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Highlights 25 

 An innovative approach was developed to assess the colloidal transport of 226Ra and 26 

U  27 

 Water sampling, DGT, and solid characterization were combined with geochemical 28 

modelling  29 

 226Ra colloidal transport is explained by coprecipitation into barite 30 

 This approach can be applied to other trace elements 31 

 32 

  33 
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Abstract 34 

The colloidal transport of trace (Fe, Al, Ba, Pb, Sr, U) and ultra-trace (226Ra) elements was 35 

studied in a mining environment. An original approach combining 0.45 µm filtered water 36 

sampling, the Diffusive Gradient in Thin films (DGT) technique, mineralogical characterization, 37 

and geochemical modelling was developed and tested at 17 sampling points. DGT was used 38 

for the truly dissolved fraction of the elements of interest, while the 0.45 µm filtration includes 39 

both colloidal and truly dissolved fractions (together referred to as total dissolved fraction). 40 

Results indicated a colloidal fraction for Al (up to 50%), Ba (up to 86%), and Fe (up to 99%) 41 

explained by the presence of submicrometric grains of kaolinite, barite, and ferrihydrite, 42 

respectively. Furthermore, the total dissolved 226Ra concentration in the water samples 43 

reached up to 10-25 Bq/L (1.2 – 3.0 10-12 mol/L) at 3 sampling points, while the truly dissolved 44 

aqueous 226Ra concentrations were in the mBq/L range. Such high total dissolved 45 

concentrations are explained by retention on colloidal barite, accounting for 95% of the total 46 

dissolved 226Ra concentration. The distribution of 226Ra between the truly dissolved and 47 

colloidal fractions was accurately reproduced using a (Rax,Ba1-x)SO4 solid solution, with values 48 

of the Guggenheim parameter a0 close to ideality. 226Ra sorption on ferrihydrite and kaolinite, 49 

other minerals well known for their retention properties, could not explain the measured 50 

colloidal fractions despite their predominance. This illustrates the key role of barite in such 51 

environments. The measured concentrations of total dissolved U were very low at all the 52 

sampling points (<4.5 10-10 mol/L) and the colloidal fraction of U accounted for less than 65%. 53 

U sorption on ferrihydrite could account for the colloidal fraction. This original approach can be 54 

applied to other trace and ultra-trace elements to complement when necessary classical 55 

environmental surveys usually performed by filtration on 0.45 µm.   56 
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1. Introduction 62 

226Ra is one of the natural radionuclides resulting from the radioactive decay of 238U. Due to its 63 

long half-life (1600 y) and high specific activity (3.7 x 1010 Bq/g), 226Ra is found at ultra-trace 64 

level in the natural environment, usually below 1 Bq/L, i.e. 10-13 mol/L (Fesenko et al., 2014). 65 

Because of its decay to 222Rn, a radioactive gas with a short half-life (3.8 d) which can cause 66 

health issues when inhaled depending on the concentration and the duration (WHO, 2009), 67 

226Ra is subject to dedicated monitoring in environments of high uranium concentration such 68 

as those of U mining (Landa, 2004; Liu et al., 2006), black shale mining (Phan et al., 2015; 69 

Soesoo et al., 2020) and the production areas of phosphate fertilizers (Michie, 1979; IAEA, 70 

2013). Monitoring the mobility of U and 226Ra is important in these environments, especially 71 

within the tailings storage facilities from U mining, which represent a worldwide volume of 72 

around 1 billion m3 (the last available worldwide inventory calculated in 2004 gives a total 73 

volume of 908 million m3) (IAEA, 2004). These tailings result from the extraction and processing 74 

of U ore with a high yield, generally up to 96% (Déjeant et al., 2014). Despite this high yield, 75 

tailings still contain about 85% of the radioactivity of the original ore, because the residual 76 

radioactive products of 238U such as 226Ra (Yan and Luo, 2015) are concentrated within. 77 

Tailings are generally stored under a rock cover or water layer to limit radon emission 78 

(Robertson et al., 2018). Nevertheless, they are reactive systems (Martin et al., 2003; Patra et 79 

al., 2011; Déjeant et al., 2016; Ballini et al., 2020; Seigneur et al., 2021;   Lahrouch et al., 2022) 80 

due to the potential mobilization of radionuclides enhanced by the fine crushing and chemical 81 

treatment of the ore during the U-extraction process.  82 

Uranium is particularly mobile under oxidizing conditions, where it occurs as the hexavalent 83 

UO2
2+ uranyl species, and also in the presence of inorganic complexing agents such as sulfates 84 

or carbonates which increase its aqueous mobility (Závodsḱa et al., 2008;Langmuir and Riese, 85 

1985). However, as a trace element, uranium mobility can be affected by sorption reactions on 86 

the surface of minerals. In mining environments, U may be sorbed by clay minerals such as 87 

montmorillonite or kaolinite (Sylwester et al., 2000;  Schlegel and Descostes, 2009; Bachmaf 88 

and Merkel, 2011; Tayal et al., 2019) or by iron oxyhydroxides such as ferrihydrite or goethite 89 
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(Ames et al., 1983; Missana et al., 2003; Leermakers et al., 2019; Lahrouch et al., 2021). 226Ra 90 

occurs mainly as free-ion Ra2+ in pH-neutral water of low salinity (Fesenko et al., 2014). It can 91 

also form inorganic complexes with carbonate, chloride, and sulfate (Langmuir and Riese, 92 

1985; Reiller and Descostes, 2020). Its mobility is also controlled by sorption reactions on the 93 

surface of clay minerals (Reinoso-Maset and Ly, 2016; Robin et al., 2017) or manganese-iron 94 

(oxy-)hydroxides (Ames et al., 1983; Nirdosh et al., 1990; Sajih et al., 2014). Furthermore, 95 

radium can be incorporated into the structure of other alkaline earth sulfate or carbonate 96 

minerals occurring in mining environments (Curie, 1911; Doerner and Hoskins, 1925; Langmuir 97 

and Reise, 1985; Gnanapragasam and Lewis, 1995; Curti, 1999; Grandia et al., 2008; Yoshida 98 

et al., 2008; McDevitt et al., 2019), such as barite, through the formation of a (Ba,Ra)SO4 solid 99 

solution (Doerner and Hoskins, 1925; Brandt et al., 2015; Ouyang et al., 2019; Besançon et 100 

al., 2020; Brandt et al., 2020). Sorption of U and 226Ra on natural organic matter has also been 101 

documented (see Bordelet et al. (2018) and references therein).  102 

In natural waters, trace elements including radionuclides can be distributed into three fractions 103 

distinguished by their difference in size (Figure 1): the particulate fraction greater than 0.45 µm 104 

(corresponding to the water filtration threshold usually adopted for environmental monitoring), 105 

the truly dissolved fraction lower than 1 nm and the colloidal fraction with a size between these 106 

two fractions (Stumm, 1997; Missana et al., 2004; Aiken et al., 2011). Colloids are mainly 107 

composed of minerals exhibiting retention properties towards trace elements such as Fe-Ti-Al 108 

oxy-hydroxides, phosphates, carbonates, sulfates, silica, and aluminosilicate phases found in 109 

oxidizing contexts, and sulfides under reducing conditions (Kaplan et al., 1994; Turrero et al., 110 

1995; Porcelli et al., 2001; Nordstrom, 2011; Nordstrom et al., 2015; Husson et al., 2019; Javed 111 

et al., 2020; Equeenuddin et al., 2020; Silva et al., 2021). They can also be a mix of organic 112 

substances and minerals (Kretzschmar and Schäfer, 2005; Wang et al., 2013; Wang et al., 113 

2014; Novotnik et al., 2018). Due to their size and high specific surface areas (Buffle and 114 

Leppard, 1995), they may be involved in the transport of trace elements as sorbed species in 115 

the aquatic environment, including radionuclides.  116 
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The “total dissolved fraction” combines in this article the truly dissolved and colloidal fractions. 117 

The particulate and total dissolved fractions can be easily determined by filtration (usually at 118 

0.2 µm or 0.45 µm), but the colloidal fraction is rarely separated from the other fractions. 119 

Nevertheless, some studies have evaluated the colloidal transport of U and other metals into 120 

the environment by directly characterizing the colloidal fractions recovered after sampling to 121 

show the important role of colloids in the transport. For example, colloidal fractions have been 122 

extracted from both water and soil samples by asymmetric flow field-flow fractionation (As-Fl-123 

FFF) and then characterized by coupling multi-angle laser light scattering (MALS), ultra-violet 124 

(UV) and inductively coupling plasma-mass spectrometry (ICP-MS) techniques (Claveranne-125 

Lamolère et al., 2009; Harguindeguy et al., 2019). Several studies have tried with success to 126 

evaluate the colloidal fractions of collected natural waters using both aqueous (membrane 127 

filters, ultrafiltration, Diffusive Gradients in Thin Films - DGT) and solid characterizations (X-128 

ray diffraction - XRD; scanning electron microscopy with energy-dispersive X-ray spectroscopy 129 

- SEM/EDX; transmission electron microscopy - TEM; time-resolved laser-induced130 

fluorescence spectroscopy - TRLIFS)  (Backhus et al., 1993; Denaix et al., 2001; Wang et al., 131 

2013; Phrommavanh et al., 2013; Leermakers et al., 2016; Equeenuddin et al., 2020). These 132 

methods are difficult to implement. Indeed, any change in the water composition, pH or 133 

oxidation state during extraction operations may drastically change the colloidal distribution of 134 

the trace elements. This is particularly the case for anoxic waters which samples may undergo 135 

oxidation, with the consequent precipitation of ferric hydroxides and participation in the sorption 136 

of ions, which would lead to an overestimation of the colloidal fraction. Surprisingly, the case 137 

of 226Ra is rarely addressed (Phrommavanh et al., 2013; Leermakers et al., 2016) and only a 138 

few references present the role of barite in the colloidal transport of 226Ra despite its well-139 

known retention properties. 140 
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In the present study, an innovative and complete multidisciplinary approach is proposed to 141 

assess the colloidal transport of uranium and 226Ra. It includes water sampling by conventional 142 

filtration at 0.45 µm and the DGT technique to estimate the truly dissolved fraction, from which 143 

the colloidal fraction could be calculated by difference. Although DGT and ultrafiltration are 144 

based on completely different principles, studies performed on the comparison of results 145 

obtained by the two methods show good agreement (Forsberg et al., 2006;Tonello et al., 2011; 146 

Leermakers et al., 2016). Sediments associated with these waters were also sampled and their 147 

mineralogy was characterized using XRD, infrared spectroscopy (IR), and SEM. All these data 148 

were completed by geochemical modelling to ensure consistency of the results and to better 149 

constrain the retention mechanisms of 226Ra and U on the colloidal fraction. These data were 150 

acquired on a reclaimed former uranium mining site where a variety of geochemical conditions 151 

is encountered, including U and 226Ra concentrations above the natural geochemical 152 

background.  153 

 154 

Figure 1. Definition and characterization of the fractions sampled in surface waters.  155 

 156 

2. Study area 157 
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Mine water samples were collected at the former COMUF (Compagnie des Mines d’Uranium 158 

de Franceville) uranium mining site in Gabon (Figure 2). From 1958 to 1999, COMUF mined 159 

uranium deposits both in open pits and underground mines at the following locations around 160 

the locality of Mounana: Mounana, Boyindzi, Oklo, Okélobondo and Mikouloungou (see 161 

Lecomte et al., 2020 and references therein). In total, more than 6.4 Mt of ore with an average 162 

grade of 3.73‰ was mined then processed in a plant located on-site to recover the uranium. 163 

COMUF produced over 26,600 tons of uranium. Following the fall in uranium prices in the 164 

1990s and the depleted mineral deposits, COMUF started rehabilitating the sites in 1997 and 165 

ceased mining operations in June 1999 (Loueyit et al., 2002). Rehabilitation was completed in 166 

2006 and included the five tailings storage facilities (Pagel and Somot, 2002). The sites are 167 

now kept under radiological and environmental surveillance (water, soil, air, and food chain). 168 

In this study, the focus was on 17 sampling points throughout the entire site characterized by 169 

differences in the chemistry of the sampled water (see Table SI- 1 in Supplementary 170 

Information), including leaching tailing waters. All water leaving the mining site has 226Ra and 171 

U concentrations at or below the natural background.  172 
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 173 

Figure 2. Location of the COMUF mining site and aerial photo of the site in its present state. 174 

 175 

3. Materials & Methods 176 

3.1. Water sampling and analysis 177 

Mine water samples from 17 sampling points were taken and analyzed. The samples were 178 

extracted with a syringe through a pre-weighed 0.45 µm syringe filter (Durapore, Millipore) 179 

immediately after collection and conditioned just after the sampling. The filtration separated 180 

the particulate fraction (>0.45 µm) from the total dissolved fraction (<0.45 µm). The physico-181 

chemical parameters (pH, oxidation reduction potential – ORP, dissolved O2, electrical 182 

conductivity - EC, and T°) were measured in-situ at each of the seventeen sampling points. 183 

The values were recorded once the stabilization of the physico-chemical parameters had been 184 

reached. For more details regarding the sampling and analytical methodologies, refer to 185 

(Phrommavanh et al., 2013; Wang et al., 2014; Ballini et al., 2020). 186 

The total dissolved fraction was analysed for:  187 

- Major cations (Ca, Mg, K, Na) by inductively coupled plasma atomic emission 188 

spectrometry (ICP-AES; Iris, Thermo Jarrell Ash). Yttrium and gold (1 ppm) were used 189 
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as internal standards and reference materials SW1 (surface water level 1), and SW2 190 

(surface water level 2) were used as quality control (QC). 191 

- Major anions (Br, F, Cl, SO4) by ion chromatography (Dionex DX 500). Ammonium,192 

nitrate, phosphate, and silicate were determined colorimetrically (QuAAtro Seal193 

Analytical). The reference material ION-96 (NRCC) was used as QC. Dissolved194 

inorganic carbon (DIC) was obtained by mass spectrometry (Nu Instruments Ltd.).195 

Sodium bicarbonate was used as a standard and ION-96 (NRCC) as a QC sample.196 

- Trace element concentrations (Al, Ba, Fe, Pb, Sr, U, 226Ra) using a Thermo Element II197 

sector field inductively coupled plasma mass spectrometry (SF-ICP-MS), based upon198 

calibration curves prepared from multi-element (Merck) and single element (Johnson199 

Matthey Specpure) standard solutions. SLRS-4 (river water) and NIST-1640a reference200 

samples were used as QC samples.201 

All measurements were within the certified ranges, with recoveries ranging from 95-105%. 202 

203 

3.2. DGT measurements 204 

The DGT technique (Davison and Zhang, 1994; Phrommavanh et al., 2013; Drozdzak et al., 205 

2015; Drozdzak et al., 2016; Leermakers et al., 2016; Husson et al., 2019)  was used to 206 

estimate the truly dissolved fraction. This technique, developed by Davison and Zhang (1994) 207 

consists of trapping the elements of interest on a passive sampler comprising a binding gel, a 208 

diffusion gel, and a filter membrane. Species small enough to diffuse into the diffusive gel 209 

(generally around 10 nm pore size) and kinetically sufficiently labile to dissociate within the 210 

residence time in the diffusive layer (free metal ions and labile metal complexes) will be trapped 211 

on the binding gel.  212 

Polyacrylamide (PAM) diffusive gels with a thickness of 0.8 mm were prepared according to 213 

Zhang and Davison (2000). They contained 15% of acrylamide solution and 0.3% of patented 214 

agarose derived cross-linker (DGT Research Ltd. Lancaster). The catalyst used was 215 
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N,N,N’,N’-tetramethylenediamine (TEMED) and 10% ammonium persulfate was used as an 216 

initiator for polymerization. The diffusive gels were stored in a 0.01 M NaNO3 solution before 217 

use. PAM binding gels of 0.4 mm of thickness were prepared with either 1 g of MnO2 dedicated 218 

to 226Ra (prepared according to Leermakers et al., 2016) or 2 g of Chelex-100 resin dedicated 219 

to other trace elements (prepared according to Zhang and Davison, 2000). The Chelex and 220 

MnO2 binding gels were eluted in 1 mL of 1 M HNO3 solution for 24 hours. Samples were then 221 

further diluted to 10 mL and the resin gel was removed before ICP-MS analysis. The mass (m) 222 

of metal accumulated on the resin gels was calculated using equation (1), considering the 223 

concentration measured by ICP-MS (Ce), the volume of gel (Vg), the total elution volume (Ve) 224 

and the elution factor (fe) (Leermakers et al., 2009; Drozdzak et al., 2015). 225 

𝑚 =
𝐶𝑒 (𝑉𝑔+𝑉𝑒 )

f𝑒
(1) 226 

The DGT-measured labile concentration (CDGT) (g cm-3) was then deduced using the equation 227 

(2), considering the mass of the analyte on the binding gel (m) (expressed in grams), the 228 

thickness of the diffusive gel and filter (Δg) (in cm), the diffusion coefficient of the analyte in 229 

the diffusive gel (D) (in cm2 s-1), the deployment time (t) (in s) and the surface area of the 230 

exposure window (A) (in cm2).  231 

𝐶𝐷𝐺𝑇 =
𝑚.𝛥𝑔

𝐷.𝑡.𝐴
(2) 232 

The diffusion coefficients used are from Davison (2016) and Drozdzak et al. (2016) for uranium 233 

and from Leermakers et al. (2009) for 226Ra. They were corrected for temperature using the 234 

Stokes-Einstein equation (Zhang and Davison, 1999). DGT-labile Al, Ba, Fe, Pb, Sr, U and 235 

226Ra concentrations were measured for ten of the seventeen sampling points using this 236 

technique and used to estimate the truly dissolved fraction. DGT deployment times ranged 237 

from 24h to 72h depending on the expected concentrations.  238 

239 

3.3. Colloidal fraction 240 
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The colloidal concentrations of the targeted elements were determined by calculating the 241 

difference between the total dissolved (<0.45 µm) and DGT-measured truly dissolved fractions 242 

according to Equation (3):  243 

[Element]colloidal = [Element]total dissolved (<0.45µm) – [Element]truly dissolved (DGT) (3) 244 

They were calculated for the elements for which the DGT-labile fraction was measured.  245 

 246 

3.4. Mineralogical characterizations  247 

A mineralogical characterization based on the combination of XRD, Mid-InfraRed Fourier 248 

Transform Infra-Red (MIR-FTIR), and Near-Infrared (NIR) spectroscopy and SEM/EDX was 249 

carried out on the sediments collected in sample vials at the two sampling points where the 250 

highest 226Ra colloidal fractions were measured (S8 and S11). This multimethodological 251 

approach enables the occurrence of the mineral phases potentially involved in the retention of 252 

colloidal U and 226Ra to be verified. The characterizations were conducted on two fractions for 253 

both samples: the bulk fraction, to determine the global mineralogical composition; and the fine 254 

fraction (below 2 µm), to characterize the finely divided minerals including clay minerals.  255 

The fine fraction (supernatant fraction here) was extracted from the bulk fraction dispersed in 256 

water using an ultrasonic bath and then centrifuged (2.5 minutes at 1000 rpm). 257 

The mineral phases were determined using a Bruker D8 diffractometer (IC2MP, Poitiers) 258 

equipped with a copper anode tube (Cu-Kα = 1.5418 Å). Data were acquired under the 259 

following analytical conditions: 40 kV, 40 mA, angular domain from 2 to 65 °2θ for the randomly 260 

oriented powder of the bulk fraction, with a step of 1.2 s per 0.025 °2θ and from 2 to 35 °2θ for 261 

oriented preparations of the fine fractions (air-dried and after ethylene glycol saturation in vapor 262 

state). 263 

Mid-infrared spectra (400 to 4000 cm-1) were acquired on the bulk solid fraction using a 264 

NicoletTM 6700 spectrometer equipped with a potassium bromide (KBr) beamsplitter and a 265 
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DTGS-KBr detector. The obtained spectra are a coaddition of 100 scans with a resolution of 266 

4 cm-1. Ferrihydrite synthetization following the protocol from Cornell and Schwertmann (2003) 267 

was used as a standard. Analyses of the bulk fraction were carried out on a blend of 1 mg of 268 

sample and 150 mg of KBr which were then homogenized in a mortar and compressed at 269 

8 kbar to form pellets. These were dried in an oven at 105 °C for 24 h. The fine fraction was 270 

analyzed using a NicoletTM IS50 ATR equipped with a KBr beamsplitter and a DTGS-KBr 271 

detector.  272 

Near-infrared analysis of the bulk and fine fractions was used to determine the relative 273 

proportions of kaolinite and smectite. Measurements were made with a NicoletTM 6700 274 

spectrometer equipped with a Thermo Scientific Near-Infrared integrating sphere, a PbSe 275 

detector, and a CaF2 beamsplitter.  The obtained spectra (4000 to 10000 cm-1) are a coaddition 276 

of 100 scans with a resolution of 4 cm-1. The data were converted from reflectance to 277 

transmittance using OMNIC Series software in order to analyse the region from 4750 to 278 

4000cm-1. The latter is used to define the relative proportion between kaolinite and smectite 279 

according to the method developed by Hebert (2018).  280 

Then, SEM analysis was performed using a JEOL 5600 LV microscope coupled with a 281 

BRUKER SiLi EDS AXS detector. The bulk solid fractions were crushed in a mortar and 282 

compressed using a hand-held pelletizer to form pellets. These were coated with carbon to 283 

perform chemical analyses (Si, Al, K, Fe, Ba, S) and observations. SEM observations were 284 

made in backscattering electron mode (BSE) using the following analytical conditions: a 285 

working distance of 16.5 mm, a probe current of 1 nA, and an acceleration voltage of 15 kV.  286 

 287 

3.5. Geochemical modelling 288 

Modelling was performed to test and confirm the colloidal transport of 226Ra and U and to 289 

quantify the contribution of each mineral phase involved in their retention. The PHREEQC 290 

computer program (Parkhurst and Appelo, 2013; version 3.6.2) was used, implementing the 291 
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PRODATA thermodynamic database which focuses on U and 226Ra chemistry (Reiller and 292 

Descostes, 2020; version 1.1.0.4). The modelling approach is described in Figure 3. 293 

Mineralogical observations and mineral species saturation indexes, calculated using the total 294 

dissolved fractions implemented in the model, were used to ascertain the presence of minerals 295 

involved in the retention of 226Ra and U: clay minerals, iron oxy-hydroxides, and barite. The 296 

main mechanisms considered were mineral precipitation and dissolution, sorption of cations 297 

on ferrihydrite and kaolinite, and formation of the barite-based (Ba,Ra)SO4 solid solution. A 298 

similar approach for Ra modelling using PHREEQC can be found in Van Sice et al. (2018) and  299 

McDevitt et al. (2019). 300 
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 301 

Figure 3. Modelling strategy for the partition of measured elements between colloidal and truly dissolved fractions 302 

in the water samples. T: temperature, IS: saturation index for minerals, a0: parameter of deviation from an ideal 303 

solid solution, SFE: specific surface area of ferrihydrite, [Al]d: aluminum concentration measured in truly dissolved 304 

fraction, M: cation, Xc-: sorption site on clay minerals, Fes_: sorption site on iron oxy-hydroxide. The Prodata 305 

thermodynamic database includes the speciation of elements and the mineral phases with associated constants of 306 

dissolution/precipitation. 307 

 308 

The (Ba,Ra)SO4 solid solution model was implemented using the dimensionless Guggenheim 309 

interaction parameter a0 which represents the deviation from an ideal solid solution (Vinograd 310 

et al., 2013). 226Ra / U sorption onto ferrihydrite was implemented using the surface 311 

complexation model and site densities from Dzombak and Morel (1990). The surface 312 
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complexation constants are from Dzombak and Morel (1990) for H, Ca, Mg, Ba, SO4, and U 313 

with additions for carbonates from the Minteq database (minteq.v4.dat derived from Allison 314 

and Brown, 1995) and for uranyl-carbonate from Mahoney et al. (2009). Surface complexation 315 

constants for  226Ra and ferrihydrite surface areas are from Sajih et al. (2014). 226Ra / U sorption 316 

onto kaolinite was implemented using the multi-site exchange ion model from Reinoso-Maset 317 

and Ly (2016) with site concentrations, major cations, and 226Ra and U sorption constants from 318 

Reinoso-Maset and Ly (2014, 2016). Ba sorption was implemented with the same constants 319 

as 226Ra sorption as they are chemical analogues (Curie, 1911; Sajih et al., 2014).  320 

As inputs to the model, the colloidal fractions of Ba, Fe, and Al measured with equation (3), 321 

when positive, were implemented as quantities of barite, ferrihydrite, and kaolinite respectively. 322 

The initial water chemistry was implemented in the model using major and trace element 323 

concentrations and physico-chemical parameters measured in-situ as described in section 3.a. 324 

Therefore, the total amounts of 226Ra and U were inserted into the model and were redistributed 325 

between the aqueous fraction (i.e. the truly dissolved) and the solid fraction (representative of 326 

the colloidal fraction) through the equilibrium calculations.   327 

328 

4. Results329 

4.1. Water chemistry 330 

All results are given in Table SI- 1. The surface water samples are slightly acidic to neutral , 331 

with pH values ranging from 4.8 to 7.5. Furthermore, they are very weakly mineralized with 332 

electrical conductivities below 200 µS/cm, and consequently show very low major ion 333 

concentrations (ionic strength in the range of 10-3 mol/L). The total dissolved carbon 334 

concentrations are also very low (<1 mmol C/L), with carbon mainly inorganic. In general the 335 

samples exhibit a calcium bicarbonate type, with a few presenting slightly higher 336 

concentrations of sodium and sulfate (see Figure SI- 1). Most of them are oxygenated with 337 

oxidizing ORP values from 174 to 592 mV/SHE. The analyses displayed a relatively 338 

satisfactory ionic balance allowing these results to be used, even if ionic deviations are 339 
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observed for very diluted samples. The water samples can be divided into two categories 340 

according to their chemistry and their 226Ra content. In one, we can group the weakly 341 

mineralized (conductivity <75 µS/cm) and slightly acidic samples (S1, S3, S4, S5, S6, S7, S12, 342 

S13, S14, S16, and S17). In all these, the water, being very pure and comparable to rainwater, 343 

is chemically aggressive towards rocks and soils from the watershed and exhibits the highest 344 

Al concentrations. In the other category, slightly more mineralized water (conductivity >150 345 

µS/cm) can be identified (S2, S8, S9, S11, S15, and to a lesser extent S10). The water at these 346 

points has been affected by the former U mining activities. In this group, the highest total 347 

dissolved concentrations of 226Ra (>10 Bq/L for S8, S11, and S15) and to a lesser extent U 348 

(40 nmol/L for S2 and S9) can be observed concurrently with enrichments in Na, Ca, Mg, 349 

SO4, NO3, DIC, and also in trace elements such as Ba, Fe, and Sr, which are linked to the 350 

phases involved in the 226Ra and U retention (sulfate minerals and ferric oxy-hydroxides). This 351 

is also highlighted by the correlation matrix gathered in Table SI- 2(R2
[226Ra]-EC] = 0.67; R2

[226Ra]-352 

[Na] = 0.59; R2
[226Ra]-DIC = 0.90; R2

[226Ra]-[NO3] = 0.84; R2
[226Ra]-[NH4] = 0.97; R2

[226Ra]-[Sr] = 0.68; 353 

R2
[226Ra]-[Ba] = 1.00; R2

[226Ra]-[Fe] = 0.94). No clear correlation involving U is discernible. High 354 

concentrations in 226Ra above 10 Bq/L are anomalous and will be discussed below. 355 

It is interesting to note that the calculated activity ratio 238U/226Ra for each sample point is far 356 

from being equal to 1, as would be expected if radioactive equilibrium had been reached; but 357 

was in general less than 1, which is consistent with U-depleted tailings. However, ratios greater 358 

than 1 are also observed at 2 points, S2 (5.6) and S10 (9.5), indicating an excess of U. This U 359 

excess, indicating the presence of 238U not at secular equilibrium, is due to a redistribution of 360 

U after ore processing. These observations agree with the different geochemical properties of 361 

both the radioelements relative to redox conditions and the retention minerals leading to 362 

differences in their respective mobility, especially when they are at ultra-trace levels. 363 

 364 

4.2. Truly dissolved fraction measured by DGT and colloidal fraction 365 
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DGT-labile Al, Ba, Fe, Pb, Sr, U, and 226Ra concentrations were measured for ten of the 366 

seventeen sampling points (see Table SI- 3 in Supplementary Information). DGT-labile Al, Ba, 367 

Sr, and Pb show concentrations and variations in the same range as those observed for total 368 

dissolved concentrations: ([Al]DGT from 16 (S7) to 450 (S4) nmol/L; [Ba]DGT from 38 nmol/L (S7) 369 

to 2.395 µmol/L (S15); [Pb]DGT from 10.7 (S2) to 197 (S17) pmol/L; [Sr]DGT from 25.9 (S7) to 370 

213 (S9) nmol/L). However, lower concentrations of truly dissolved 226Ra are found with 371 

activities varying between 0.99 (S1) and 1395 (S11) mBq/L, accounting for 4-96% of the total 372 

dissolved 226Ra, whereas the truly dissolved uranium concentrations range between 0.04 (E1) 373 

and 37.3 (S2) nmol/L and account for 40-98% of the total dissolved uranium. For Fe, on the 374 

other hand, the DGT-labile concentrations ([Fe]DGT from 1.85 nmol/L (S2) to 10.8 µmol/L (S11)) 375 

account for <1% to 42% of the total dissolved Fe concentrations. 376 

 377 

Low DGT-labile concentrations are also observed to a lesser extent for the highest 378 

concentrations of 226Ra and Ba. Such differences are associated with the existence of a 379 

colloidal fraction as calculated using Eq. (3) (results are presented in Table 1). From the 380 

samples where colloidal fraction was measured, the majority of Fe is transported as colloids 381 

(90% on average) as well as alkaline earths Ba, Sr, and 226Ra, which show high colloidal 382 

transport (respectively 73%, 78 and 71% on average) even in low-mineralized waters. A lower 383 

proportion of U (40%) is transported as colloids. The highest 226Ra colloidal concentrations 384 

(9 868 mBq/L; S11: 26 405 mBq/L (S11); 24 725 mBq/L (S15)) are observed jointly with the 385 

highest colloidal concentrations of Fe (8.01 µmol/L (S8); 49.95 µmol/L (S11); 48.66 µmol/L 386 

(S15)) and Ba (3 481 nmol/L (S8); 10 058 nmol/L (S11); 8 788 nmol/L (S15) ). This is also 387 

confirmed by the correlation matrix presented in Table SI- 2 (R2
[226Ra]coll-[Fe]coll = 0.98; R2

[226Ra]coll-388 

[Ba]coll = 1.00). No correlation involving U is found (R2
[U]coll-[Fe]coll = -0.43). These results highlight 389 

the possible retention of 226Ra, by Ba and/or Fe-bearing minerals. Note that negative colloidal 390 

concentrations are typically found for very low total dissolved concentrations, and are assigned 391 

to 0 in the balance of this study. As regards the trace and ultra-trace elements, they result from 392 
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both the uncertainties for very low concentrations and the slight variations in water composition 393 

during the DGT deployment time (see Figure SI- 2). 394 

Table 1. Colloidal concentrations and molar fractions of Al, Ba, Fe, Pb, Sr, U, and 226Ra measured for 10 sampling 395 

points (see Eq. 3 for calculation). N/A is reported when the calculation was not possible, e.g. when total dissolved 396 

concentrations are below the detection limit as for 226Ra. Shown in grey are the samples for which a mineralogical 397 

characterization of the suspended matter was achieved. 398 

[Al]colloidal [Ba]colloidal [Fe]colloidal [Pb]colloidal [Sr]colloidal [226Ra]colloidal [U]colloidal

(nmol/L) (nmol/L) (µmol/L) (pmol/L) (nmol/L) (mBq/L) (nmol/L) 

S1 
135 

26% 

N/A 3.05 

79% 

7.37 

10% 

N/A 
N/A 

0.06 

56% 

S2 
11 

13% 

163 

75% 

0.395 

100% 

66.57 

86% 

622 

79% 

4.16 

17% 

8.78 

19% 

S3 
60 

16% 

N/A 0.631 

58% 

N/A N/A 46.13 

57% 

1.36 

50% 

S4 
N/A N/A 1.86 

96% 

235 

89% 

N/A 213.3 

82% 

2.69 

65% 

S7 
60 

79% 

63 

62% 

0.938 

99% 

18.67 

52% 

63.77 

71% 
N/A 

0.12 

59% 

S8 N/A 
3481 

76% 

8.01 

95% 

9.19 

21% 

544 

79% 

9868 

96% 

2.44 

47% 

S9 
N/A 

% 

325 

60% 

1.74 

94% 

N/A 537 

72% 

299 

69% 

8.21 

18% 

S11 
94 

47% 

10058 

86% 

49.95 

82% 

N/A 792 

88% 

26405 

95% 

0.17 

7% 

S15 
756 

97% 

8788 

79% 

48.66 

98% 

1176 

87% 

677 

78% 

24725 

96% 
N/A 

S17 
89 

57% 

N/A 4.33 

91% 

202 

51% 

N/A 109.2 

57% 

2.54 

51% 

399 

400 

4.3. Mineralogical characterization 401 

Sediments collected from two sampling points where the highest 226Ra colloidal fraction was 402 

measured (S8 and S11) were characterized. The XRD patterns obtained on the bulk fraction 403 

of the suspended solids (Figure 4) show occurrences of quartz, goethite, and kaolinite (only 404 

for S8). The fine fraction was used to determine the presence of clay particles (Figure SI- 3). 405 

XRD measurements of the latter confirmed that both samples contained kaolinite and goethite. 406 

The XRD analysis also indicated the presence of illite or micas (peak at 9.99 Å) in one sample. 407 
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Additional SEM-EDX analyses confirmed it is mica. Furthermore, the bulk fraction XRD 408 

patterns exhibit a low signal-to-noise ratio, which can be attributed to amorphous phase(s).  409 

 410 

Figure 4. Mineralogical characterization of the samples S8 and S11 by: TOP: XRD (left: XRD patterns of the bulk 411 

fraction. For better legibility, the S11 curve has been offset. Abbreviations: K: Kaolinite. Q: Quartz. G: Goethite) and 412 

Mid-infrared spectroscopy (right; spectra of the bulk fraction. For better legibility, the S8 curve has been offset); 413 

BOTTOM: SEM observations of barite (A) combined with EDX maps for barium (B) and sulfur (C) on bulk solid 414 

fraction. 415 

 416 
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Infrared analyses confirmed the presence of kaolinite and goethite in both fractions for both 417 

samples (see Figure 4 and Figures SI- 4, SI- 5, SI- 6 and SI- 7 in Supplementary Information). 418 

Infrared analyses of the fine fractions showed the presence of kaolinite and to a lesser extent 419 

smectite with a ~90/10 kaolinite/smectite ratio. SEM observations revealed the presence of 420 

barite in the bulk fraction for both samples, from micrometric to submicrometric dimensions 421 

(Figure 4). 422 

423 

5. Discussion: highlighting the 226Ra and U retention properties of the colloidal fraction424 

by modelling 425 

The mineralogical characterizations have highlighted barite, kaolinite, and iron oxyhydroxides 426 

as minerals present in the samples and known for their properties to incorporate 226Ra and U. 427 

The goethite observed in the samples might originate from ferrihydrite after oven drying, the 428 

observed red color of the samples during sampling indicates the presence of ferrihydrite. The 429 

stability of these minerals was confirmed by calculating the saturation indexes for each of them: 430 

barite (the extreme values range from -2.52 to 1.18 for samples S1 and S11, respectively), 431 

ferrihydrite (from 0.40 to 1.89 for samples S13 and S11, respectively) and kaolinite (from -1.11 432 

to 4.93 for samples S1 and S6, respectively) for total dissolved fraction and for truly dissolved 433 

fraction (extreme values are -2.49 to 0.5 for barite, -2.78 to 1.12 for ferrihydrite and -1.3 to 4.9 434 

for kaolinite in this case). Carbonates, hydroxide, and sulfate minerals other than barite (calcite, 435 

cerussite, rhodochrosite, anglesite, celestite, gypsum) but also U-bearing minerals 436 

(metaschoepite and soddyite) are undersaturated (SI <-1). 437 

438 
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5.1. 226Ra retention on barite 439 

Modelling of 226Ra retention by solid solution or sorption was performed as described in Figure 440 

1 for the sampling points where colloidal 226Ra was measured as well as colloidal Ba (5 441 

samples: S2, S8, S9, S11, S15), Fe (8 samples: S2, S3, S4, S8, S9, S11, S15, S17) or Al (5 442 

samples: S2, S3, S11, S15, S17). The 226Ra measured in the total dissolved fraction was set 443 

as an/the input to the model and was redistributed between the modelled truly dissolved and 444 

colloidal fractions, either barite, kaolinite or ferrihydrite (only elements for which colloidal 445 

fractions were measured were considered as potentially forming a solid phase, therefore 446 

excluding Mn). Ferrihydrite was chosen as the most challenging case as it is the iron 447 

oxyhydroxide with the greater sorption capacity.  448 

The incorporation of 226Ra in the barite solid solution as (Rax,Ba1-x)SO4 was modelled by 449 

adjusting the Guggenheim parameter a0 (Guggenheim, 1937; Glynn, 2000) to approximate the 450 

measured distribution of 226Ra. The dimensionless Guggenheim interaction parameter a0 451 

represents the deviation from an ideal solid solution (Vinograd et al., 2013). As shown in Figure 452 

5, the distribution of 226Ra between the truly dissolved and colloidal fractions was accurately 453 

reproduced simply by using a (Rax,Ba1-x)SO4 solid solution with a0 values close to ideality. A 454 

solid solution is considered as ideal when a0 = 0 ± 0.3 (Heberling et al., 2018) and non-ideal 455 

for a0 values below 2.5 (Curti et al., 2010). The calculated a0 value for samples S2 therefore 456 

slightly diverges from the ideal solid solution (Table 2). These two points have the lowest 457 

[226Ra]colloidal (4.16 and  299 mBq/L representing respectively 17% and 69% of the total 458 

dissolved 226Ra) and [Ba]colloidal (163 and  325 nmol/L, 75% and 60% of Ba) calculated values, 459 

which could lead to greater measurement uncertainties (see Table 1).  460 
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 461 

Figure 5: Modelling of the 226Ra and U retention on the colloidal fraction. The truly dissolved fraction 226Ra and U 462 

retention on colloidal fraction were tested independently on ferrihydrite and kaolinite but retention was negligible 463 

for 226Ra. Barite was also tested for 226Ra retention. Three representative samples are represented here, the other 464 

samples can be found in Supplementary Information (Figure SI-8). 465 

 466 

A solid solution close to ideality accounts for the great majority of colloidal 226Ra. The 467 

distribution of 226Ra between barite and solution can be also described by a partition coefficient, 468 

D:  469 

𝐷 =
(

𝑅𝑎

𝐵𝑎
)𝑏𝑎𝑟𝑖𝑡𝑒

(
𝑅𝑎

𝐵𝑎
)𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛

=  
(

[ 𝑅𝑎226
]
𝑐𝑜𝑙𝑙𝑜𝑖𝑑𝑎𝑙

[𝐵𝑎]𝑐𝑜𝑙𝑙𝑜𝑖𝑑𝑎𝑙
)

(
[ 𝑅𝑎226 ]

𝐷𝐺𝑇
[𝐵𝑎]𝐷𝐺𝑇

)

        (4) 470 

The partition coefficients for the measured and modeled solutions are listed in Table 2. 471 
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Table 2. a0 and partition coefficient (D) values corresponding to the modelled and measured values of Ra and Ba 472 

for a (RaxBa1-x)SO4 solid solution. A tolerance of 10% was considered for the truly dissolved and total dissolved 473 

concentrations.  474 

Sampling point a0 modeled D modeled D measured 

S2 0.8  0.8 0.07±0.04 

S8 0 1.7 8±5 

S9 0 1.7 1.5±0.9 

S11 0.3 1.4 3±2 

S15 0 1.8 7±4 

 475 

The partition coefficients calculated using the measured concentrations (D measured) are for 476 

three samples higher than those modelled, reaching values up to 8±5 which is higher than the 477 

usual partition coefficients for the (Rax,Ba1-x)SO4 solid solution system, with values ranging 478 

from 0.1 to 2.1 (Curti et al., 2010; Heberling et al., 2018). This indicates the influence of another 479 

element in the solid solution present in the natural system as Sr or Pb (identified in the colloidal 480 

fractions, see Table 1). Sr in a (Rax,Sry,Ba1-x-y)SO4 solid solution induces a higher partition 481 

coefficient than the (Rax,Ba1-x)SO4 system (Vinograd et al., 2018; Brandt et al., 2020). Indeed, 482 

colloidal fractions of Sr and Pb were also calculated (see Table 1). PHREEQC modelling of 483 

the equilibrium of a (Sry,Ba1-y)SO4 solid solution using Guggenheim coefficient from Heberling 484 

et al., 2017 shows that the solutions are in equilibrium with barite solid solutions containing 485 

0.01% Sr. According to Vinograd et al. (2018), this would lead to an increase of D by a factor 486 

of around 3. A (Rax,Pbz,Ba1-x-z)SO4 solid solution could also account for the difference in D 487 

(same trend, but weaker influence). Such solid solution systems with three to four end-488 

members allow for an even better understanding of 226Ra retention in the colloidal fraction of 489 

the water but modelling with a simple (Rax,Ba1-x)SO4 solid solution is sufficient to reproduce 490 

the colloidal retention of 226Ra. 491 

Concurrently, 226Ra sorption on the other minerals observed (kaolinite, smectite, ferrihydrite, 492 

and goethite) was assessed by modelling. Sorption on kaolinite, despite being overestimated 493 

by our choice of attributing all colloidal Al to kaolinite, could account for less than 0.001% of 494 

colloidal 226Ra. The possible influence of a greater amount of smectite than the observed 10%, 495 
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which has a higher sorption capacity (Cation Exchange Capacity of 80-150 meq/100g versus 496 

5-15 meq/100g for kaolinite) was also assessed (Reinoso-Maset and Ly, 2016; Robin et al.,497 

2017). In this case, at most 0.1% of the colloidal 226Ra could be explained by sorption onto 498 

montmorillonite. Ferrihydrite accounted for less than 0.4% of colloidal 226Ra for all samples. 499 

Goethite, which has lower sorption capacities than ferrihydrite, could not sorb any 226Ra. All 500 

these calculations are given in Supplementary Information (Figure SI-9). Retention by barite is 501 

thus able to explain the measured colloidal fraction of 226Ra, which is not the case for sorption 502 

on iron hydroxides or clay minerals. 503 

504 

5.2. Uranium retention 505 

U is present in the solutions in very low concentrations (< 50 nmol/L) with less than 65% in 506 

colloidal fraction. U sorption was tested on clay minerals and iron oxy-hydroxides according to 507 

the modelling described in Figure 1 when colloidal U was measured as well as colloidal Fe (8 508 

samples: S2, S3, S4, S7, S8, S9, S11, S17) or Al (6 samples: S2, S3, S7, S11, S15, S17). 509 

Figure 5 shows the results of the modelling. It appears that sorption on kaolinite plays only a 510 

minimal role in the colloidal transport of U since colloidal clay minerals (kaolinite and smectite) 511 

could sorb only between 0% and 7% of U. A significant part of U could sorb on ferrihydrite as 512 

UO2
+2cation and UO2CO3 and UO2(CO3)2

-2 complexes: between 2% and 81% of U compared513 

to 7% to 65% of U measured in the colloidal fraction. No U retention was calculated on goethite 514 

which has a lower retention capacity than ferrihydrite (see Supplementary Information Figure 515 

SI-9). A notable part of the colloidal transport of U can then be explained by sorption on 516 

ferrihydrite. Additional modelling on smectite and goethite is available in Supplementary 517 

Information. 518 

519 

6. Conclusion520 
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The prediction of the long-term evolution of uranium and 226Ra is essential in areas where 521 

uranium and radium concentrations are monitored. In this context, the present paper proposes 522 

a multidisciplinary and innovative approach to assess the colloidal transport of 226Ra and 523 

uranium in a mining environment by using a large amount of field data and detailed 524 

characterizations, which were then combined to build a comprehensive geochemical model. 525 

In addition, the colloidal fraction was assessed thanks to the application of the DGT technique 526 

which has seldom been used in such studies, in particular for 226Ra.  527 

The model was able to quantitatively reproduce the 226Ra concentrations in the colloidal 528 

fraction, highlighting the preponderant role of barite, although it constitutes a minor mineral, 529 

and despite the predominance of kaolinite and ferrihydrite. Barite occurs in tailings both as a 530 

mineral inherited from the ore and as a newly formed phase due to the interaction between the 531 

barium-bearing minerals contained in the initial ore such as feldspars and the sulfuric acid used 532 

during the process of uranium recovery. The involvement of barite in 226Ra retention in tailings 533 

has already been highlighted in many environmental monitoring studies of uranium mines (Liu 534 

et al., 2006; Chautard et al., 2020) where it controls its mobility. Uranium concentrations in the 535 

colloidal fraction were more difficult to reproduce due to its occurrence at very low 536 

concentrations in such an environment and its complex truly dissolved chemistry. The 537 

environmental survey of metals and radioelements such as uranium and 226Ra is usually 538 

performed after simple filtration at 0.45 µm, which includes both truly dissolved and colloidal 539 

fractions. In this case, the colloidal fraction may generate an overestimation of the dissolved 540 

concentrations (Salonen, 1993; Fernandes et al., 1996; Sankhla et al., 2016; Zubova et al., 541 

2020). The original approach developed in this article, combining solid characterization, 542 

measurements of total dissolved and colloidal fractions, and geochemical modelling can be 543 

applied to both trace and ultra-trace elements.  544 

 545 
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