the range of 0.8 – 1.1; triflic acid was selected 120 

because it is a non-complexing ligand able to withstand high temperatures (Bergstrom and J., 1990; 121 

Greenwood and A., 1992; Wood et al., 2002). After dissolution, the stock solution was flushed 122 

intensively with Ar to remove any traces of CO2. Uranium concentrations in stock solution were 123 

determined in diluted samples by ICP-MS, and were typically in the range of 21 to 25 mM. 124 

Although highly acidic and, thus, unable to dissolve significant concentrations of CO2, fresh uranyl 125 

stocks were made for each experiment in order to avoid undue exposure to the atmosphere. 126 

Experimental solutions were prepared by diluting the stock with degassed CO2-free NaCl solutions 127 

(ACS, Fisher Scientific); solutions were prepared so as to have the same initial concentration of 128 

uranyl ions and variable concentrations of NaCl. Experimental solutions comprise sets with 129 

concentrations of 4, 7, 9, and 12 mM (25 °C) of total uranyl-ion (the series having 4 mM was 130 

abandoned for experiments at T <150 °C due to the low absorbance); the concentrations of NaCl 131 

for each series ranged from 0.01 to 0.7-1.5 M (25 °C); the pH25°C of the experimental solutions 132 

was set at 1.5-1.8 by acidifying the uranyl stock solution with triflic acid. In order to interpret the 133 

molar absorbances of the simple hydrated uranyl-ion, each of the above series involved an initial 134 

chloride-free solution, which was obtained by dilution of the uranyl stock with degassed CO2-free 135 
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distilled water. The full list of the compositions of the solutions investigated in this study is 136 

reported in the Electronic Annex to this paper. 137 

In order to ensure that the recorded spectra represent a state of equilibrium, test spectra were 138 

collected for selected solutions at flow rates ranging from 0.05 to 0.3 ml/min, which provided for 139 

complete exchange of the solutions in the cell in 20 to 3 minutes, respectively. No changes in the 140 

spectra were detected during these runs, suggesting that equilibrium was established in less than 3 141 

minutes after the solution entered the heated cell. The spectra collected at higher flow rates were 142 

however characterized by higher spectral noise and poorer quality of temperature control. 143 

Isothermal absorbance spectra were therefore collected at flow rates of 0.05-0.01 ml/min. 144 

Replacement of the solutions in the cell was performed by flushing the cell with a new solution at 145 

a flow rate of 2.5 ml/min for duration of 10 minutes. In order to account for the absorbance of the 146 

sapphire windows (baseline correction), the absorbance spectra of nanopure water were recorded 147 

at the beginning and end of each of the recording cycles. All of the spectra presented in this paper 148 

are background-corrected; the uncertainties of measurement (±0.002 absorbance units) were 149 

estimated based on repeated scans of the same solutions. 150 

3. Results  151 

The spectra collected in our study for triflic acid-based chloride-free solutions were used to obtain 152 

molar absorbance spectra (molar extinction coefficients) for the hydrated UO2
2+ ion. These spectra 153 

are illustrated in Figure 2; the values of the derived molar absorbances are reported in the 154 

Electronic Annex to this paper (please note that the values reported there are the results of raw 155 

spectral fitting and are therefore for the path length of the cell such as l25 °C = 0.85 cm).  156 
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Figure 3 illustrates the spectral effect associated with adding NaCl to solutions containing 7.1 mM 157 

of total uranyl-ion. The spectra shown in this Figure have been background-corrected and 158 

normalized assuming zero absorbance of a background-corrected spectrum at 700 nm. The spectra 159 

in Figure 3 show that an increase of chloride concentration leads to an increase in band intensity 160 

and a red shift of the absorbance peak. Increasing temperature increases this effect. Both a 161 

temperature increase and an increasing chloride concentration contribute to the expansion of the 162 

shoulder of the UV peak, and we speculate that expansion of its shoulder may contribute 163 

appreciably to the increase of the absorbance intensity at 370-550 nm. These effects are most likely 164 

associated with absorbance of species other than UO2
2+, namely, uranyl chloride complexes. 165 

Figure 4 illustrates the changes in absorbance recorded for solutions containing 7.1 mM of total 166 

uranyl-ion at selected wavelengths as a function of NaCl concentration. These spectra show that 167 

absorbances increase steadily and systematically with increasing of chloride concentration. The 168 

only exceptions are the spectra collected at low temperature (25 and 50 °C): the changes of the 169 

absorbance values observed at 414 nm are extremely small, and, moreover, the absorbance likely 170 

decreases at the highest concentration of NaCl, indicating formation of an isosbestic point. It 171 

should be noted however that the amplitude of changes recorded for 25 and 50 °C at 414 nm does 172 

not exceed 0.003-0.004 absorbance units. This is very close to the uncertainty of the spectral 173 

recording (tolerance = 0.002), and therefore can potentially be an artifact of a systematically 174 

changing background absorbance of the cell. Nevertheless, when plotted as a function of the 175 

logarithm of NaCl concentrations (Figure 4c and 4d), in most of the cases, the absorbance values 176 

show a clear linear dependence at low and moderate concentrations of NaCl, suggesting an 177 

appreciable concentration of at least one uranyl-chloride species in the aqueous solution. The 178 

deviation from linearity observed at higher concentrations of NaCl can be explained by a variety 179 
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of different contributing factors, such as the presence of another uranyl-chloride complex, the 180 

influence of changing activity of the solution components, or a decrease in the activity of free 181 

chloride-ions due to increasing ion pairing of NaCl. Quantitative interpretation of the collected 182 

spectra therefore requires numerical quantitative modeling. 183 

4.0.3.1. Spectral treatment 184 

4.1.0.3.1.1. Speciation model 185 

Each isothermal set of spectra collected in our experiments is represented as an absorbance matrix 186 

A(k,j), in which each k (row) corresponds to a solution with a specific uranyl/chloride ratio, and 187 

each j (column) corresponds to a wavelength at which the absorbance was recorded. We assumed 188 

that the spectra obey the Lambert-Beer law: 189 

ܣ
ܮ
ൌ 	෍ߝ௜ܯ௜

௡

௜ୀଵ

																																																																																																	ሺ1ሻ 190 

where A is the measured absorbance at a given wavelength, L is the path length, i is the molar 191 

absorbance of the ith species, and Mi is the molar concentration of the species i. Based on this 192 

assumption, the number of absorbing species that form the matrix A(k,j) is equal to the number of 193 

linearly independent vectors in the matrix. The latter is the rank of the matrix A(k,j) and therefore, 194 

in order to determine the number of the absorbing species, we calculated the rank of the matrix 195 

A(k,j) for the experimentally determined tolerance (Suleimenov and Seward, 1997; Migdisov and 196 

Williams-Jones, 2006; Migdisov et al., 2008; Liu et al., 2012). The results of this analysis are 197 

shown in Figure 5(a-c) from which it is evident that the number of absorbing species varies 198 

between 3 and 4. The contribution of the fourth absorbing species is small, and only can be detected 199 

if the spectral accuracy is better than 0.0037 at 25 °C and 0.0073 at 250 °C. These values are only 200 
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~2 to 3.5 times greater than the experimentally determined accuracy of the spectral recording 201 

(0.002), and we therefore conclude that, although we are able to detect a contribution from the 202 

fourth absorbing species to the spectra, any derivation of the properties of this species will likely 203 

be associated with an unacceptably high uncertainty. Moreover, the contribution of the above 204 

species to the spectral picture can be detected at only the highest concentrations of NaCl used in 205 

our experiments. Reduction of the absorbance matrix to m(NaCl) ≤ 1 M, and ≥ 360 nm results 206 

in decrease of the number of absorbing species to 3 (Figure 5,d-f). Our following derivations were 207 

therefore performed for the reduced absorbance matrix, assuming that it is defined by three 208 

absorbing species.  209 

The probable absorbing species were identified from published data. Considering that the solutions 210 

employed in our experiments had a pH25°C in the range of 1.2 to 1.5, uranyl-hydroxyl species were 211 

not included in our speciation model (Grenthe et al., 1992; Guillaumont et al., 2003). We also 212 

excluded uranyl carbonate complexes because of the precautions taken to ensure the carbonate-213 

free nature of experimental solutions and the low solubility of CO2 in highly acidic solutions 214 

(Sander, 2006). Soderholm et al. (2011) identified the following uranyl species at 25 °C: UO2Cl+, 215 

UO2Cl2°, and UO2Cl3
-. The species UO2Cl3

- has been identified at concentrations of chloride 216 

significantly higher than 1.0 M, and we therefore suggest that this species will have a very minor 217 

contribution to the spectra as discussed above. Dargent et al. (2013) also identified these three 218 

species for temperatures up to 150 °C. Thus, the speciation model (that we used in our derivations 219 

for temperatures up to 150 °C involved UO2
2+, UO2Cl+, and UO2Cl2° (reduced absorbance matrix, 220 

“the low charge model”). For higher temperatures, however, Dargent et al. (2013) observed 221 

UO2Cl3
-, UO2Cl4

2-, and UO2Cl5
3- as the dominant species. For our derivations at temperatures 222 

above 100 °C, and in parallel with “the low charge model”, we therefore also tested an alternative 223 
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model, in which uranyl-bearing aqueous species are represented by UO2
2+, UO2Cl3

-, and UO2Cl4
2 224 

- (“high charge model”).  Dargent et al. (2013) observed occurrence UO2Cl+ only at temperatures 225 

below 200 °C, and UO2Cl2° was only detected at T < 250 °C. It should be noted however, that 226 

their experiments were mostly performed with solutions having significantly higher concentrations 227 

of chloride. Only one solution of six studied (0.3, 1, 3, 5, 8, and 12 M LiCl) had concentrations 228 

within the range of those used in our study. We therefore do not exclude that the low-chlorinity 229 

species of uranyl might be overlooked by Dargent et al. (2013) at elevated temperatures. In order 230 

to evaluate speciation of uranyl-chloride species suggested by the values of the stability constants 231 

reported by Dargent et al. (2013) for the concentration range employed in our experiments, we 232 

have fitted these values to the Ryzhenko–Bryzgalin (MRB) (Ryzhenko et al., 1985) model and 233 

used the extrapolated values of 1, 2, 3, 4, and 5 to determine the predominant uranyl-chloride 234 

species returned by the model of Dargent et al. (2013) for the conditions of our experiments (see 235 

below). It was found that their model suggests UO2Cl+ and UO2Cl5
3- as the main species 236 

controlling uranyl mass balance in our experimental solutions at T>100 °C. In order to check this 237 

hypothesis, we also tested the third alternative model (“mixed species model”), which involved 238 

UO2
2+, UO2Cl+, and UO2Cl5, at temperatures of 150, 200, and 250 °C. 3 239 

In addition to uranyl-bearing complexes, the speciation model also involves the non-absorbing 240 

species: H+, Na+, Cl-, NaCl°, HCl°, and Tf-(triflate). The thermodynamic data required for 241 

modelling the solutions at each of the experimental temperatures were taken from Johnson et al. 242 

(1992), Sverjensky et al. (1997), and Tagirov et al. (1997). As a non-complexing agent, triflate 243 

contributes to the ionic strength and total molality of the solutions, but was assumed to not 244 

participate in complex formation. The activities of the individual ions were calculated using the 245 

extended Debye-Hückel model modified by Helgeson et al. (1981), Oelkers and Helgeson (1990) 246 
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and Oelkers and Helgeson (1991) for NaCl-dominated solutions (recommended for up to I=6 and 247 

T up to 600 °C): 248 

log ௜ߛ ൌ 	െ
௜ܼܣ

ଶ√ܫ

1 ൅ ܤ ሶܽ√ܫ
൅	ܾఊܫ ൅ 	Г																																																														ሺ2ሻ 249 

where A and B are the Debye–Hückel solvent parameters, i, Zi and ሶܽ ௜ are the individual molal 250 

activity coefficient, the charge, and the distance of closest approach of an ion i, respectively. The 251 

effective ionic strength calculated using the molal scale is I, Г is a molarity to molality conversion 252 

factor, and b is the extended-term parameter for NaCl from Helgeson et al. (1981), Oelkers and 253 

Helgeson (1990) and Oelkers and Helgeson (1991). 254 

4.2.0.3.1.2. Deconvolution of spectra and calculation of formation constants 255 

The deconvolution procedure used here is the same as that described in our previous studies (e.g., 256 

Migdisov et al., 2008; Migdisov and Williams-Jones, 2008; Migdisov et al., 2011; Liu et al., 2012). 257 

For details not provided in the following review, readers are referred to the above publications or 258 

to the paper of Brugger (2007), which discusses in detail the fitting algorithms and provides 259 

MATLAB-based codes for the derivation of formation constants from spectroscopic data. 260 

Formation constants for uranyl-chloride species are derived for the two models referred to above. 261 

The first, “low charge model” was tested for all temperatures and involved the following reactions 262 

involving uranyl species: 263 

UO2
2+ + Cl- = UO2Cl+    log 1      (3) 264 

UO2
2+ + 2Cl- = UO2Cl2°   log 2      (4) 265 
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The second, “high charge model”, was tested for 150, 200, and 250 °C and involved the following 266 

reactions:  267 

UO2
2+ + 3Cl- = UO2Cl3

-   log 3      (5) 268 

UO2
2+ + 4Cl- = UO2Cl4

2-   log 4      (6) 269 

The third, “mixed species model”, was tested for 150, 200, and 250 °C and involved the reaction 270 

(3) and the reaction of formation of UO2Cl5
3- 271 

- 272 

UO2
2+ + 5Cl- = UO2Cl5

3-   log 5      (7) 273 

The fitting was performed iteratively for isothermal absorbance matrices. Arbitrary initial guesses 274 

were made for log 1 and log 2 (or log 3 and log 4 in the case of “high charge model”). In order 275 

to minimize the time of computation, we used the values reported by Dargent et al. (2013), or their 276 

extrapolations to higher temperatures as our initial guesses. Based on these initial guesses, the 277 

compositions of the experimental solutions, and the models discussed above, we calculated molal 278 

species distribution for each of the experimental solutions. The calculations were performed using 279 

a version of the EQBRM code (Anderson and Crerar, 1993) that has been rewritten in MATLAB 280 

(Liu et al., 2002; Brugger, 2007). The molal concentrations were converted to molar values 281 

(required by the Lambert-Beer law), based on the equation proposed for NaCl solutions by Bodnar 282 

(1983), taking into account the mass of dissolved components. These calculations provided the 283 

matrix of molar concentrations of absorbing aqueous species C. The following spectral 284 

deconvolution was based on a technique employing singular value decomposition (Golub and 285 

Reinsch, 1970) of the absorbance matrix Ameas developed for the deconvolution of infrared spectra 286 
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by Hug and Sulzberger (1994) and subsequently applied to UV-Visible spectra by Boily and 287 

Suleimenov (2006). 288 

The singular value decomposition  289 

[U,S,V] = SVD (Ameas)       (8) 290 

produces a diagonal matrix S of the same dimension as Ameas, with non-negative diagonal elements 291 

in decreasing order, and unitary matrices U and V so that 292 

Ameas = U·S·V’        (9) 293 

A substitute matrix R was calculated such that  294 

R=C’·U         (10) 295 

Considering equation (1) the matrix of molar absorbances, which provides the best approximation 296 

to the guesses of formation constants used to calculate C, is therefore 297 

E = S·V’/R         (11) 298 

A theoretical absorbance matrix based on the selected set of formation constants is:  299 

Acalc = C·E’         (12) 300 

The matrix Acalc averages the effects associated with changing metal/ligand ratios based on the 301 

selected initial guesses for the formation constants, and, in the general case, is significantly 302 

different from Ameas.  303 

The following step involved calculation of the overall error, or, in other words, the misfit 304 

of the matrix Acalc to the matrix Ameas: 305 
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																																																														ሺ13ሻ 306 

where ܣ௜௝
௠௘௔௦ and ܣ௜௝

௖௔௟௖ are the measured and calculated absorbance at wavelength i for solution j. 307 

The value of the overall error (misfit) was iteratively minimized by changing the values of the 308 

formation constants using the algorithm of simplex minimization reported in Nelder and Mead 309 

(1965) and incorporated into the MATLAB functions library. An example of the improvement of 310 

the goodness of the fit after this minimization is illustrated on Figure 6. The set of formation 311 

constants corresponding to the minimal value of U was therefore selected as the best fit to the 312 

recorded spectra. The value of U was also used to select between “the low charge model”, “the 313 

mixed species model” and “the high charge model”: the model returning the lower value of U was 314 

selected as providing the best fit to the spectral data. 315 

As discussed in (4.1), simultaneous derivation of several formation constants from spectroscopic 316 

data returns values associated with different uncertainty. The method by which the uncertainty was 317 

determined is described in detail in our earlier publications (e.g., Migdisov et al., 2006; Migdisov 318 

and Williams-Jones, 2006; Migdisov et al., 2008) and involves evaluating the effect on the profile 319 

of U with changes in the guesses of the values for the formation constants. The range of values for 320 

a formation constant for which the overall error is lower than the accuracy of the measurement 321 

gives the uncertainty associated with its derivation. An example of such a profile is shown on 322 

Figure 7. 323 

4.3.3.2. Results of the treatment of the spectra  324 

The overall misfit of “the low charge model”, “the mixed species model” and “the high charge 325 

model” to the spectra recorded at 150, 200, and 250 °C is reported in Table 1. As can be seen from 326 
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this table, the misfits of both “the high charge model” and “the mixed species model” are 327 

significantly greater at all temperatures than the misfit associated with “the low charge model”; 328 

the difference between these values varies from a half to two orders of magnitude at 150 and 250 329 

°C, respectively. We therefore conclude that, for the concentration range employed in our 330 

experiments, there is not a significant contribution of highly charged uranyl-chloride complexes 331 

to the mass balance of these species. Accordingly, we abandoned “the high charge model” and 332 

“the mixed species model”. Nevertheless, we do not exclude the possibility that species with a 333 

ligand number (Cl-) greater than that of UO2Cl2° may became spectroscopically visible at 334 

concentrations of NaCl higher than those employed in our study. 335 

Spectroscopic properties of the uranyl-ion have been investigated intensively since the late 1940s 336 

(e.g., Dieke and Duncan, 1949; Rabinovitch and Belford, 1964). Meinrath (1998) described the 337 

electronic structure of UO2
2+ as occupied molecular orbitals with mostly O-2p u-HOMO bonds. 338 

The LUMO orbital is formed by an empty 5f orbital. The characteristic low-lying electronic 339 

transition takes place from the ground state u-MO to the non-bonding f orbitals. The spectra of 340 

UO2
2+ reported in the literature display an absorption band in the range 480 nm and 330 nm with 341 

a characteristic fine structure, resulting from coupling of electronic transitions with symmetric 342 

stretching vibrations of the uranyl(VI) group (Jones, 1958; De Jagere and Görller-Walrand, 1969), 343 

and a nearly continuous spectrum beyond 330 nm without characteristic features. The absorbance 344 

maximum is at 413.8 nm and has a molar extinction coefficient of 9.7 ± 0.2 dm3 mol-1 cm-1 345 

(Meinrath, 1997; Meinrath, 1998). 346 

Our data collected at 25 °C for UO2
2+ closely reproduce the values reported in the literature: the 347 

maximum molar absorbance detected for the band at 370-550 nm was at 414.8 nm with an 348 

extinction coefficient of 9.9 dm3 mol-1 cm-1 (8.42 dm3 mol-1 cm-1 derived for 0.85 cm path length). 349 
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The spectra in Figure 2, show a gradual increase in the intensity of the absorbance, a broadening 350 

of the peak, and its gradual, but minor, shift to lower energy (red shift) with increasing temperature. 351 

Similar effects have been reported by Suleimenov et al. (2007) for temperatures up to 150 °C for 352 

the molar absorbance of uranyl ions in nitrate-based solutions. It should be noted, however, that 353 

the values reported by Suleimenov et al. (2007) are ~5% lower than those obtained in our study. 354 

In addition, temperature increases lead to significant expansion of the band located beyond 330 355 

nm. It is also worth noting that a similar expansion of the high energy band with increasing 356 

temperature has been documented in a number of previous spectroscopic studies performed at T > 357 

25 °C (e.g., Zanonato et al., 2004; Suleimenov et al., 2007).  358 

Smoothed molar absorbances derived for UO2Cl+ and UO2Cl2°, are illustrated in Figure 8. For 359 

most of the solutions investigated, the contribution of UO2Cl+ to the recorded spectra was found 360 

to be the highest for the uranyl species considered here and the corresponding molar absorbance 361 

was also the most reliably determined. The contribution of UO2Cl2° was lower, although it 362 

increased with increasing temperature; molar absorbances determined for this species are mostly 363 

associated with higher uncertainty than those for UO2Cl+. In this study, we did not evaluate the 364 

uncertainty associated with each of the determined molar absorbances because of technical 365 

difficulties associated with determining these values for the wavelength range 350-500 nm and a 366 

0.2 nm increment. The uncertainty, however, was accounted for in evaluating the errors associated 367 

with derivation of each of the formation constants; the latter values provide some indication of the 368 

reliability of the derived molar absorbances. From Figure 8, it is evident that the values of the 369 

derived molar absorbances increase with increasing temperature and undergo a minor, but 370 

systematic, red shift. A similar effect was observed for increasing chlorination number, i.e., 371 

increases with the number of chloride ions bound to the uranyl ion is accompanied by a shift to 372 
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lower energy (Figure 9). The values of the thermodynamic formation constants derived for the 373 

Reactions 3 and 4 together with the uncertainty associated with each of these values are listed in 374 

Table 2.  375 

5.4.Discussion 376 

Table 3 compares the values of the formation constants determined at 25 °C for UO2Cl+ and 377 

UO2Cl2°, (log 1 and log 2, Reactions 3 and 4) obtained in this study with those reported in the 378 

literature. As can be seen from this Table, our data suggest that the stability of UO2Cl+ is slightly 379 

lower than that reported in earlier publications. We note, however, that considering the uncertainty, 380 

our value for log 1 is in a good agreement with the values reported by Choppin and Du (1992) 381 

and Soderholm et al. (2011). The agreement with the values reported by Awasthi and Sundaresan 382 

(1980) and Davies and Monk (1957) for this formation constant, although poorer (the differences 383 

between the values are greater than the uncertainty) are still considered reasonable. In contrast to 384 

the above studies, the data reported by Ahrland (1951) and Dargent et al. (2013) suggest that the 385 

formation constant for UO2Cl+ is nearly half an order of magnitude greater than that determined 386 

in our experiments (Table 3). For UO2Cl2° the data from the literature differ by two orders of 387 

magnitude, with log 2 ranging from -1.2 (Awasthi and Sundaresan, 1980) to 0.74 (Dargent et al., 388 

2013). The value obtained in our study is intermediate among the published values and is in 389 

between the values reported by Soderholm et al.(2011) and Dargent et al. (2013).  390 

The only study reporting high-temperature stability data for uranyl-chloride species is the Raman 391 

spectroscopy study of Dargent et al. (2013). Figure 10 (a,b) compares the values of the stability 392 

constants obtained in our study with those recommended by Dargent et al. (2013). Our data 393 

indicate a steady and systematic increase in the stability of uranyl-chloride species with increasing 394 

temperature, whereas the data of Dargent et al. (2013) are more scattered and, in the case of 395 
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UO2Cl2°, suggest that at T ≥100 °C the stability of this species is constant or even decreases with 396 

increasing temperature. The data also differ considerably in absolute terms. The values of the 397 

formation constants obtained in our study have been fitted to the Ryzhenko–Bryzgalin (MRB) 398 

model (Ryzhenko et al., 1985) modified by Shvarov and Bastrakov (1999). The latter is a model 399 

that was developed to fit the temperature and pressure dependence of dissociation constants for 400 

ion pairs: 401 

logܭሺ்,௉ሻ ൌ 	
௥ܶ

ܶ
logܭሺ ೝ்,௉ೝሻ ൅	ܤሺ்,௉ሻ ൬ܣ௭௭/௔ ൅	

௭௭/௔ܤ
ܶ

൰																																																																	ሺ13ሻ 402 

where K is the dissociation constant of the ion pair, Tr, Pr are the reference temperature and 403 

pressure, and Azz/a and Bzz/a are fitting parameters. The term B(T,P) accounts for the properties of 404 

water at temperature T and pressure and P, and is computed from the data of Marshall and Franck 405 

(1981). The parameters of this model for UO2Cl+ and UO2Cl2° are listed in Table 4. In parallel 406 

with the MRB fitting, for the above species we have also evaluated the parameters of the Helgeson-407 

Kirkham-Flowers (HKF) model (Helgeson et al., 1981; Shock et al., 1997), which provides higher 408 

reliability for the extrapolated values. This method is described in detail in Migdisov et al. (2009). 409 

It should be noted, however, that reliable derivation of the complete set of the HKF parameters 410 

requires a large body of experimental data on the changes of the Gibbs free energy of the species 411 

of interest with both temperature and pressure. Whereas the temperature dependence can be easily 412 

calculated from the values of the formation constants (Eq. 3 and 4) using the data of Shock et al. 413 

(1997) and Johnson et al. (1992), there are no data on the pressure dependency of the Gibbs free 414 

energy of the uranyl-chloride species. In view of this, we assumed that the pressure dependence 415 

for UO2Cl+ and UO2Cl2° is similar to that for UO2OH+ and UO2(OH)2°, respectively, which is 416 

known (Shock et al., 1997). We therefore used the HKF parameters for the latter species reported 417 
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in Shock et al.(1997) as initial guesses for our fitting (please note that in Shock et al.(1997) the 418 

stoichiometry of these species is represented as UO2OH+ and UO3(aq)°). Thus, the a1 to a4 HKF 419 

parameters reported in Table 5 for UO2Cl+ and UO2Cl2°, which form part of the equation of state 420 

describing changes in the partial molar volumes of the species, are identical to those reported by 421 

Shock et al.(1997) for hydroxyl complexes of uranyl-ion. Figure 10c compares the fits performed 422 

using the MRB and the HKF models. As it can be seen from the Figure, these models return 423 

effectively identical results within the range of the experimental data obtained, however the HKF 424 

model returns more conservative values for high-T extrapolations. 425 

The above fits were used to plot diagrams illustrating the distribution of uranyl-chloride species at 426 

different temperatures as a function of the total molality of NaCl in the solutions (Figure 11a-d). 427 

The calculations were performed using the activity model of Helgeson et al. (1981), Oelkers and 428 

Helgeson (1990) and Oelkers and Helgeson (1991) for NaCl-dominated solutions (Eq.2), and 429 

accounted for ion pairing of NaCl and HCl (see description in 4.1). For comparison similar 430 

calculations were performed based on the data of Dargent et al. (2013) fitted to the MRB model 431 

(Figure 11e-h).As is evident from Figure 11, our data indicate that the uranyl ion shows very little 432 

affinity for chloride ions at low temperature and is present in the solution mostly as un-complexed 433 

UO2
2+ (in acidic solutions). At 25 °C, UO2

2+ is dominant at all concentrations of NaCl up to halite-434 

saturation. The species distribution at 100 °C is similar to that of 25 °C, although uranyl-chloride 435 

complexes predominate at concentrations of NaCl >2m. Above 100 °C, this distribution changes 436 

dramatically. For example, at 200 °C UO2Cl+ is the dominant species in solution at concentrations 437 

of NaCl as low as 0.1 m, and at 300 °C, UO2Cl2° is the dominant species at this and higher NaCl 438 

concentration. Our data also suggest that UO2Cl2° is the dominant uranyl-chloride species that will 439 

be present in common natural hydrothermal fluids (> 1 m NaCl) at all temperatures above about 440 
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250 °C. The data of Dargent et al. (2013) suggest similar behavior of uranyl species in weakly and 441 

moderately saline solutions. However, speciation diagrams plotted based on their data demonstrate 442 

higher contribution of UO2Cl+ complex, and predominance of UO2Cl5
3- in solutions having 443 

concentrations greater than 1 m NaCl at T≥100 °C. We consider it likely that a major reason for 444 

the disagreement described above is the different speciation models employed in the two studies. 445 

Whereas we did not manage to identify the highly charged species, UO2Cl4
2- and UO2Cl5

3-, 446 

Dargent et al. (2013) assumed that these species were important contributors to the mass balance 447 

of uranyl complexes at high temperature, and, thus, fitted their spectra to models involving 448 

UO2Cl4
2- and UO2Cl5

3-. As discussed earlier, an additional major reason for the disagreement is 449 

the likely inaccuracy of the activity model employed by Dargent et al. (2013) (because of their use 450 

of LiCl to supply chloride ions), especially for the spectra collected from solutions having high 451 

ionic strength; we avoided this problem by using NaCl, for which the activity model employed in 452 

the two studies was designed, and by keeping total concentrations of chloride rather low. It should 453 

also be noted that Dargent et al. (2013) observed in their experiments another species, which they 454 

were not able to identify, and which provided significant (in the case of saline solutions – the 455 

dominant) contribution to the mass balance of uranyl species in aqueous solutions. Formation of 456 

this unidentified species and its unknown stoichiometry also can significantly alter the results of 457 

their derivations. 458 

The species distribution described the potential importance of chloride ions in the transport of 459 

uranium depends enormously on temperature. At low temperature, chloride does not play a 460 

significant role in this transport, and, due to its low affinity with the uranyl ion, is an effectively 461 

inert component, contributing only to the ionic strength of the solution and the total molality. This 462 

effect has been long known from low temperature experiments and environmental studies (e.g., 463 
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Grenthe et al., 1992; Guillaumont et al., 2003). In hydrothermal systems, however, the role of 464 

chloride increases continuously and sharply with increasing temperature, and at the conditions 465 

believed to be responsible for the formation of many uranium deposits (high salinity, 150-300 °C), 466 

chloride complexes can effectively transport uranium.  467 

Fluid inclusion data from the giant unconformity uranium deposits of the Athabasca Basin, Canada 468 

(Richard et al., 2011) provide information about the fluids inferred to have been responsible for 469 

ore formation. At the McArthur River deposit fluids have a salinity of up to 52 wt% (9 m) NaCl 470 

equiv (Derome et al., 2005) and uranium concentrations ranging from 1.0×10−6 to 2.8×10−3 m. The 471 

temperature of the fluid was estimated to have been between 120 and 200°C and the pH between 472 

2.5 and 4.5. At the time of the publication of the study of Richard et al. (2011), data on uranyl-473 

chloride complexation at high temperature were not available, and, in order to explain the high 474 

concentrations of dissolved uranium, they assumed complete weathering of the uranium-bearing 475 

minerals present in the Athabasca sandstones and the oxidation of the uranium by the fluid to UO3. 476 

The latter assumption, however, may not be valid as it is known that the sandstones contain 477 

uranium as detrital uraninite, and pitchblende (e.g., Alexandre and Kyser, 2006; Risbin et al., 478 

2007). Although it is possible that there was complete oxidation of the uranium present in these 479 

phases, this would have required extensive interaction with surficial fluids, which seems highly 480 

unlikely given the very high salinity of the ore fluids reported in Derome et al. (2005). On the basis 481 

of new data presented here, we suggest that a more conservative model, involving dissolution of 482 

detrital uraninite and pitchblende by moderately oxidizing, saline fluids can account for the 483 

formation of these ores.  484 

We evaluated the uranyl-chloride transport model by calculating total concentrations of uranium 485 

at 200 °C in solutions of varying salinity, having a pH of 2.5, and being in equilibrium with either 486 
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pure uraninite, or pitchblende, containing 99% of uraninite and 1% of U3O8. The calculations were 487 

performed using our data on the stability of uranyl-chloride species (Table 4), and the data for 488 

uranyl-ion and uranyl-hydroxyl species reported by Shock et al. (1997). Other aqueous species 489 

involved in the calculations and the activity model are identical to those in the speciation model 490 

used for the treatment of our spectra (4.1). The data for uraninite and U3O8 were taken from 491 

Guillaumont et al. (2003). The results of these calculations are illustrated in Figure 12. The 492 

solubility of uranium shown in this figure is due mainly to uranyl-chloride complexes, except at 493 

NaCl <10 wt%, for which contributions of the uranyl ion and uranyl hydroxyl complexes is 494 

significant. Figure 12 illustrates that the saturation concentration of pure uraninite increases with 495 

salinity from 2.0×10−8 to 5×10−8 m , but is still two to five orders of magnitude lower than the 496 

concentrations determined by Richard et al. (2011). If, however, the redox potential is increased 497 

to values corresponding to the stability of pitchblende, the concentration of dissolved uranium 498 

increases by three orders of magnitude (1.0×10−5 to 5×10−5 m), which is well within the range of 499 

concentrations reported by Richard et al. (2011). Despite the highly simplistic nature of these 500 

calculations, they do demonstrate that chloride complexes are likely to dominate the mobilization 501 

and transport of uranium in many natural hydrothermal systems.  502 

6.5.Conclusions 503 

The data presented in this study indicate that uranyl-chloride complexes could play an important 504 

role in mobilizing uranium in natural systems and that the importance of this role will increase 505 

with increasing temperature. Although chloride has a very low affinity for the uranyl ion at ambient 506 

temperature and uranyl chloride species will not contribute significantly to the dissolution of 507 

uranium-bearing minerals and the transport of uranium in the aqueous phase at this temperature, 508 

the situation changes dramatically with increasing temperature. Between 150 and 200 °C chloride 509 
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can become one of the main ligands responsible for uranium transport in nature. Preliminary 510 

calculations performed for the fluids interpreted to have formed the McArthur River uranium 511 

deposit, Canada (Richard et al., 2011), indicate that the abnormally high concentrations of uranium 512 

in these fluids can be explained by chloride complexation of the uranyl ion. The conclusion that 513 

the role of uranyl chloride complexes in uranium transport increases with increasing temperature 514 

is in qualitative agreement with the data reported earlier by Dargent et al. (2013). We note, 515 

however, that our interpretation of the speciation disagrees strongly with that of Dargent et al. 516 

(2013), both in terms of the speciation model and the stability of the aqueous species. In contrast 517 

to the study of Dargent et al. (2013) we did not identify the highly charged species UO2Cl4
2- and 518 

UO2Cl5
3- in our solutions and our calculated stability constants for UO2Cl2° at elevated 519 

temperatures that are considerably higher than those reported in Dargent et al. (2013). Moreover, 520 

our data suggest that the species UO2Cl2° is the main uranyl-chloride species at T ≥200 °C and 521 

chloride concentrations of relevance to naturally occurring hydrothermal solutions. 522 

 523 
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Table 1. The values of misfit to the recorded spectra of two models. The “low charge model” 715 

corresponds to a fit to the spectra involving UO2
2+, UO2Cl+, and UO2Cl2°, , and the “high charge 716 

model” to a fit involving UO2
2+, UO2Cl3

-, and UO2Cl4
2-. 717 

 718 

T °C 
"low charge 

model" 
“mixed species 

model” 
"high charge 

model" 

150 0.7577 10.9490 4.2707 
200 0.7363 20.2455 7.7317 
250 0.1857 11.6775 11.2560 

 719 

Table 2. Values of the logarithms of the thermodynamic formation constants derived in this study 720 

for UO2Cl+ and UO2Cl2°, and the uncertainty associated with this derivation. log 1 and log 2 721 

correspond to Reactions 3 and 4, respectively. 722 

T °C log 1 log 2 

25 0.02±0.06 0.40±0.14 
50 0.25±0.06 0.58±0.13 
100 0.55±0.07 0.74±0.13 
150 1.09±0.07 1.44±0.11 
200 1.59±0.09 2.18±0.08 
250 2.28±0.09 3.42±0.06 

 723 

Table 3. Comparison of the values of the logarithms of the formation constants obtained in this 724 

study with published values. 725 

source log 1 log 2 

this study 0.02±0.06 0.40±0.14 
Soderholm et al. (2011) 0.16 -0.10 
Dargent et al. (2013) 0.40 0.74 
Choppin & Du (1992) 0.17  
Ahrland (1951) 0.38  
Davies & Monk (1956) 0.21  
Awasthi & Sundaresan (1980) 0.23 -1.2 

 726 
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 727 

 728 

Table 4. Parameters of the Ryzhenko–Bryzgalin model (Ryzhenko et al., 1985) modified by 729 

Shvarov and Bastrakov (1999) derived for uranyl-chloride species based on the formation 730 

constants obtained in this study. 731 

species pK(298) Azz/a Bzz/a 

UO2Cl+ 0.017 0.792 -46.80 
UO2Cl2° 0.396 2.673 -884.56 

 732 

Table 5. Parameters of the Helgeson-Kirkham-Flowers (HKF) model (Helgeson et al., 1981; Shock 733 

et al., 1997) derived for uranyl-chloride species based on the formation constants obtained in this 734 

study and the data of Shock et al. (1997) and Johnson et al. (1992). 735 

 UO2Cl+ UO2Cl2° 
 തതതത°298, cal  -258883 -289270ܩ∆

ܵ̅°298, cal K-1 6.723 11.342 

a1·10 4.7640 3.7801 

a2·10-2 3.8529 1.4512 

a3 4.2318 5.1736 

a4·10-4 -2.9382 -2.8389 

c1 13.2240 53.3142 

c2·10-4 -3.1258 -7.6490 

߱·10-5 1.0964 -0.0300 

z: 1 0 
 736 

  737 
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Figure captions 738 

Figure 1.  A sketch illustrating the design of the high-temperature flow-through cell used for in 739 

situ recording of UV-visible spectra. 740 

Figure 2. Molar absorbance (extinction coefficients) for simple hydrated uranyl-ion (UO2
2+) based 741 

on the UV-visible spectra collected in this study 742 

Figure 3. Isothermal sets of spectra collected at 25 (a) to 250 °C (f) for solutions having the same 743 

total concentration of uranyl ions and variable concentrations of chloride ions. The lowest 744 

spectrum in each of the sets corresponds to a chloride-free solution (UO2
2+ in triflic acid). The 745 

figure illustrates sets of spectra collected for solutions having 7.1 mM (25 °C) of uranyl ions 746 

(molarity changes with temperature due to the changing density of the solutions). 747 

Figure 4. Changes in the absorbances recorded at 414 and 430 nm as a function of total 748 

concentration of NaCl. The figure illustrates the sets of spectra collected for solutions having 7.1 749 

mM (25 °C) of uranyl ions (molarity changes with temperature due to the changing density of the 750 

solutions). Figures c) and d) illustrate this dependence on a logarithmic scale of the concentration 751 

of NaCl. 752 

Figure 5. Examples of ranks of isothermal absorbance matrices calculated as a function of the 753 

tolerance (accuracy) of the recorded spectra for temperatures from 25 to 250 °C for full (a-c) and 754 

reduced (d-f) absorbance matrices (see the text). The experimental tolerance is 0.002. 755 

Figure 6. An illustration of the improvement of the goodness of the fit: the states before (a) and 756 

after (b) fitting. The first step (a) uses the values of the formation constants taken from Dargent et 757 

al. (2013) as initial guesses. The illustration of the final step (b) lists the values of the optimized 758 

formation constants. 759 
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Figure 7. An example of the profile of the overall error for the second formation constant at 150 760 

°C determined by changing the guesses for this constant. The minimum on this profile corresponds 761 

to the value optimized for log 2; the horizontal line corresponds to the calculated level of the 762 

accuracy of the spectral recording. The area of the profile below this level determines the range of 763 

uncertainty associated with this determination. 764 

Figure 8. Molar absorbances for UO2Cl+ (a) and UO2Cl2° (b) determined from spectra collected in 765 

this study. 766 

Figure 9. Comparison of molar absorbances at 200 °C determined for UO2
2+, UO2Cl+, and 767 

UO2Cl2°. 768 

Figure 10. Comparison of the values of formation constants determined in this study for 25 to 250 769 

°C with those recommended in Dargent et al. (2013) for UO2Cl+ (a, reaction 3) and UO2Cl2° (b, 770 

reaction 4)).The fits of MRB and HKF models to the values of formation constants determined in 771 

this study (c). 772 

Figure 11. Distribution of uranyl-chloride species as a function of the logarithm of total molality 773 

of NaCl in solution calculated for 25 to 300 °C (a-d), calculated based on the data obtained in this 774 

study. Distribution of uranyl-chloride species at the same conditions (e-h), calculated based on the 775 

data reported by Dargent et al. (2013). 776 

assuming that UO2
2+, UO2Cl+, and UO2Cl2° are the only aqueous species of uranium present in the 777 

solution. The calculations for 25, 100, and 200 °C (a,b, and c) were performed using the MRB 778 

model (Table 4), whereas those for 300 and 400 °C (d and e) were performed using the HKF model 779 

(Table 5).  780 
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Figure 12. The solubility of uranium in NaCl-bearing solutions at 200 °C calculated assuming 781 

equilibrium with uraninite, UO2 (a), and pitchblende, UO2+U3O8 (b).  782 
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