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Abstract 

The formation of alkaline earth(II)triscarbonatouranyl(VI) (AenUO2(CO3)3
(4-2n)-) species that 

have been evidenced both in laboratory and in-field studies, is important from slightly acidic 

pH up to near degraded cementitious in carbonated waters. They are also showing distinctive 

luminescence properties with a hypsochromic shift relative to UO2
2+. The conditions of pH, 

activities of alkaline earth(II) free ions (mostly Mg2+ and Ca2+) and carbonate ions (HCO3
-) can 

be predicted from the thermodynamic functions and constants. The predictive validity of the 
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activity of major alkaline ions (mostly Na+) is determined from the models used to describe the 

ionic strength comportment of these species, particularly using coefficients from the specific 

ion interaction theory (SIT). The stability domains of these species are better defined as a 

function of the activity of the constituents, and applied to natural waters. In this work, using 

recently obtained complete thermodynamic data and SIT coefficients, we will draw the stability 

domains of the AenUO2(CO3)3
(4-2n)- species in combinations of activities of H+, HCO3

-, Mg2+, 

Ca2+, and Na+ for a wide selection of water compositions from the literature. Water samples 

were collected near a French mining legacy-site (Site du Bosc, Lodève, France). After 

determining the major ion compositions, we will verify that the luminescence signal of uranium 

is in agreement with the predicted speciation in the stability domains. 

1. Introduction 

Uranium is a metal of major concern for the safety assessment and environmental monitoring 

of every nuclear cycle aspect: from mining operation to underground geological disposal of 

radioactive waste. Since the mid 1990’s, and the seminal works from Bernhard et al. (1996, 

1998; 2001), the formation of triscarbonatouranyl(VI) complexes with alkaline earth(II) 

(Ae(II)) AenUO2(CO3)3
(4-2n)- complexes — issued from the formation of the liebigite family 

phases Alk2nAemAe'(2-n-m)UO2(CO3)3:xH2O, where Alk is an alkaline metal, Ae and Ae' are 

alkaline earth metals (Alwan and Williams, 1980; Kubatko et al., 2005; Lee et al., 2019; Li and 

Burns, 2001; Mereiter, 1982; Meyrowitz, 1954; Meyrowitz et al., 1963; O’Brien and Williams, 

1983; Smith, 1848, 1851) — has been the object of physical (Kelly et al., 2007), chemical 

(Endrizzi et al., 2016; Kelly et al., 2005), and theoretical (Li et al., 2017; Oher et al., 2020; 

Priest et al., 2016) studies. Their presence and impact on uranium adsorption and transport have 

also been particularly studied (Baik et al., 2015; Endrizzi et al., 2016; Fox et al., 2006; Hennig 

et al., 2020; Maloubier et al., 2015; Montavon et al., 2022; Nair and Merkel, 2011; Osman et 

al., 2013; Prat et al., 2009; Stewart et al., 2010; Stockmann et al., 2021; Wang et al., 2004). 
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During the past 26 years, the thermodynamic constants and functions of these complexes have 

been studied (Bernhard et al., 1996; Bernhard et al., 2001; Dong and Brooks, 2006, 2008; 

Endrizzi and Rao, 2014; Geipel et al., 2008; Jo et al., 2019a; Jo et al., 2019b; Kalmykov and 

Choppin, 2000; Lee and Yun, 2013; Lee et al., 2017; Maia et al., 2021; Shang and Reiller, 2020; 

Shang et al., 2020; Shang and Reiller, 2021a, b). Neither these species nor the phases have been 

selected in the widely recognized selection commissioned by the Thermochemical Data Base 

project from the Nuclear Energy Agency of the Organization for the Economic Cooperation 

and Development (NEA-OECD) after their discovery (Guillaumont et al., 2003). However, the 

thermodynamic constants (stepwise log10K°, or cumulative log10β°), functions of reaction 

(ΔrG°m, ΔrH°m, ΔrS°m, ΔrCp°m), and formation (ΔfG°m, ΔfH°m, S°f,m, Cp°f,m) at the standard state 

have been recently selected in the latter update of this review (Grenthe et al., 2020). Due to the 

lack of studies proposing log10K or log10β values at varying ionic strength, the selected data did 

not include the important specific ion interaction coefficients ε(AenUO2(CO3)3
(4-2n)-,Na+X-) 

obtained from the extrapolation of thermodynamic constants to infinite dilution, and are 

necessary for a back-extrapolation to actual ionic strength of natural media — see annex B in 

NEA-OECD selections (Grenthe et al., 2020; Guillaumont et al., 2003). 

To help better defining the predominance domain of these complexes, Reiller and Descostes 

(2020) proposed predominance activity diagrams — log10 a(SO4
2-)-pH domains at constant 

log10 a(Ca2+), log10 a(Mg2+), and P(CO2) — of the AenUO2(CO3)3
(4-2n)- complexes, based on 

speciation calculation of water compositions relevant of uranium mining activities and of other 

varying occurrences. The values of formation constants for CanUO2(CO3)3
(4-2n)- were taken from 

Dong and Brooks (2006) — as well as those for SrUO2(CO3)3
2- and BanUO2(CO3)3

(4-2n)- —, and 

the one of MgUO2(CO3)3
2- was chosen from Dong and Brooks (2008). In chemical modelling, 

the evolution of log10β(AenUO2(CO3)3
(4-2n)-) vs. ionic strength is important to be specified as 

the final speciation results can show significant differences due to different choices of activity 
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corrections (Shang and Reiller, 2020, 2021a). However, the determination of specific ion 

interaction coefficients ε for these ternary complexes — particularly (Mg/Ca)nUO2(CO3)3
(4-2n)- 

complexes — did not receive sufficient attention and only the value of ε(MgUO2(CO3)3
2-,Na+) 

was reported by Dong and Brooks (2008) at the cut-off time of the review from Grenthe et al. 

(2020). Therefore, ε(MgUO2(CO3)3
2-,Na+) = -3.2 kgw mol-1, based on Dong and Brooks (2008), 

and ε(CanUO2(CO3)3
(4-2n)-,Na+) = 0, because of non-availability — with the exception of the 

works from Kalmykov and Choppin (2000) —, were taken in the theoretical speciation 

calculations in Reiller and Descostes (2020), which was published before Grenthe et al. (2020) 

was effectively published. 

Since then, a series of standard state thermodynamic constants and functions, accompanied 

by ε(AenUO2(CO3)3
(4-2n)-,Na+X-) values in NaCl and NaClO4, have been proposed (Shang and 

Reiller, 2020; Shang et al., 2020; Shang and Reiller, 2021a, b). It seems important to gather 

these data and precise the different conditions under which these complexes are predominant 

for the speciation of uranium in different media, within the nuclear fuel cycle, but also beyond, 

as variation of natural concentrations of uranium could as well be a concern for public health 

(Braz et al., 2021; Coyte et al., 2018; Prat et al., 2009). Moreover, sea- and ocean-waters contain 

a total high mass of uranium, even at global trace concentration (OECD-IAEA, 2014). 

The main objective of this work was to examine the main species in natural water 

compositions linked to radioactive waste management (RWM), uranium mining activities, and 

of other more general interests related to natural uranium with the recently determined 

thermodynamic data and ε values for (Mg/Ca)nUO2(CO3)3
(4-2n)- complexes obtained in previous 

studies (Shang and Reiller, 2020; Shang et al., 2020; Shang and Reiller, 2021a, b). The 

speciation of the different water compositions was calculated using either 

PHREEQC/PHREEPLOT (Kinniburgh and Cooper, 2011; Parkhurst and Appelo, 1999, 2013), 

and the Thermochimie 10a or 9b database files, respectively (https://www.thermochimie-

https://www.thermochimie-tdb.com/
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tdb.com/) (Giffaut et al., 2014; Grivé et al., 2015). The log10β°, and ε values in NaCl medium, 

from Shang and Reiller (2020, 2021a) for (Mg,Ca)nUO2(CO3)3
(4-2n)- were implemented in the 

input files — see Table S1 of the SI. The speciation of uranium as well as the calculated 

activities of H+, HCO3
-, Mg2+, Ca2+, and Na+ were retrieved. These activities are the ones who 

are supposed to control primarily the formation of these complexes as they either impact 

through the mass action law or through the ionic strength dependence. From these results, 

activity diagrams were plotted using PHREEPLOT (Kinniburgh and Cooper, 2011) in order to 

have a common representation under which all the parameters and complexes can be 

represented. 

Once this representation was obtained, an application to actual waters collected before 

treatment in the mining legacy-site around Lodève in France (site du Bosc) was conducted 

taking advantages of the luminescent properties of the (Mg/Ca)nUO2(CO3)3
(4-2n)- complexes 

(Bernhard et al., 1996, 1998; Bernhard et al., 2001; Kalmykov and Choppin, 2000; Lee and 

Yun, 2013; Shang and Reiller, 2020; Shang et al., 2020; Shang and Reiller, 2021a). The 

composition of the collected waters major ions was determined, and the uranium concentration 

and speciation was determined using time-resolved laser-induced fluorescence spectroscopy 

(TRLFS) and calculated using PHREEQC (Parkhurst and Appelo, 1999, 2013). Luminescence 

spectra and decay-time evolution of uranium in the collected waters were compared to a known 

synthetic solution, in order to confirm the presence and calculated speciation of the 

(Mg/Ca)nUO2(CO3)3
(4-2n)- complexes in the selected waters. 

2. Materials and Methods 

2.1. Time-resolved laser-induced luminescence 

TRLFS is versatile technique, which allows both measuring total concentration of uranium 

(Moulin et al., 1990; Reiller et al., 1994), and obtaining information on its chemical 

https://www.thermochimie-tdb.com/
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environment (Oher et al., 2020). The TRLFS apparatus has been extensively described in 

previous works (Shang and Reiller, 2020; Shang et al., 2020; Shang and Reiller, 2021a, b). It 

consists of a 355 nm Nd:YAG pulsed laser (10 Hz, Surelite, Continiuum, USA) delivering 

about 170 mJ during a 5 ns pulse. The adjustable excitation wavelength chosen from the optical 

parametric oscillator (OPO, Horizon, Continuum, USA) is λexc = 450 nm (ca. 20 mJ) in order 

to balance between the U(VI) quantum yield and the efficacy of the OPO; the measures were 

done at a delay D after the laser pulse between 25 and 215 ns, during a gate width W of 1 µs. 

The spectra were recorded using the 300 lines mm-1 grating of a monochromator spectrometer 

(Acton). 

For uranium concentration determination in TRLFS the most convenient medium is 5% wt. 

H3PO4 (Moulin et al., 1990; Reiller et al., 1994). A 2 mL aliquot of the site du Bosc waters was 

weighed in a quartz cuvette (QS101, Suprasil, Hellma Analytics), and the needed mass of 

concentrated H3PO4 (85 wt. %, Sigma-Aldrich) to attain 5% wt., or 0.75 mol kgw
-1, was added. 

The concentration was determined relative to four sub-standard solutions in 5% H3PO4 prepared 

by weighing from the initial stock U(VI) solution of known concentration prepared from 

previous studies (Shang and Reiller, 2020, 2021a). The recorded spectra at D = 25 ns with fixed 

gate width W = 1 µs were integrated over the wavelength span from 415 nm to 615 nm to 

estimate the luminescence intensity. A graph of luminescence intensity vs. U concentration is 

plotted for the four standard solutions, as shown in Figure S1 of the electronic supplemental 

information ESI. For luminescence and decay-time measurements of uranium in the site du 

Bosc waters, around 2 mL aliquots of the site du Bosc water were used in quartz cuvettes 

without any modification. 

A solution identical to the one analyzed in Oher et al. (2020) containing 100% 

CaUO2(CO3)3
2- was also measured — 50 µmol kgw

-1 U. It is worthy to recall that the band 
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positions of CanUO2(CO3)3
(4-2n)- cannot be distinguished using the 300 lines mm-1 grating (Oher 

et al., 2020). 

2.2. Ionic chromatography 

The ion chromatographic system was a Metrohm (CI 850), equipped for anions with a 

Metrosep A Supp 4/5 Guard pre-colum, a Metrosep A Supp 7 150/4.0 column, an eluent asup7 

— 3.6 mM Na2CO3 at 0.7 mL min-1; for the cations a Metrosep C 4 Guard/4.0 pre-column, a 

Metrosep C 4 -150/C4 column, an eluent C4 — HNO3 3.5 mM, at 0.9 mL min-1. 

2.3. Total Organic Carbon Analysis 

The total organic carbon (TOC) determinations were performed with VARIOTOC cube 

analyzer (Elementar). The total inorganic carbon (TIC) is measured by mixing in the TIC-

reactor 0.1 mL of the sample with 0.5 mL of H3PO4 diluted solution prepared from a 

concentrated commercial one (85%, Merck). The total carbon (TC) is obtained by a Pt-catalytic 

combustion at 850°C of samples. After TIC and TC reactions, CO2(g) produced is measured by 

IR. The TOC is obtained by the difference between TC and TIC. When uncertainties on TOC 

determination are considered too high, one can pre-acidify the sample prior the carbon 

determination. In that case, TIC is negligible and TOC corresponds directly to the TC 

determination. The calibration was done using standards solutions prepared by mixing with 

Milli-Q water (Millipore, 18.2 MΩ.cm, TOC = 5ppbC) potassium hydrogen phthalate 

(K2H4O4C8, Elementar S35.00-0151) in TOC (0.08 to 1.73 mmolC L-1) and anhydrous sodium 

carbonate (Na2CO3, Elementar S35.00-0152) in TIC (0.04 to 0.82 mmolC L-1). The injected 

volume was 0.1 mL and each sample was replicated 3 times. A blank consisted in Milli-Q water 

was inserted between each sample to measure the background in TIC and TC. 
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2.4. UV-Visible spectroscopy 

The UV-Visible (UV-Vis) spectra were obtained using a Shimadzu UV-3150 double beam 

spectrophotometer in the 200-400 wavelength range. Samples were measured in the 

fluorescence quartz cuvette (cf. § 2.1), using pure water as reference. 

2.5. pH measurement 

The pH-measurement procedure has already been described in details in Shang and Reiller 

(2020, 2021a). With use of the Na+ and Cl- concentration, the potential measured by the 

combined-glass (Mettler Toledo, USA) pH electrode was converted to a pH value. 

2.6. Description of studied water compositions 

2.6.1. Data from literature 

The chemical composition of natural water is a result of the physical, chemical, and 

biochemical processes that occur in the atmosphere-soil-rock water system. A wide range of 

chemical elements can dissolve in natural waters due to interactions with the atmosphere, the 

surrounding environment, soil, and bedrock. In particular, the rock-mineral solubility has a 

decisive influence on the chemical composition of natural water. Type and amount of major, 

secondary, and minor elements, are considerably variable and reflect the nature and effects of 

geochemical processes on groundwater composition. 

To build our representations in activity diagrams, a number of natural water compositions 

were collected from literature. The measurement of the geochemical parameters — i.e. pH 

value, redox potential, salinity, alkalinity, temperature, etc. — and important characteristics for 

speciation modelling were taken for each collected sample. The selected water conditions cover 

those reported for: 
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(a) waters in underground research laboratories (URL) for radioactive waste management 

(RWM), e.g., clay porewaters — Boom clay in Belgium (De Craen et al., 2004), Callovo-

Oxfordian (Gaucher et al., 2009) and Tournemire (Beaucaire et al., 2008) clays in France, and 

Mont-Terri clay in Switzerland (Courdouan Merz, 2008; Thury and Bossart, 1999) — and 

granitic groundwaters — Äspö site, Forsmark and Laxemar-Simpevarp areas in Sweden 

(Emrén et al., 1999; Laaksoharju et al., 2008; Tullborg et al., 2017); 

(b) groundwaters in acid In Situ Recovery (ISR) contexts from ORANO mining sites — see 

Reiller and Descostes (2020) and references therein —; in Al-Batin Alluvial Fan, Southern Iraq 

(Alkinani et al., 2016); and in the Lodève basin, France (Beaucaire and Toulhoat, 1987); 

(c) waters crossing the Cigar Lake mining site, Saskatchewan, Canada (Toulhoat and 

Beaucaire, 1993); and in the Oklo uraninite deposit area (Gurban et al., 2003; Salas and Ayora, 

2004); 

(d) well waters as local sources of drinking sources in Finland (Prat et al., 2009); around the 

Semipalatinsk Nuclear Test Site in Kazakhstan (Yamamoto et al., 2010); and near-surface 

Canadian aquitards considered as underlying groundwater (Hendry and Wassenaar, 2000; 

Ranville et al., 2007); 

(e) waters sampled upstream, downstream, and within uranium mining sites, e.g., Cluff Lake 

in Canada (von Gunten et al., 2018), and Lac Saint-Clément in France (Stetten et al., 2018); 

(f) standard seawater (Millero et al., 2008), as source of uranium (Beccia et al., 2017; Endrizzi 

et al., 2016; Leggett et al., 2016; Maloubier et al., 2015), and evolution along the Scheldt estuary 

(Belgium) (Smolíková et al., 2022); 

(g) selected waters compositions issued from the general dataset generated through the 

European project FOREGS (Forum of European Geological Surveys, 

http://weppi.gtk.fi/publ/foregsatlas/), which uranium speciation were analyzed in Lartigue et al. 

(2020). 

http://weppi.gtk.fi/publ/foregsatlas/
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Generally, these natural waters are dominated by Na+, Ca2+, Mg2+, K+, Cl-, NO3
-, HCO3

-, 

CO3
2-, and SO4

2- that may be attributed to the chemical weathering process and the leaching of 

minerals. Among these ions, chloride concentration is the most suitable parameter to describe 

water salinity because it of its high solubility. The concentration of uranium in the collected 

samples highly depends on the sampling regions. In most natural waters, uranium concentration 

is between 4.2 × 10-10 M and 4.2 × 10-9 M (Osmond et al., 1983). In Europe, the average 

uranium concentration in continental surface water is estimated to be ca. 0.3 μg L-1 

(≈ 1.26 × 10-9 M) while it is ca. 0.5 μg L-1 (≈ 2.1 × 10-9 M) worldwide (De Vos et al., 2005). In 

river waters, it can extend over four orders of magnitude with average content from 0.02 to 6 

μg L-1 (≈ 8.40 × 10-11 to 2.52 × 10-8 M) (Bonin and Blanc, 2001). In France, the uranium 

concentration in river waters is about 0.44 μg L-1 (≈ 1.85 × 10-9 M) in sedimentary areas, and 

expected to be slightly lower than 0.15 µg L-1 in the Hercynian shelf and Alpine areas 

(Salpeteur and Angel, 2010). In extreme cases, concentration up to 3400 µg L-1 have been 

measured in drinking waters from drilled wells (Prat et al., 2009). A wider view on uranium 

concentration in e.g. river waters can be found in Lartigue et al. (2020). However, in mines the 

uranium concentration in groundwater can range from 0.063 to 1.68 µM (Fix, 1956). 

2.6.2. Description of calculations of uranium speciation in the selected samples 

The selection of the software, the database file and activity correction would have a 

particular effect on the simulation results (Emrén et al., 1999). The calculations were performed 

using the PHREEQC version 3.4.0.14000 (Parkhurst and Appelo, 1999, 2013) for the speciation 

calculation and Phreeplot 1.0 (Kinniburgh and Cooper, 2004; Kinniburgh and Cooper, 2011) 

for the activity diagrams. According to the SIT definition in PHREEQC, activity correction 

adopted in this work, the formation constants at infinite dilution log10β°, the thermodynamic 

functions ∆fHm° and SIT parameters, specific ion interaction coefficients 

ε((Mg/Ca)nUO2(CO3)3
(4-2n)-,Na+Cl-) complexes from Shang and Reiller (2020, 2021a), were 
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implemented in the input files, and the Thermochimie 10a database (Giffaut et al., 2014; Grivé 

et al., 2015) was used. The reader is recalled that more recent versions of Thermochimie (10d 

and 11a) are available for download. These latter versions will only be partly used in this work, 

as they were made available after the end of this project. A discussion on the data selection will 

be developed in the following (cf. § 3.1). 

2.6.3. Water from the site du Bosc (Lodève, France) 

The water coming out of the Site du Bosc (Lodève, Hérault, France) must be treated in order 

to follow the French legislation and orders from local authorities. The routine treatment is done 

using an ion-exchange resin (Drozdzak et al., 2016a; Morin, 2005). Before treatment (pH ca. 

8.2, hereafter “untreated water”), the waters are filtered at 0.45 µm and then acidified using 

H2SO4 (pH ca. 6.5, hereafter “treated water”) in order to help further dissolving possible 

colloidal carbonate particles. The buffer capacities of these carbonate particles induce an 

increase of the pH value close to the original one. The modification of alkaline earth ions 

concentration is also in question. 

The untreated and treated samples were sent to the CEA laboratory. The water samples 

undertook no further treatment in order to stay as close as possible to the actual treatment 

situation. The composition of Le Bosc site has been investigated elsewhere (Drozdzak et al., 

2016a; Drozdzak et al., 2016b), but either exact pH or total U or Na amounts are missing. The 

water composition was then analyzed in ion chromatography coupled to ICP-MS for major ions, 

and TRLFS for uranium. With this information, it is possible to perform a theoretical speciation 

calculation and then compare with the luminescence of the dominant species experimentally 

observed by TRLFS. 
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3. Results and Discussions 

3.1. Differences in speciation of (Mg,Ca)nUO2(CO3)3
(4-2n)- between 

thermodynamic data from different origins 

Apart from the results of Shang & Reiller (2020, 2021a, b), the AenUO2(CO3)3
(4-2n)- species 

were recently included in the NEA-OECD selections (Grenthe et al., 2020) — with no selection 

of ε values —, and in the versions of Thermochimie 10 (a and d) and 11a. Very recently, Jo et 

al. (2022) reviewed more recent data on the system. Thermochimie 10d and 11a, and Jo et al. 

(2022) were available late in the advancement of this project and will only be considered in this 

section. These data will not be considered in the following. The log10β°n.1.3 from Dong and 

Brooks (2006) (Ca) and Lee et al. (2017) (Mg, not present in version 10a), and the ε values 

from like-charged analogy — with a typographic error on ε(MgUO2(CO3)3
2-,Na+) = -0.2 

kgw mol-1 instead of -0.02 kgw mol-1 announced in analogy with ε(UO2(CO3)3
2-,Na+) 

(https://www.thermochimie-tdb.com/pages/view.php) and corrected in version 11a —, were 

chosen in Thermochimie 10. In Thermochimie 11a, the log10β°n.1.3 values from Grenthe et al. 

(2020), and the ε values from like-charged analogy were chosen. 

The impact of the choice of the data is shown in Figure 1. Theoretical speciation calculations 

of a solution with CU = 10-9 mol kgw
-1 — to minimize formation of (UO2)2CO3(OH)3

- —, CMg 

= CCa = 10-2 mol kgw
-1, [NaCl] = 0.5 mol kgw

-1 — to maximize ionic strength effects —, and 

P(CO2) = 10-3.5 atm is plotted in the pH range 6-10 fixed by MgCa(OH)4, and where dolomite 

(MgCa(CO3)2) is required to precipitate. It can be seen that the predominance of the 

AenUO2(CO3)3
(4-2n)- complexes are different in the three calculations. CaUO2(CO3)3

2- is clearly 

dominant at pH 7 to 9, when Ca2UO2(CO3)3(aq) is dominant under the other two situations. 

Here, the differences mainly come for the hypotheses on the ε values: explicit from experiments 

https://www.thermochimie-tdb.com/pages/view.php
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in Shang and Reiller (2020) in Figure 1a, and either considered nil in Figure 1b (Grenthe et al., 

2020), or from liked-charged analogy in Thermochimie 10d and 11a. 

The relative affinity of the different reactions can be estimated calculating the stepwise 

reactions for the cumulative reactions in Table S1 of the SI. 

Ca2+ + UO2(CO3)3
4- ⇄ CaUO2(CO3)3

2- K°Ca1 = β°(CaUO2(CO3)3
2-)/β°(UO2(CO3)3

4-) 

Ca2+ + CaUO2(CO3)3
2- ⇄ Ca2UO2(CO3)3 K°Ca2/Ca1 = β°(Ca2UO2(CO3)3)/β°(CaUO2(CO3)3

2-) 

Mg2+ + UO2(CO3)3
4- ⇄ MgUO2(CO3)3

2- K°Mg = β°(MgUO2(CO3)3
2-)/β°(UO2(CO3)3

4-) 

The calculated relative affinity under standard conditions are 

K°(CaUO2(CO3)3
2-)/K°(Ca2UO2(CO3)3) = 117 (Shang and Reiller, 2020, 2021a), 23 (Grenthe 

et al. (2020), and Thermochimie 11a), and 66 (Thermochimie 10a and 10d). Accounting for 

ionic strength at 0.5 mol kgw
-1 NaCl, K0.5m(CaUO2(CO3)3

2-)/K0.5m(Ca2UO2(CO3)3) = 5.0 (Shang 

and Reiller, 2020), 0.9 (Grenthe et al. (2020), and Thermochimie 11a), and 2.6 (Thermochimie 

10a) and 2.7 (Thermochimie 10d). The relative affinity for 

K°(CaUO2(CO3)3
2-)/K°(MgUO2(CO3)3

2-) = 6.3 (Shang and Reiller, 2020, 2021a), 6.3 (Grenthe 

et al. (2020), and Thermochimie 11a), and 24.0 (Thermochimie 10d) — MgUO2(CO3)3
2- was 

not present in Thermochimie 10a. At ionic strength 0.5 mol kgw
-1 NaCl, 

K0.5m(CaUO2(CO3)3
2-)/K0.5m(MgUO2(CO3)3

2-) = 4.7 (Shang and Reiller, 2020, 2021a), 5.9 

(Grenthe et al. (2020), and Thermochimie 11a), and 22.6 (Thermochimie 10d) — typographic 

error in ε(MgUO2(CO3)3
2-,Na+) is corrected. 

Because of the higher relative affinity for CanUO2(CO3)3
(4-2n)- compared to MgUO2(CO3)3

2-, 

the proportion of the latter complex is lower in the three hypothesis. Percentage of 

MgUO2(CO3)3
2- is then higher in Figure 1a than in Figure 1b or 1c as the 

ε(MgUO2(CO3)3
2-,Na+Cl-) determined in Shang and Reiller (2021a), is either not nil — as in 



14 

Grenthe et al. (2020) — or higher than the like-charged hypothesis in Thermochimie 10d and 

11a. The relative affinity K°(CaUO2(CO3)3
2-)/K°(MgUO2(CO3)3

2-) of Ca2+ for UO2(CO3)3
4- is 

lower than Mg2+ and the proportion of MgUO2(CO3)3
2- is then higher in Shang and Reiller 

(2020, 2021a) (Figure 1a) compared to Thermochimie 10d (Figure 1c). 

The data from Shang and Reiller (2020, 2021a, b) being the only one issued from consistent 

sets of experimental data, they will be used in the following. 
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A b 

  
c 

 

Figure 1. Theoretical speciation of a solution CU = 10-9 mol kgw
-1, CMg = CCa = 10-2 

mol kgw
-1, [NaCl] = 0.5 mol kgw

-1, and P(CO2) = 10-3.5 atm, pH fixed by Mg(OH)2-Ca(OH)2 

and dolomite is required to precipitate, using thermodynamic and SIT data from Shang 

and Reiller (2020) (a), Grenthe et al. (2020) — with dolomite from Robie and Hemingway 

(1995) — (b), and Thermochimie 10d database file (https://www.thermochimie-tdb.com/) 

with ε(MgUO2(CO3)3
2-,Na+) corrected to -0.02 kgw mol-1 (c); the discontinuity at pH 7.8 is 

due to the dolomite precipitation. 

3.2. Description of activity predominance diagrams 

Figure 2 illustrates the evolution of predominance diagrams obtained using PHREEPLOT 

(Kinniburgh and Cooper, 2011) for the system Ca2+-U(IV/VI)-Na+-Cl--OH--HCO3
--H2O(l) as a 

function of partial pressure of oxygen. The activity diagrams log10(a(HCO3
-) a(H+)) vs. 

log10(a(Mg2+)0.5 a(Ca2+)0.5/a(H+)2) have been chosen for the presentation due to the number of 
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variables affecting this system. It allows representing the variation of H2CO3 and 

(Mg-Ca)0.5(OH)2. These equilibria can be written in a general form as follows. 

MgnCa(1-n)(OH)2 + 2H+ ⇄ nMg2+ + (1-n)Ca2+ + 2H2O, with 0 ≤ n ≤ 1 

H2CO3 ⇄ HCO3
- + H+ 

In the following, the influence of Na+ and pH with be represented by log10(a(Na+)/a(H+)) and 

the following equilibrium. 

NaOH + H+ ⇄ Na+ + H2O 

The calculations were conducted at fixed uranium concentration of 10-8 mol kgw
-1 at Im = 0.1 

mol kgw
-1 NaCl with P(O2) varying from 10-73 to 10-51 atm — or pO2 = -log10 P(O2), varying 

from 73 to 51, which covers a wide range of actual underground research laboratory for the 

radioactive waste management — e.g., of pO2 = 73, ca. the value for Äspö site in Sweden, to 

pO2 = 67, ca. the value for Callovo-Oxfordian site in France. One can observe that the partial 

pressure of oxygen has a significant impact on the aqueous speciation of uranium as well as its 

oxidation state. Because of the redox sensitivity of uranium, the oxidation-reduction reactions 

are very important in the assessment of uranium mobility. Uranium exists as U(OH)4(aq), under 

its +IV redox state, at low P(O2) (pO2 = 73 and 67) and log10(a(HCO3
-) a(H+)) at the expenses 

of CanUO2(CO3)3
(4-2n)- complexes. With increasing P(O2), the formation of Ca-UO2-CO3 

ternary complexes takes place within larger range at higher log10(a(HCO3
-) a(H+)) and 

log10(a(Mg2+)0.5 a(Ca2+)0.5/a(H+)2) values. In spite of the predominant role of 

CanUO2(CO3)3
(4-2n)- complexes, the borderlines between two different species remain almost 

unaffected at pO2 ≤ 55. As observed in this exercise, the great impact of P(O2) on the aqueous 

speciation of U(IV)/U(VI) strongly affects its solubility under conditions relevant for nuclear 

waste disposal. 
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Figure 2. Activity predominance diagrams calculated using Phreeplot (Kinniburgh and 

Cooper, 2011) of Mg-Ca-U-OH-CO3 calculated for Im = 0.1 mol kgw
-1 NaCl using the 

thermodynamic data and SIT coefficients determined in Shang and Reiller (2020, 2021a). 

Calculations performed for C(U)tot = 10-8 mol kgw
-1, P(O2) = 10-73 (a), 10-67 (b), 10-55 (c), 

and 10-51 (d) atm. 

Other activity predominance diagrams can be drawn in Figure 3 for a total uranium 

concentration of 10-6 mol kgw
-1 at atmospheric O2(g), i.e. pO2 = 0.6788, n varying from 10-4 to 

0.9999, and [NaCl] = 0.5 mol kgw
-1. The progressive transition from Ca to Mg dominated water 

is shown. The dominance of MgUO2(CO3)3
2- requires high ionic strength — here controlled by 
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NaCl — and Mg/Ca ratio — here represented by n, which are representative of seawater — see 

Fig. 8 in Shang and Reiller (2021a). 

a 

 

b 

 
c 

 

d 

 

Figure 3. Activity predominance plots of 10-6 mol kgw
-1 U at P(O2) = 0.21 atm and [NaCl] 

= 0.5 mol kgw
-1, and varying n values 

The combined influence of carbonate and NaCl concentrations are shown on the activity 

diagrams of Figure 4 at n = 0.85: the higher the value of log10(a(HCO3
-) a(H+)), the narrower 

the domains of (UO2)n(CO3)l(OH)m
2n-2l-m complexes at the benefit of AenUO2(CO3)3

(4-2n)-; and 

the higher the value of log10(a(Na+)/a(H+)), the narrower the domain of AenUO2(CO3)3
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the benefit of UO2(CO3)3
4-. It can also be noted that the higher the log10(a(HCO3

-) a(H+)) value, 

the narrower the domain of MgUO2(CO3)3
2-. 

a

 

b

 
c 

 

Figure 4. Activity predominance plots of 10-6 mol kgw
-1 U at P(O2) = 0.21 atm, at varying 

log10(a(Na+)/a(H+)) vs. log10(a(Ca2+)/a(H+)2), and fixed log10(a(HCO3
-) a(H+)) values of -12 

(a), -10 (b), and -8 (c). 

3.3. Analysis of speciation results from water compositions 
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selected water compositions in this study. The measured uranium concentration varies widely 
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average of 12.5 mmol kgw
-1. Some water samples represent uranium concentration lower than 

15 μg L-1 (≈ 6.30 × 10-8 M) — the World Health Organization proposed restrictive guideline 

(WHO, 2017) — around the Cigar Lake mining site, Saskatchewan, Canada (Toulhoat and 

Beaucaire, 1993), the Oklo uranium ore deposits, from several ORANO mining sites in an ISR 

context (IAEA, 2001, 2016), from the European project FOREGS, and sampled in the 

Semipalatinsk nuclear test site (Yamamoto et al., 2010). However, concentrations ≥ 10-6 M 

even up to the order of 10-4 M can occur in several water compositions associated with uranium 

ore deposits, such as in the former uranium mine at Cluff Lake, Canada (von Gunten et al., 

2018), in the U ore deposits within the Lodève Basin in South Central France (Beaucaire and 

Toulhoat, 1987; Beaucaire et al., 2008), and in Kazakhstan (Yamamoto et al., 2010). 

Some of these groundwaters containing high uranium concentration are strongly reducing, 

and contain important sulphide but very low calcium concentrations. The speciation distribution 

for the selected aqueous solutions was carried out using PHREEQC. The activity of important 

ions — log10 a(HCO3
-), log10 a(H+), log10 a(Ca2+), log10 a(Na+) — and the percentages of the 

major species were retrieved from the output files. Saturation index of calcite and schoepite 

was also retrieved, which is key parameter in geochemical studies and indicates how far the 

solution is from thermodynamic equilibrium with respect to these minerals. In this study, we 

only considered the water compositions that were showing CanUO2(CO3)3
(4-2n)- as major 

complex. The selected water compositions are plotted in log10(a(HCO3
-) a(H+)) vs. 

log10(a(Ca2+)/a(H+)2), and log10(a(Na+)/a(H+)) vs. log10(a(Ca2+)/a(H+)2) activity predominance 

diagrams calculated at fixed uranium concentration of 100 μmol kgw
-1 and P(O2) = 0.2095 atm 

at 25°C considering the activity of water to be unity. The choice of axis ranges in Figure S3 of 

the SI is based on the analysis of the frequency of the log10(a(Ca2+)/a(H+)2)–

log10(a(HCO3
-) a(H+))–log10(a(Na+)/a(H+)) parameters. Most of selected samples within the 

ranges of 10 < log10(a(Ca2+)/a(H+)2) < 13, -11 < log10(a(HCO3
-) a(H+)) < -9.5, and 4 < 
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log10(a(Na+)/a(H+)) < 6. The precipitation of calcite and dolomite is not requested in calculation 

even if several water compositions were oversaturated respective to these phases — cf. Fig. S7 

of ESI in Shang and Reiller (2020). The precipitation region of calcite, limited by the blue 

dashed line in predominance diagrams (Figure 5-Figure 9), is separately calculated by imposing 

the equilibrium between the atmospheric CO2(g) and the aqueous solution. The mineral field 

boundaries of calcite were found using the “hunt and track” (i.e. ht1) algorithm in Phreeplot, 

which represents the equality of the number of moles of dissolved Ca2+ and precipitated CaCO3. 

The use of minstab1 calculation method, which can be adopted in constructing the mineral 

stability diagram, would make the borderlines move towards lower log10(a(Ca2+)/a(H+)2) 

because it indicates the conditions where the mineral begins to precipitate. The basic principles 

involved in these two algorithms are detailed in Kinniburgh and Cooper (2004; 2011). 

 

Figure 5. Predominance plot log10(a(HCO3
-) a(H+)) vs. log10(a(Ca2+)/a(H+)2) at [U(VI)] = 

100 μmol kgw
-1, P(O2) = 0.2095 atm and fixed values of log10(a(Na+)/a(H+)) = 5. The selected 

sample solutions having different major species are distinguished by colour. 

There are limitations in comparing all the chemical analyses of selected water compositions 

of different origins and types in one diagram. As shown in Figure 5, log10(a(HCO3
-) a(H+)) vs. 
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log10(a(Ca2+)/a(H+)2) predominance diagram plotted at log10(a(Na+)/a(H+)) = 5, the positions of 

the points in the diagram correspond to chemistry of the studied water samples, regardless of 

their real values of log10(a(Na+)/a(H+)). By colour of points, the calculated major species in 

each water sample is presented. However, expression of natural water chemistry with the two 

parameters, i.e. log10(a(HCO3
-) a(H+)) and log10(a(Ca2+)/a(H+)2), is a drawback because the 

value of log10(a(Na+)/a(H+)) for a number of water samples differs from 5 units, and the 

borderlines of predominance regions of different complexes are closely related to this 

parameter. Figure 6 shows a three-dimensional repartition of the selected water samples with 

their values of log10(a(Na+)/a(H+)) projected to the surface parallel to the z-axis of 

log10(a(Na+)/a(H+)) ranging from 2 to 7. Most of the data points are plotted ca. 

log10(a(Na+)/a(H+)) = 5. A few data points are ca. log10(a(Na+)/a(H+)) = 4 and 6. For this reason, 

log10(a(HCO3
-) a(H+)) vs. log10(a(Ca2+)/a(H+)2) predominance diagrams are plotted at the three 

most common values of log10(a(Na+)/a(H+)), i.e. 4, 5, and 6.  
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Figure 6. Repartition of the major species in the speciation calculations of the selected 

water compositions in a log10(a(Ca2+)/a(H+)2)–log10(a(HCO3
-) a(H+))–log10(a(Na+)/a(H+)) 

diagram. The values of log10(a(Na+)/a(H+)) were respectively fixed to 2, 5, and 7 to deduce 

the log10(a(Ca2+)/a(H+)2)-log10(a(HCO3
-) a(H+)) predominance diagrams of Ca-UO2-CO3 

system at [U(VI)] = 100 μmol kgw
-1, P(O2) = 0.21 atm. 

The water compositions are divided into groups from their log10(a(Na+)/a(H+)) value and 

separately presented in the diagram having the nearest log10(a(Na+)/a(H+)) value, as shown in 

Figure 7. Ca2UO2(CO3)3(aq) can be identified in a large field at high log10(a(HCO3
-) a(H+)) and 

log10(a(Ca2+)/a(H+)2) values in the predominance diagram with log10(a(Na+)/a(H+)) varying 

from 2 to 7. Actually, the variable log10(a(Na+)/a(H+)) partially reflects the ionic strength of the 

water samples as their pH values are comparable, and Na+ represents one of the major cation in 

these water samples. It is worthy to point out that the dominant species calculated for several 

water samples do not strictly correspond to their position in the diagram because the 

predominance diagrams are calculated taking only NaCl as background electrolyte. 
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One can observe that the predominance regions of UO2(CO3)3
4- and CaUO2(CO3)3

2- increase 

with log10(a(Na+)/a(H+)) as a result of increasing interionic attraction between Ca2+ and other 

major anions. When viewed as a function of log10(a(Na+)/a(H+)) in the predominance diagram, 

the field of Ca2UO2(CO3)3(aq) constrained by the precipitation of calcite narrows with 

increasing log10(a(Na+)/a(H+)). Figure 7a shows that nearly all water samples in the range 

3.5 < log10(a(Na+)/a(H+)) < 4.5 are undersaturated with respect to calcite. Most of the selected 

water compositions are in the range of 4.5 < log10(a(Na+)/a(H+)) < 5.5, as shown in Figure 7b. 

In particular, in the samples having Ca2UO2(CO3)3(aq) as major species calcite is oversaturated 

or near to the saturation line, while those dominated by CaUO2(CO3)3
2- in the aqueous phase 

are undersaturated, or slightly oversaturated, with respect to calcite. In the diagram where 

log10(a(Na+)/a(H+)) = 6, the region of Ca2UO2(CO3)3(aq) is completely limited by the calcite 

precipitation. All the samples with predominant Ca2UO2(CO3)3(aq) are oversaturated with 

respect to calcite and those with predominant CaUO2(CO3)3
2- are close to the saturation line. 

This observation reveals a key feature for this system, i.e. the Ca2UO2(CO3)3(aq) complex is 

controlling the U(VI) speciation in the aqueous phase saturated with calcite depending on the 

value of log10(a(Na+)/a(H+)), or approximately on the ionic strength. It is worth noting that the 

samples with UO2CO3(aq) as major species are filtered out in these predominance diagrams as 

their values 2.08 ≤ log10(a(Na+)/a(H+)) ≤ 3.38 are too low to be represented in these projections. 
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Figure 7. Major uranium species obtained in the speciation calculations of the selected 

water compositions of which (a) 3.5 < log10(a(Na+)/a(H+)) < 4.5, (b) 4.5 < 

log10(a(Na+)/a(H+)) < 5.5, and (c) 5.5 < log10(a(Na+)/a(H+)) < 6.5. 

Figure S4 of the SI focuses on the repartition of the selected water samples in a 

log10(a(Ca2+)/a(H+)2)–log10(a(Na+)/a(H+))–log10(a(HCO3
-) a(H+)) diagram with the z-axis 

varying from -12 to -8. Most of the data points are in the range of -11 < log10(a(HCO3
-) a(H+)) 

< -9. 

The diagrams of log10(a(Ca2+)/a(H+)2) vs. log10(a(Na+)/a(H+)) with log10(a(HCO3
-) a(H+)) 

= -11, -10.5, -10 and -9.5 were chosen for the representation in Figure 8. The data points were 

categorized from their values of log10(a(HCO3
-) a(H+)) and presented in the diagram having the 
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nearest value of log10(a(HCO3
-) a(H+)). The water sample symbols are contoured by black 

squares when calcite is undersaturated in solution under their individual and specific conditions, 

and by red squares when the calcite is oversaturated in solution. Again, the saturation state with 

respect to calcite and the dominant species in several water samples during the calculation do 

not correspond to their position in the diagram because the predominance diagrams are 

constructed taking only NaCl as background electrolyte. Nonetheless, these particular samples 

are all near to the borderlines. Figure 8 again highlights the importance of calcite saturation in 

this system. At log10(a(HCO3
-) a(H+)) = -11, the solution would easily be oversaturated with 

respect to calcite while high values of log10(a(HCO3
-) a(H+)) promote the predominance of 

uranyl-carbonate complexes. The predominance of the binary/ternary complexes 

UO2CO3/CaUO2(CO3)3
2-/Ca2UO2(CO3)3(aq) depends on the activity of calcium owing to the 

close pH values in the selected water samples. High concentration of calcium in system leads 

to the precipitation of calcite before having the Ca2UO2(CO3)3(aq) as major species in the 

aqueous phase. 

The selected water solutions are colored according to their predominant species in Figure 8. 

For each group, an ellipsoid containing most of the data points belonging to that group is 

constructed using Hotelling’s T-squared (T2) distribution. 

(https://www.originlab.com/fileExchange/details.aspx?fid=280), as shown in Figure 9. 

Equations of the ellipsoids are reported in Table 1. For this reason, the ellipsoidal boundaries 

of UO2CO3(aq), CaUO2(CO3)3
2-, and Ca2UO2(CO3)3(aq) were determined from the distribution 

of sample points in log10(a(Ca2+)/a(H+)2)–log10(a(Na+)/a(H+))–log10(a(HCO3
-) a(H+)) diagram 

with the interval confidence of 68%, corresponding to 1σ. Using a higher confidence level, i.e. 

95% or 98%, would generate wider ellipsoids, which tend to produce a larger intersection 

between the two ellipsoids of CaUO2(CO3)3
2- and Ca2UO2(CO3)3(aq), thus a less clear 

distinction of their concentration domain. 

https://www.originlab.com/fileExchange/details.aspx?fid=280
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b
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d

 

Figure 8. Major uranium species obtained in the speciation calculations of the selected 

water compositions in ranges of: (a) -11.5 < log10(a(HCO3
-) a(H+)) < -10.5; (b) -11 < 

log10(a(HCO3
-) a(H+)) < -10; (c) -10.5 < log10(a(HCO3

-) a(H+)) < -9.5; and (d) -10 < 

log10(a(HCO3
-) a(H+)) < -9. 
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Figure 9. Ellipsoidal predominance regions of UO2CO3(aq) (grey), CaUO2(CO3)3
2- (red), 

and Ca2UO2(CO3)3(aq) (blue) in log10(a(Ca2+)/a(H+)2)–log10(a(Na+)/a(H+))– 

log10(a(HCO3
-) a(H+)) space determined from the sample point-clouds with the interval 

confidence of 68%. 

To allow representation, Figure 9, and Figure S5 from the SI, illustrates the confidence 

ellipsoids for three species using 2D projections seen in different view angles. One can note 

that the ellipsoid of Ca2UO2(CO3)3(aq) is slightly narrower and more elongated than that of 

CaUO2(CO3)3
2-. The overlap of the calculated ellipsoids of CaUO2(CO3)3

2-, and 

Ca2UO2(CO3)3(aq) can nearly extend to the half of their individual volumes. Furthermore, the 

ellipsoid of Ca2UO2(CO3)3(aq) is located in the regions of higher calcium and carbonate 

concentrations compared with that of CaUO2(CO3)3
2-, which is consistent with the evaluation 

of equilibrium constants. Regarding to the concentration region of UO2CO3(aq), its ellipsoid 

exists at low log10(a(Na+)/a(H+)) and low log10(a(Ca2+)/a(H+)2), underlining that the occurrence 

of major UO2CO3(aq) in aqueous phase is due to a low calcium concentration in solution. 



29 

Nevertheless, it is noteworthy that the pH value is also an important parameter as the samples 

with UO2CO3(aq) as major species are all mildly acidic of pH value between 6 and 7, which is 

less favorable to the formation of CaUO2(CO3)3
2-, and Ca2UO2(CO3)3(aq) especially at low 

calcium concentration, contrary to water from Lodève in Beaucaire and Toulhoat (1987). 

The authors noticed the particular importance of Mg2+ in the selected water solutions. 

Figure S6 of the SI shows the ellipsoids determined from the distribution of samples points in 

log10((a(Mg2+)n a(Ca2+)(1-n)/a(H+)2)–log10(a(Na+)/a(H+))–log10(a(HCO3
-) a(H+)) diagram, where 

the ratio n = a(Mg2+)/(a(Mg2+) + a(Ca2+)) is calculated illustrating the importance of 

MgUO2(CO3)3
2-. Equations of the ellipsoids are accordingly reported in Table S2 of the SI. The 

shift of sample points along the x-axis as well as the resulting ellipsoidal patterns do not show 

large differences. However, it is rather remarkable that the use of ratio n could better predict 

the predominant species for the water compositions of important log10a(Mg2+) — see the 

comparison for the site du Bosc samples in the next section. 

Table 1. Equations of the principal axes of the ellipsoids for CaUO2(CO3)3
2-, 

Ca2UO2(CO3)3(aq), and UO2CO3(aq) species. 

 Principal semi-axes First Principal Axis Second Principal Axis Third Principal Axis 

CaUO2(CO3)3
2- a = 2.92826 

b = 1.73083 

c = 0.50823 

x = 11.6672 – 0.755377 t 
y = -10.2206 + 0.352514 t 

z = 4.99219 – 0.552395 t 

x = 11.6672 + 0.41258 t 
y = –10.2206 – 0.399069 t 

z = 4.99219 – 0.818854 t 

x= 11.6672 – 0.509101 t 
y = –10.2205 – 0.84645 t 

z = 4.99219 + 0.156008 t 

Ca2UO2(CO3)3(aq) a = 2.66282 

b = 1.21166 
c = 0.518076 

x = 11.9882 – 0.793119 t 

y = –9.89187 + 0.521319 t 
z = 4.94291 – 0.314943 t 

x = 11.9882 – 0.119187 t 

y = –9.89187 + 0.37425 t 
z = 4.94291 – 0.919636 t 

x = 11.9882 + 0.59729 t 

y = –9.89187 + 0.766918 t 
z = 4.94291 – 0.23469 t 

UO2CO3(aq) a = 1.77066 

b = 0.752217 
c = 0.41014 

x = 8.92073 – 0.900444 t 

y = –9.84455 + 0.32475 t 
z = 2.87246 – 0.289368 t 

x = 8.92073 – 0.402997 t 

y = –9.84455 – 0.372517 t 
z = 2.87246 + 0.835957 t 

x = 8.92073 + 0.163688 t 

y = –9.84455 + 0.869347 t 
z = 2.87246 + 0.466306 t 
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3.4. Comparison of modelling and experimental results for the water samples 

collected from the site du Bosc 

3.4.1. Water from the site du Bosc 

Table 2 lists the chemical constituents for the investigated water samples: one was the 

untreated water initially at pH 8.3, and the other one was initially treatment by acidification to 

pH 6.5 after sampling. It is apparent that the acidification of the solution did not last until it was 

analyzed and the buffer capacity of the waters — most likely through the dissolution of calcium 

carbonate — imposes a final pH 8.16, close to the untreated one. In the second sample, the 

increase of SO4
2- reflected the added amount of H2SO4. It is also worthy to notice that the Ca 

content in the second sub sample was increased ca. three fold compared to the first sub sample, 

when there was no difference between the Mg contents. This could suggest that a Ca containing 

phase was dissolved during the acidification process. The slight (and barely significant) 

increase in alkalinity maybe an indication of the dissolution of, most likely, calcite particles. 

The TOC content appears relatively low, as in Drozdzak et al. (2016a), but significant and 

comparable in the both samples. Even if the complexation of U(VI) by natural organic matter 

is known since long — Reiller (2010, 2015), Reiller et al. (2012) and references therein —, it 

will not be taken into account in a first approach. The differences between the water 

composition in Drozdzak et al. (2016a) and the ones analyzed here is representative of the 

variability of the treated waters from the site du Bosc. 
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Table 2. Chemical constituents for the investigated site du Bosc water samples. 

 untreated water treated water 

pH 8.30 8.16 

F- (mmol L-1) < lod* < lod* 

Cl- (mmol L-1) 0.66 ± 0.05 0.65 ± 0.05 

SO4
2- (mmol L-1) 5.51 ± 0.39 6.84 ± 0.48 

Alkalinity (mmol L-1) 4.51 ± 0.32 5.16 ± 0.36 

Na+ (mmol L-1) 8.17 ± 0.57 8.00 ± 0.56 

K+ (mmol L-1) 0.49 ± 0.03 0.50 ± 0.04 

Mg2+ (mmol L-1) 2.74 ± 0.19 2.82 ± 0.20 

Ca2+ (mmol L-1) 0.78 ± 0.05 2.54 ± 0.18 

TOC ppmC 4.2 ± 1.2 3.7 ± 1.3 

U (µmol L-1) 70.5 ± 12.3 n.m. 

Im (mmol kgw
-1) 21.8 26.9 

* lod: limit of detection = 10-5 molF L
-1; n.m. not measured; values expressed ± 1σ 

 

3.4.2. Modelling of inorganic speciation 

With the detailed chemical compositions for the untreated and treated waters sampled from 

the site du Bosc (Table 2, and Figure S8a of the SI), their uranium speciation calculations were 

performed using log10β°, ∆fHm°, and SIT parameters ε((Mg/Ca)nUO2(CO3)3
(4-2n)-,Na+Cl-) from 

Shang and Reiller (2020, 2021a, b) implemented in the input file for PHREEQC and using 

Thermochimie 10a database — the oversaturation of CaCO3 and MgCa(CO3)2 phases are shown 

in Figure S8b of the SI. The comparison with the discharge water from the site du Bosc in 

Drozdzak et al. (2016a) is also presented. The percentages of major uranium carbonate species, 

the activity of important ions, as well as the values of log10(a(Ca2+)/a(H+)2), log10(a(Na+)/a(H+)), 

and log10(a(HCO3
-) a(H+)) are listed in Table 3 — one can see that using either SIT or Davies 

equation does not change the results significantly. The ratio n = a(Mg2+)/(a(Mg2+) + a(Ca2+)) is 

calculated illustrating the importance of MgUO2(CO3)3
2-. The increase of Ca in the treated water 

is reflected in the decrease of the n value and of the percentage of MgUO2(CO3)3
2- (Table 3). 

As displayed in Figure 10, the position of the investigated samples are well included in the 

previously determined ellipsoids for CaUO2(CO3)3
2- (red) and Ca2UO2(CO3)3(aq) (blue). As 

with the untreated water sample, the red point is actually located in the overlap between 
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ellipsoids of CaUO2(CO3)3
2- and Ca2UO2(CO3)3(aq), indicating that the dominant species 

cannot be unambiguously assigned without thermodynamic calculation in the 

log10(a(Ca2+)/a(H+)2)–log10(a(Na+)/a(H+))–log10(a(HCO3
-) a(H+)) diagram. However, this red 

point is well positioned in the CaUO2(CO3)3
2- ellipsoidal predominance region in 

log10((a(Mg2+)n a(Ca2+)(1-n)/a(H+)2)–log10(a(Na+)/a(H+))–log10(a(HCO3
-) a(H+)) space (see 

Figure S7 of the SI). According to the thermodynamic modelling, CaUO2(CO3)3
2- is expected 

to be the most abundant species in untreated water with percentage of 50.6% and the sum of -2 

charge bearing ternary complexes (CaUO2(CO3)3
2- and MgUO2(CO3)3

2-) attains 76.7% 

(Table 3). 

One can observe that the blue point representing the treated water is solely included in the 

ellipsoids of Ca2UO2(CO3)3(aq) in log10(a(Ca2+)/a(H+)2)-axis diagram (Figure 10), suggesting 

a predominance of Ca2UO2(CO3)3(aq) in aqueous solution. The verification of dominant 

complex for the treated sample corroborates also the results of the speciation calculation as the 

percentage of the principal species — Ca2UO2(CO3)3(aq) is of 50.8% (Table 3). 

One can conclude that the determination of ellipsoids for CanUO2(CO3)3
(4-2n)- complexes is 

a suitable tool for quickly identifying the major (calcium) uranyl carbonate species for a given 

natural water sample once its chemical composition is available. As stressed out by Reiller and 

Descostes (2020), comparable results could be obtained with the later version of PRODATA 

database file (Reiller, 2022), containing data from Shang and Reiller (2020, 2021a, b), now 

used for environmental monitoring of ORANO Mining activities (Besançon et al., 2020; 

Grozeva et al., 2022; Lartigue et al., 2020; Seigneur et al., 2021). 

In a later stage, the calculation results will be compared with the uranium speciation 

identified by the TRLFS analyses. 
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Figure 10. Position of the two waters from the site du Bosc in a log10(a(Ca2+)/a(H+)2)–

log10(a(Na+)/a(H+))–log10(a(HCO3
-) a(H+)) diagram. Ellipsoidal predominance regions of 

UO2CO3(aq) (grey), CaUO2(CO3)3
2- (red), and Ca2UO2(CO3)3(aq) (blue) space determined 

from the sample point-clouds with the interval confidence of 68% (Figure 9). 
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Table 3. Percentages of major uranium carbonate species — see Figure S8a of the SI for 

a graphical representation — and logarithm of major ions activities calculated using 

Thermochimie 10a database file (Giffaut et al., 2014; Grivé et al., 2015) for the site du 

Bosc. 

Samples Dischargea untreated water treated water 

 SIT SIT Davies SIT Davies 

CaUO2(CO3)3
2- 44.5% 50.1% 50.2% 43.0% 43.3% 

MgUO2(CO3)3
2- 6.4% 27.7% 27.8% 7.1% 7.2% 

Ca2UO2(CO3)3(aq) 47.6 18.4% 18.2% 48.7% 48.3% 

UO2(CO3)3
4- 1.2% 3.6% 3.7% 1.1% 1.1% 

Total 99.7% 99.9% 99.9% 99.9% 100.0% 

log10 P(CO2(g)) -1.78 -2.96 -2.96 -2.75 -2.75 

log10 a(Ca2+) -2.99 -3.48 -3.48 -2.97 -2.97 

log10 a(Mg2+) -3.04 -2.93 -2.94 -2.95 -2.95 

log10 a(HCO3
-) -2.25 -2.48 -2.48 -2.41 -2.41 

log10 a(Na+) -2.07* -2.15 -2.15 -2.16 -2.16 

log10 a(H+) -7.35 -8.30 -8.30 -8.16 -8.16 

log10(a(Ca2+)/a(H+)2) 11.71 13.12 13.12 13.35 13.35 

log10(a(Mg2+)/a(H+)2) 11.66 13.67 13.66 13.37 13.37 

n = a(Mg2+)/(a(Mg2+)+a(Ca2+)) 0.47 0.78 0.78 0.51 0.51 

log10(a(Mg2+)n a(Ca2+)1-n/a(H+)2) 11.69 13.55 13.54 13.36 13.36 

log10(a(HCO3
-) a(H+)) -9.60 -10.78 -10.78 -10.57 -10.57 

log10(a(Na+)/a(H+)) 5.28 6.15 6.15 6.00 6.00 

Im (mol kgw
-1) 0.027 0.022 0.022 0.027 0.027 

a Drozdzak et al. (2016a) 
* calculated from electrical balance. 

 

3.4.3. Spectroscopic measurement 

TRLFS can help elucidating the speciation of uranium in water because of the very low 

detection limits, a high sensitivity with respect to U(VI) complex, and its triple selectivity 

— i.e., selectivity in excitation wavelength, emission spectrum, and time-resolved acquisition. 

In general, TRLFS provides two important spectroscopic pieces of information: characteristic 

luminescence decay time and positions of the emission maxima. In a fingerprinting procedure, 

the recorded TRLFS spectra can be identified with the help of previously acquired reference 

complexes. In the previously published works (Shang and Reiller, 2020; Shang et al., 2020; 

Shang and Reiller, 2021a, b), we have obtained these primary spectroscopic information for 

(Mg/Ca)nUO2(CO3)3
(4-2n)- complexes under varying conditions — type of electrolyte, ionic 
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strength and temperature — that will be compared with the recorded spectra of the site du Bosc 

water samples. 

The two natural occurring water samples in the Site du Bosc both delivered a measurable 

luminescence signal, which is characteristic for uranyl carbonate luminescence. Figure 11a 

shows the emission spectra normalized to their total area for each sample with initial delay time 

of D = 25 ns during the gate width W = 1 μs, in comparison with a reference solution of known 

composition in which U(VI) principally exists in the form of CanUO2(CO3)3
(4-2n)- complexes. 

Hypsochromic-shifted peak positions compared with those of UO2
2+ ions (470.07, 487.31, 

509.31, 533.38, and 559.86 nm) in acidic conditions provide evidence for formation of 

triscarbonatouranyl(VI) complexes in aqueous solution. The characteristic peak positions are 

the same with the reference solution. Nevertheless, the water from the sample site represents an 

obvious distortion in the spectrum. This distortion does not seem to be identical for the two 

water samples: the acidification to pH ca. 6.5 seems to have a slight influence on the initial 

spectrum. An acquisition of the same solutions was also made at a longer delay time (D = 100 

ns), in order to verify whether the distortion is due to the luminescence of another U(VI) 

complex having a different decay time. As illustrated in Figure 11b, the luminescence spectra 

of the two water samples with D = 100 ns are identical to that of CanUO2(CO3)3
(4-2n)- complexes. 

It is therefore possible to hypothesize that two decay functions of U(VI) are involved in the 

water samples: a fast decay function not yet identifiable, and a slower decay function of which 

the spectrum is characteristic of CanUO2(CO3)3
(4-2n)- complexes. 

It is noteworthy that the contribution of the MgUO2(CO3)3
2- complex to the general 

luminescence in the untreated water sample — which account of ca. 26% of the total uranium 

speciation —, is not easy to settle, as the luminescence spectra of 

(Mg/Ca)nUO2(CO3)3
(4-2n)- complexes are difficult to distinguish (Oher et al., 2020; Shang and 
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Reiller, 2021a). Moreover, relatively low amount of MgUO2(CO3)3
2- would impede its 

identification using a 300 lines mm-1 grating. 

a

 

b

 

Figure 11. Comparison of luminescence spectra normalized to the same area of uranium 

in a reference solution (blue), in the untreated water sample (orange) and in the treated 

water (grey) from the site du Bosc (LOD): (a) initial delay time of D = 25 ns and gate width 

W = 1 μs; (b) initial delay time of D = 100 ns and gate width W = 1 μs, baselines are shifted 

for better visualization. 

The luminescence decay of the untreated water sample was acquired by recording the 

luminescence spectra as a function of delay time. Figure S9a of the SI shows the spectra 

normalized to the same area for the delay time ranging from 20 to 215 ns in steps of 5 ns with 

gate width W = 50 ns, which is more favorable to distinguish the spectra of different species. 

Figure S9b of the SI shows the exponential fits of integrated time-resolved luminescence 

intensities in the wavelength range from 420 to 635 nm using the trapezoid method. A mono-

exponential luminescence decay (dashed curve in Figure S9b of the SI) is clearly not 

satisfactory to describe the decay process with τ = (31 ± 1) ns, while a bi-exponential function 

can better fit the luminescence decay curves with τ1 = (11 ± 1) ns (dotted curve) and τ2 = (38 

± 1) ns (dash-dot curve).  
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The bi-exponential decay of the TRLFS-signals for the untreated water sample revealed that 

either two luminescent fluorophores were observed, or the rate of de-excitation process is 

slower than that of ligand exchange. However, for such complicated fluorophores, 

luminescence decay behaviour cannot be simply settled. With the determined parameters in bi-

exponential function, it is possible to estimate the spectral contributions of the individual 

species, e.g., the second component contributes 29% at D = 20 ns, and 98% at D = 100 ns and 

the first component represents 71% of the luminescent signal at D = 20 ns. This allows the 

spectral decomposition of the experimental spectrum at D = 20 ns, as shown in Figure 12. 

 

Figure 12. Decomposition of uranium luminescence signal as a function of delay time in 

acquisition for the untreated water from the site du Bosc. 

In experiments, we observed that the luminescence spectra for the same water sample under 

identical measurement conditions have undergone evident spectral modification after long time 

laser excitation, as shown in Figure S10 of the SI. It is well known that the dissolved organic 

matter present in natural waters can impair the detection of total uranium because of the 

complexation of organic species, such as humic substances, with uranyl ion (Czerwinski et al., 
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1994; Sachs et al., 2007; Steudtner et al., 2011a). One can expect luminescence emission of 

these ligands if they contain delocalized p-electron system, like in aromatic compounds (Geipel 

et al., 2004; Sachs et al., 2007). The previous determination of decay times using bi-exponential 

fits (Figure S9 of the SI) suggests the existence of organic moieties in the aqueous system due 

to the very short decay time of τ1 = (11 ± 1) ns. Steudtner et al. (2011a; 2011b) suggested that 

a mixed complex containing UO2-CO3-humic acid was formed under carbonated conditions. 

A set of luminescence decays was recorded for the long time-excited site du Bosc water 

sample at 25°C. As shown in the fitting results in the Figure 13, the luminescence decays bi-

exponentially within the delay range studied. The equation: Intensity = A1exp(-x/τ1) + 

A2exp(-x/τ2) + y0 was applied in the fitting procedure where A1, A2 represent the luminescence 

intensity of components 1 and 2 at D = 0, τ1 and τ2 correspond to their decay times and y0 is an 

adjustable noise term. 

One can note that long period laser excitation at 25°C causes a decrease in the luminescence 

intensity for the first minor luminescent component 1 with τ1 = (11 ± 1) ns from A1 = 7.32 109 

to 2.49 109 while little changes in other parameters, i.e. A2, τ1, τ2 were observed. Our results 

suggest that the first minor luminescent component was photolysed due to the laser excitation 

with static quenching patterns since its decay time did not change. To verify the possible 

influence of short time fluorescence of organic component, the treated sample was excited at 

425, 450, and 470 nm (Figure S11 of the SI). The bands of AenUO2(CO3)3
(4-2n)- are apparent 

whatever the excitation wavelength, but a red-shift of the spectrum with excitation wavelength 

seems to indicate that the fast component is due to the fluorescence of organic moieties. 

Additionally, UV/Vis absorption spectra of the site du Bosc water samples were collected 

from 200 to 400 nm in order to detect any changes of potentially degraded organic components 

after laser excitation. As seen in Figure S12 of the SI, the absorption spectra for the original site 

du Bosc water and the water samples subjected to long period laser excitation of 450 nm at 25 
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and 50°C are showing subtle differences that are impossible to distinguish using peak 

decomposition because the values of peak parameters are approximately identical for different 

spectra taking into account the interval uncertainties. The E254:E204 values are also very close, 

i.e. 0.22, 0.21, and 0.22 for untreated water, 5 h laser exposed at 25°C, and 5 h laser exposed at 

50°C. Further information on the first minor luminescent complex is difficult to obtain. A 

decomposition of the spectra allowed identifying at least 3 bands ca. 206, 225, and 239 nm, 

characteristic of aromatic moieties (Scott, 1964), and which are close to broader peaks 

decomposed otherwise (Claret et al., 2008; Korshin et al., 1997). The formation of an organic 

matter uranyl complex under these conditions cannot be ascertained using these experiments, 

and is considered minor. 
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a  

b  

Figure 13. Bi-exponential fits of luminescence intensity decay from D = 15 ns to 210 ns for 

Site du Bosc untreated water (a) before and (b) after long period laser excitation of 450 

nm. 
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Despite that the band positions of the second component correspond most likely to the 

CanUO2(CO3)3
(4-2n)- complexes, the longer lifetime of τ2 = (38 ± 1) ns from the investigated 

untreated water sample cannot be directly assigned to either CaUO2(CO3)3
2- or 

Ca2UO2(CO3)3(aq). Moreover, distinguishing the CanUO2(CO3)3
(4-2n)- complexes based on the 

band positions is always difficult because of their very similar positions of main emission 

bands, thus the assignment by characteristic decay time is more tenable. The value of τ2 is 

present in the interval of decay times measured for CaUO2(CO3)3
2- (τ ≈ 28 ns) and 

Ca2UO2(CO3)3(aq) (τ ≈ 48 ns) at Im = 0.1 mol kgw
-1 NaCl (Shang and Reiller, 2020). One should 

note that the decay time of luminescent species is related to the presence of luminescence 

quenchers in different concentration ratios. Due to quenching effects of chloride, it is reasonable 

to suppose that CaUO2(CO3)3
2- should have a longer decay time (τ > 28 ns) in natural and 

diluted medium, such as in the untreated water sample of Im = 0.022 mol kgw
-1. Therefore, the 

second lifetime observed for the untreated water sample approaches the characteristic lifetime 

of CaUO2(CO3)3
2-, indicating a predominance of this species in aqueous solution. The 

thermodynamic modelling with detailed chemical compositions convincingly verifies this 

conclusion as 50.6% uranium exists in the form of CaUO2(CO3)3
2- in the untreated water 

sample. 

4. Conclusion 

We have examined the speciation calculation of uranium(VI) in actual situations covering 

radioactive waste management (RWM), uranium mining activity, and other natural water 

samples with the previously determined thermodynamic data for (Mg/Ca)nUO2(CO3)3
(4-2n)- 

complexes in Shang and Reiller (2020, 2021a, b). It represents a comprehensive and the most 

updated thermodynamic dataset, including the formation constants at infinite dilution log10β°, 

the thermodynamic functions and SIT parameters — specific ion interaction coefficients ε for 
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(Mg/Ca)nUO2(CO3)3
(4-2n)- complexes —, which can be applied in geochemical calculations 

covering a wide range of conditions, particularly relevant to nuclear waste disposal. 

Based on the repartition of major uranium species obtained in the speciation calculations for 

the selected water compositions, three ellipsoidal predominance regions of CanUO2(CO3)3
(4-2n)- 

complexes were constructed from the sample point-clouds in log10(a(Ca2+)/a(H+)2)–

log10(a(Na+)/a(H+))–log10(a(HCO3
-) a(H+)) — and also in log10(a(Mg2+)n a(Ca2+)1-n/a(H+)2)–

log10(a(Na+)/a(H+))–log10(a(HCO3
-) a(H+)) — three-dimension spaces. The determination of 

ellipsoids for CanUO2(CO3)3
(4-2n)- complexes allows a quick identification of the major 

(calcium)carbonatouranyl species for a given natural water sample once its chemical 

composition is available. Thermodynamic calculations and TRLFS analyses were performed 

for two water samples collected from the Site du Bosc. The calculated dominant species, i.e. 

CaUO2(CO3)3
2-, corroborates well the experimental observations in terms of important 

luminescence characteristics, i.e. band positions and decay time — knowing the lowest 

emission of MgUO2(CO3)3
2- in comparison to the CanUO2(CO3)3

(4-2n)- species. A minor 

luminescence species, which decays faster than (Mg/Ca)nUO2(CO3)3
(4-2n)-, is suspected to be of 

a natural organic matter origin, as total organic carbon concentration in the mgC/L range was 

measured, and typical patterns of UV-Vis spectrum of aromatic species were detected. The 

measured luminescent properties for (Mg/Ca)nUO2(CO3)3
(4-2n)- complexes under different 

conditions — type of electrolyte, ionic strength, and temperature — detailed in preceding works 

are verified with these sample. 
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