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Natural organic matter (NOM) is known to play an important role in the transport and binding of trace metal elements in aquatic and soil systems. Thallium is a pollutant for which the extent of the role played by NOM is poorly known. Consequently, this study investigates thallium(I) and its complexation to a purified humic substance as proxy for NOM. Experiments were performed with the Donnan Membrane Technique to separate, for the first time, the free Tl + ion from its complexed form in the bulk solution. Various pH and concentrations were investigated at constant ionic strength and constant NOM proxy concentrations in solution. Experimental results were described with NICA-Donnan model. Thallium complexation was compared to silver complexation using literature data and using the same NICA-Donnan formalism. Parameters for these two cations (Tl + and Ag + ) are reported in this article, for the first time. Results display low thallium complexation to the NOM proxy while silver competes with divalent cations for the NOM binding sites. Calculated speciation for dissolved thallium highlights the dominance of free thallium (Tl + ) in solution whereas Tl-NOM complexes contribute roughly 15 % to total Tl(I) species in river and lake type waters.

Similar results are obtained for soil solutions, Tl-bound to NOM < 30 % of total, from UK soils with different land use and geochemistry.

Introduction

Thallium (Tl) is a trace element and a contaminant, mainly byproducts of extractives industries and comes from ferrous and non-ferrous metal and coal mining [START_REF] Cheam | Thallium Contamination of Water in Canada[END_REF][START_REF] Lis | Thallium in soils and stream sediments of a Zn-Pb mining and smelting area[END_REF][START_REF] Peter | Thallium: a review of public health and environmental concerns[END_REF]Casiot, et al., 2011;[START_REF] Campanella | Thallium release from acid mine drainages : Speciation in river and tap water from Valdicastello mining district (northwest Tuscany)[END_REF]. Thallium occurs in two oxidation states, Tl(I) and Tl(III) (Jacobson et al., 2005a;[START_REF] Peter | Thallium: a review of public health and environmental concerns[END_REF].

Tl(I) exhibits either lithophile or chalcophile behavior that is determined by the geological context [START_REF] Prytulak | Thallium elemental behavior and stable isotope fractionation during magmatic processes[END_REF]. In the critical zone, Tl(I) is relatively soluble, mobile and bioavailable (Jacobson et al., 2005a;[START_REF] Coup | Demystifying the interfacial aquatic geochemistry of thallium(I): New and old data reveal just a regular cation[END_REF][START_REF] Voegelin | Thallium speciation and extractability in a thallium-and arsenic-rich soil developed from mineralized carbonate rock[END_REF]. Studies demonstrated that Tl(I) is the most dominant and thermodynamically stable form in aquatic systems and soils (Vink, 1993;Xiong, 2009;Casiot, et al., 2011). However, in some environments Tl(III) is also found in variable amounts (Lin and Nriagu, 1999;[START_REF] Peacock | Oxidative scavenging of thallium by birnessite: Explanation for thallium enrichment and stable isotope fractionation in marine ferromanganese precipitates[END_REF][START_REF] Voegelin | Thallium speciation and extractability in a thallium-and arsenic-rich soil developed from mineralized carbonate rock[END_REF][START_REF] Campanella | Thallium release from acid mine drainages : Speciation in river and tap water from Valdicastello mining district (northwest Tuscany)[END_REF]. Tl(III) should be found mostly in highly oxidative environments (Vink, 1993;[START_REF] Watanabe | An Experimental Study of Stabilization of Trivalent Thallium by Natural Organic Matter[END_REF] but photochemical reactions in surface waters [START_REF] Karlsson | The effect of light and iron(II)/iron(III) on the distribution of Tl(i)/Tl(iii) in fresh water systems[END_REF] or microbiological processes [START_REF] Twining | Oxidation of thallium by freshwater plankton communities[END_REF] could oxidize Tl(I) into Tl(III) under moderately oxidizing conditions. Stabilization by humic substances was also witnessed at low pH and high redox potential values (i.e. pH< 4 Eh > 0.82 V in [START_REF] Watanabe | An Experimental Study of Stabilization of Trivalent Thallium by Natural Organic Matter[END_REF]). Recent studies also highlighted the possible role of Fe(III) or As(V) in the formation of Tl(III) compounds in acid mining drainage [START_REF] Karlsson | The effect of light and iron(II)/iron(III) on the distribution of Tl(i)/Tl(iii) in fresh water systems[END_REF][START_REF] Campanella | Influence of environmental and anthropogenic parameters on thallium oxidation state in natural waters[END_REF].

Processes driving Tl chemical speciation and mobility are well documented but some questions remain open [START_REF] Twining | Oxidation of thallium by freshwater plankton communities[END_REF][START_REF] Karlsson | The effect of light and iron(II)/iron(III) on the distribution of Tl(i)/Tl(iii) in fresh water systems[END_REF][START_REF] Coup | Demystifying the interfacial aquatic geochemistry of thallium(I): New and old data reveal just a regular cation[END_REF][START_REF] Voegelin | Thallium speciation and extractability in a thallium-and arsenic-rich soil developed from mineralized carbonate rock[END_REF][START_REF] Campanella | Thallium release from acid mine drainages : Speciation in river and tap water from Valdicastello mining district (northwest Tuscany)[END_REF][START_REF] Campanella | Thallium release from acid mine drainages : Speciation in river and tap water from Valdicastello mining district (northwest Tuscany)[END_REF][START_REF] Campanella | Influence of environmental and anthropogenic parameters on thallium oxidation state in natural waters[END_REF]. Its interaction with natural organic matter (NOM) is one of them (Jacobson et al., 2005a;[START_REF] Liu | Sorption of thallium(I) onto geological materials: Influence of pH and humic matter[END_REF]. It is known that NOM plays an important part in the fate of metal ions and can control ion mobility, concentration in soils and natural waters (Benedetti et al., 1995;Benedetti et al., 1996a). NOM is a complex mixture of compounds but the most studied and the most reactive fractions are the humic substances (HS) consisting of humic (HA) and fulvic (FA) acids (Benedetti et al., 1996a;[START_REF] Koopal | Ion binding to natural organic matter: General considerations and the NICA-Donnan model[END_REF]. Kaplan and Mattigod (1998) defined two stability constants for Tl(I) binding onto FA with logKTl-Ful1 = 4.83 and logKTl-Ful2 = 3.32 (no units specified) to predict the impact of NOM on thallium speciation. According to these calculations up to 67% of Tl(I) is bound to organic compounds in bog water despite its very low pH that should not favor Tl(I) binding to NOM (Kaplan and Mattigod, 1998). Thus, NOM could play a non-negligible part in Tl(I) speciation. However, Jacobson et al., (2005a) reported poor Tl(I) complexation within a peat soil. [START_REF] Liu | Sorption of thallium(I) onto geological materials: Influence of pH and humic matter[END_REF] also studied Tl(I) binding using two purified humic acids and their results also suggested weak Tl(I) interactions with these NOM proxies. However, these studies used very high Tl(I) concentrations, which are mostly relevant for highly polluted sites (i.e. issued from mining activities [START_REF] Campanella | Thallium release from acid mine drainages : Speciation in river and tap water from Valdicastello mining district (northwest Tuscany)[END_REF][START_REF] Campanella | Thallium release from acid mine drainages : Speciation in river and tap water from Valdicastello mining district (northwest Tuscany)[END_REF]). Investigations made at lower concentration of Tl(I) will allow a better understanding of NOM role on Tl(I) speciation in the critical zone. It is also assumed that Tl(I) chalcophile behavior accounts for Tl(I) complexation to NOM through interactions with the S-rich functional groups of the NOM, such as thiols (Jacobson et al., 2005a(Jacobson et al., , 2005b)). However, Tl(I) affinity to sulfur-containing organic compounds, such as cysteine for instance, is still under investigation while no data were found regarding thiol [START_REF] Garcia Bugarin | Thallium ( I ) Interactions in Biological Fluids : A Potentiometric Investigation of Thallium ( I ) Complex Equilibria with Some Sulphur-containing Amino Acids[END_REF][START_REF] Gharib | Solvent Effects on Protonation and Complexation of Cysteine and Thallium ( I ) in Different Aqueous Solutions of Methanol[END_REF]Rodrigez Mercado et al., 2013) The role of S-rich compounds, such as thiol groups, is often raised when metal complexation to humic substances (HS) is studied (Skylberg et al., 2006;[START_REF] Aiken | Influence of Dissolved Organic Matter on the Environmental Fate of Metals, Nanoparticles, and Colloids[END_REF] and there are evidences of S-binding for Hg(II) or As(III) [START_REF] Haitzer | Binding of Mercury(II) to Dissolved Organic Matter: The Role of the Mercury-to-DOM Concentration Ratio[END_REF]Skylberg et al., 2006;[START_REF] Aiken | Influence of Dissolved Organic Matter on the Environmental Fate of Metals, Nanoparticles, and Colloids[END_REF][START_REF] Catrouillet | Thiol groups controls on arsenite binding by organic matter : New experimental and modeling evidence[END_REF]. These divalent or trivalent cations cannot really be compared to Tl(I). Whereas silver, as Ag(I), can (Jacobson et al., 2005a(Jacobson et al., , 2005b)), both Ag(I) and Tl(I) are soft, non-essential monovalent cations, [START_REF] Smith | Metal speciation in natural waters with emphasis on reduced sulfur groups as strong metal binding sites[END_REF][START_REF] Pearson | Hard and Soft Acids and Bases, HSAB, Part II -Underlying theories[END_REF] with both chalcophilic and lithophilic behaviors [START_REF] Pearson | Hard and Soft Acids and Bases, HSAB, Part II -Underlying theories[END_REF]Jacobson et al., 2005aJacobson et al., , 2005b;;[START_REF] Aiken | Influence of Dissolved Organic Matter on the Environmental Fate of Metals, Nanoparticles, and Colloids[END_REF]. Moreover, Ag(I) has high affinity for thiolate [START_REF] Smith | Metal speciation in natural waters with emphasis on reduced sulfur groups as strong metal binding sites[END_REF][START_REF] Kleja | Silver(I) Binding Properties of Organic Soil Materials Are Different from Those of Isolated Humic Substances[END_REF] and Ag-S binding in NOM compounds was already mentioned in a previous study [START_REF] Kleja | Silver(I) Binding Properties of Organic Soil Materials Are Different from Those of Isolated Humic Substances[END_REF]. Another remaining question is the abundance of S-rich functional group, especially thiol group, and how to quantify it in NOM (Valravamurthyet al., 1997;[START_REF] Aiken | Influence of Dissolved Organic Matter on the Environmental Fate of Metals, Nanoparticles, and Colloids[END_REF][START_REF] Manceau | Quantitative analysis of sulfur functional groups in natural organic matter by XANES spectroscopy[END_REF][START_REF] Rao | Determination of thiol functional groups on bacteria and natural organic matter in environmental systems[END_REF].

In this study, the main objective is to evaluate the importance and strength of Tl complexation by a NOM proxy. In order to do that, complexation of Tl(I) with a purified humic acid (HA) is investigated at multiple pH and concentrations. Experimentations are conducted with Donnan Membrane Technique (Temminghoff et al., 2000) to determine the amount of ion bound to the NOM proxy. These observations are used to calibrate the NICADonnan model to predict Tl(I) behavior during complexation. In addition, Tl(I) results are compared to Ag(I) literature data (Sikora and Stevenson, 1988) and the potential role of S-rich functional groups is discussed. Ag(I) specific parameters for NICA-Donnan model are not yet available, thus data of Ag(I) sorption to various HA is described with NICA-Donnan model for the first time in this study (Sikora and Stevenson, 1988;[START_REF] Chen | Silver binding by humic acid as determined by equilibrium ion-exchange and dialysis[END_REF][START_REF] Kleja | Silver(I) Binding Properties of Organic Soil Materials Are Different from Those of Isolated Humic Substances[END_REF]. Finally, the role of NOM Tl(I) cycle is also investigated by revisiting existing data from natural waters (Kaplan and Mattigod, 1998) and simulating Tl(I) speciation in soil solutions under different geochemical contexts.

Materials and methods

Experimental approach

Donnan Membrane Technique (DMT) was first described by Temminghoff et al. (2000).

Additional developments were performed to fully constrain the kinetics aspect of the technique [START_REF] Weng | Kinetic aspects of Donnan membrane technique for measuring free trace cation concentration[END_REF] and to adapt the geometry of the cells [START_REF] Kalis | Measuring Free Metal Ion Concentrations in Situ in Natural Water Using the Donnan Membrane Technique[END_REF]Kalis et al., 2007).

In this study, the DMT device, used for the experiments, is similar to the one used in [START_REF] Kalis | Measuring Free Metal Ion Concentrations in Situ in Natural Water Using the Donnan Membrane Technique[END_REF]Kalis et al. ( , 2007) ) and its design shown in Appendix A (Fig. S1). Prior to experiments with humic acids, the time to reach Donnan equilibrium for Tl(I) was evaluated. Experiments with only free Tl(I) ions in a 50 mmol/L KNO3 background electrolyte were performed and showed that equilibrium was reached after 24 hr (Appendix A, Fig. S3).

Reagents and chemicals

In order to have Tl(I) at the beginning of all experiments, the source of thallium is a Tl(I)NO3 salt (99.9%, Sigma Aldrich). Tl(I) should be the only stable thallium species under our experimental conditions (Vink, 1993;Xiong, 2009;[START_REF] Campanella | Thallium release from acid mine drainages : Speciation in river and tap water from Valdicastello mining district (northwest Tuscany)[END_REF][START_REF] Campanella | Thallium release from acid mine drainages : Speciation in river and tap water from Valdicastello mining district (northwest Tuscany)[END_REF].

Tl(I) oxidation to Tl(III) happens in highly acidic conditions or on mineral surfaces which stabilize Tl(III), either on vacant sites or as oxides like Tl2O3 [START_REF] Watanabe | An Experimental Study of Stabilization of Trivalent Thallium by Natural Organic Matter[END_REF][START_REF] Campanella | Thallium release from acid mine drainages : Speciation in river and tap water from Valdicastello mining district (northwest Tuscany)[END_REF]Prytulack et al., 2017). Consequently, free Tl(III) should not be present in our solutions because of the chosen conditions i.e. pH > 4 and moderate Eh. Background electrolyte solutions were prepared with KNO3 (VWR Chemical) and Ca(NO3)2 (VWR Chemical) dissolved in ultrapure water (milli Q, Millipore). pH was adjusted with distilled 0.1 mol/L HNO3 and 0.5 mol/L NaOH (VWR Chemical). A peat purified humic acid from the Mogi river region of Ribeirão Preto, São Paulo State, Brazil was used in all experiments. Detailed of purification procedures and chemical compositions are described in Botero et al. (2017).

Thalium calibration standards were diluted from a thallium ICP standard solution (TraceCERT ® , Sigma Aldrich). Chemical blanks were analyzed with HR-ICP-MS Element 2 (Thermo Scientific) and no thallium was detected.

Tl isotherms.

Experiments were performed at room temperature (23 ± 1°C) open to atmosphere with a unique concentration of soluble HA. Previous studies reported low Tl(I) complexation to humic acid (Jacobson et al., 2005;[START_REF] Liu | Sorption of thallium(I) onto geological materials: Influence of pH and humic matter[END_REF]. Then, 150 mg/L was used during experiments (pH and concentration isotherms) to maximize Tl complexation to humic acid and to derive NICA-Donnan parameters for Tl + . The effects of Tl(I) concentration and pH were tested. For sorption edge experiments pH ranged from 3.98 to 7.89 ± 0.05 and the total Tl(I) initial concentration was 200 pmol/L. In the case of concentration isotherms, the pH was fixed at 7.35 ± 0.05 and initial concentrations ranged from 20 pmol/L to 2.0 µmol/L. The use of this range of concentrations was reported for Tl in the literature for freshwater (pristine and polluted). 20 pmol/L correspond to Tl concentration in most of the world big rivers (Kaplan and Mattigod, 1998;[START_REF] Nielsen | Thallium isotope composition of the upper continental crust and rivers-An investigation of the continental sources of dissolved marine thallium[END_REF] and 2.0 µmol/L is close to the highest Tl values measured in polluted rivers in mining areas (Casiot et al., 2011;[START_REF] Campanella | Thallium release from acid mine drainages : Speciation in river and tap water from Valdicastello mining district (northwest Tuscany)[END_REF]. The background electrolyte in the donor and acceptor sides was KNO3 50 mmol/L. DMT were run in duplicates for each experimental data point.

Prior to isotherm experiments, all cells, bottles and beakers used for the donor solution were washed with Suprapur HNO3 (Merck) 2% and ultrapure water (milliQ). The cation exchange membrane (551652U, VWR Chemicals) was prepared by successive washing as in previous studies (Temminghoff et al., 2000;[START_REF] Weng | Kinetic aspects of Donnan membrane technique for measuring free trace cation concentration[END_REF][START_REF] Kalis | Measuring Free Metal Ion Concentrations in Situ in Natural Water Using the Donnan Membrane Technique[END_REF][START_REF] Chen | Silver binding by humic acid as determined by equilibrium ion-exchange and dialysis[END_REF]. At each pH or concentration steps, two new DMT cells were added in the donor solution whereas the two at equilibrium with the solution conditions were removed from the later and both acceptor and donor solutions were sampled. The donor solution corresponded to the sample with Tl(I) ions, HA and the background electrolyte while the acceptor solution was the one inside the DMT device and contained the electrolyte and also the free Tl(I) ions after the Donnan equilibrium was reached in 24 hr (Appendix A, Fig. S3). Preliminary modeling suggested that only free Tl(I) ions were stable in the acceptor solution (Appendix A, Table S1). Every dissolved species in solution were sum up in Appendix A (Table S2). For more details on the experimental design readers are invited to refer to supporting information (Appendix A, Fig. S1 and S2). Finally, collected samples were acidified to pH~1 with distilled HNO3 2%, diluted when necessary and stored for further analysis.

Measurements of cations in solution.

Thallium was measured with an HR-ICP-MS Element 2 (Thermo scientific, USA) installed in a clean room with a solution of 115 In (5 ppb) as internal standard. For each sample, 9 measurements were done (3 x 3 runs, Appendix A, Table S3). Then, the average was used as concentration value and the standard deviation was used as measurement error. Concentrations were corrected from signal drift with the internal standard. Certified materials TM23.4 and TM24.4 (Environment Canada) validated Tl(I) analysis (Appendix A, Table S4). Limits of quantification (LOQ) ranged from 2.5 pmol/L to 7.5 pmol/L for Tl(I). Major cations (K + and Na + ) were analyzed with an ICP-AES (ICAP 6200, Thermo scientific, USA). More details of HR-ICP-MS measurement for thallium can be found in Appendix A (Table S3).

Modeling.

This experimental approach was combined with NICA-Donnan modeling within ECOSAT software (Keiser and Van Riemsdijk, 1994). Here, metal ions binding to humic substances (HS, mix of humic and fulvic acids) was assumed to occur through specific interactions between cations and reactive organic moieties of the NOM and by nonspecific Coulombic binding to any residual negative charge (Benedetti et al., 1995;Benedetti et al., 1996a) The model merges the Non-ideal Competitive Adsorption (NICA) isotherm model with the Donnan model. The first (NICA isotherm) describes competitive binding of protons and cations to NOM including binding site heterogeneity and the second (Donnan model) details the electrostatic interactions within the structure of humic substances considered as a water-permeable gel (Benedetti et al., 1996a;Benedetti et al., 1996b) The model accounts for binding site heterogeneity by including two different groups of binding sites each with a continuous affinity distribution: type 1 and 2, corresponding to low affinity and high affinity sites, respectively (Benedetti et al., 1995). The model equation is (Eq. 1):

Q = , , Q , 𝐾 , , ∑ 𝐾 , , ∑ 𝐾 , , + ∑ 𝐾 , , + , , Q , 𝐾 , , ∑ 𝐾 , , ∑ 𝐾 , , + ∑ 𝐾 , , (1) 
where the amount of bound ion i, Qi (mol/kg) at solution concentration ci (mol/L) is given by the sum of two identical binding expressions, the first one for low affinity type of site (subscript 1) and the second one for high affinity type of site (subscript 2) distributions. Four parameters describe intrinsic heterogeneity of HS (Qmax1,H, Qmax2,H, p1 and p2) and four ion specific parameters (𝐾 , , 𝐾 , , ni,1 and ni,2) portray ion binding. p1 and p2 define the width of the affinity distributions and condense the intrinsic heterogeneity of HS. Qmax1,H and Qmax2,H (mol/kg) are the maximum proton binding capacity of HS. 𝐾 , and 𝐾 , , are the median values of the affinity distributions for ion i, and ni,1 and ni,2 express the non-idealities of the ion-binding for each distribution. For further NICA-Donnan theory, the reader has to refer to the following studies (Benedetti et al., 1995;Benedetti et al., 1996a and b;[START_REF] Kinniburgh | Metal Ion Binding by Humic Acid: Application of the NICA-Donnan Model[END_REF][START_REF] Milne | Generic NICA-Donnan model parameters for proton binding by humic substances[END_REF][START_REF] Koopal | Ion binding to natural organic matter: General considerations and the NICA-Donnan model[END_REF]Milne et al., 2003).

Input data were total concentrations of K and Tl, or Ag in solution, pH and ionic strength.

Tl and K (𝐾 , , 𝐾 , , ni,1 and ni,2) were adjust together by fitting Tl experimental data from concentration isotherms only. Parameters specific to the used purified humic acid and proton binding were from Botero et al. (2017) and summarized in Appendix A (Table S5).

Experimental errors were calculated according to the propagation of uncertainties theory (details in Appendix A, Eq. 1) while Root Mean Square Error (RMSE, Appendix A, S-Eq. 2) was used to estimate the gap between experimental and modelled data. In multiple studies assumptions were made of similar behaviour between K and Tl(I) (Jacobson et al., 2005;Peter and Viraraghavann 2005;[START_REF] Voegelin | Thallium speciation and extractability in a thallium-and arsenic-rich soil developed from mineralized carbonate rock[END_REF]. While no specific parameters existed for K and no isotherm for K were made, two modelling hypothesis were tested: (i) equal ion specific parameters for both Tl(I) and K (i.e. 𝐾 , , 𝐾 , , ni,1 and ni,2) are chosen; (ii) two different sets of parameters specific to each element are considered. K parameters will be discussed in paragraph 2.1. and values for K parameters for which the fit was the closest to the experimental data were kept to model Ag and Tl final data (reader has to refer to Appendix A, Fig. S4 for more details).

Ag NICA-Donnan parameter derivation.

No experimental data were newly acquired for Ag in this study, previously published data from Sikora and Stevenson (1988) were used and only Ag(I) NICA-Donnan parameters were optimized. Sikora and Stevenson (1988) used three purified humic acids in their experiments, HA1 from a A horizon taken from sandy silt loam, HA3 from Rifle peat, Ohio and HA8 from a A horizon sample from the Hapster silt loam (Sikora and Stevenson, 1988). Binding isotherms constructed at pH 6.5 with 0.1 mol/L KNO3 and 0.5 g/L of humic acid (Sikora and Stevenson, 1988). Ag specific parameters were adjust to fit experimental data. Qmax1, H for HA1, HA3 and HA8 were directly taken from Sikora and Stevenson (1988) while the remaining specific parameters for protons (Qmax2,H, p1, p2, log𝐾 , , log𝐾 , ,) were optimized during modeling and kept within the range of parameters defined for humic acids in [START_REF] Milne | Generic NICA-Donnan model parameters for proton binding by humic substances[END_REF]. Details are summarized in Appendix A (Table S6).

Results and discussion

Tl(I) and Ag(I) complexation with humic acids.

Specific parameters fitted for K, Ag and Tl are given in Table 1. The hypothesis where K(I) parameters are different from Tl(I) parameters gave the best description of the complexation of Tl(I) by the HA.

Thallium complexation to HA increases with increasing concentrations (Fig. 1a). However, the amount of complexed Tl(I) is low and always below 50% of the total thallium in solution. Ion specific NICA-Donnan parameters were adjusted to fit Tl(I) concentration isotherm values (Fig. 1a). Then, the robustness of the model parameters was tested by comparing measured free Tl(I) to predicted free Tl(I) obtained from sorption edge and fixed pH isotherm experiments (Fig. 1b) not used during the calibration procedure. Fig. 1b also shows that the predictions were satisfactory for the pH sorption edge data (i.e. within a 5% confidence area) notwithstanding the parameter s optimization made with data corresponding to one pH value (7.35 ± 0.05).

Similar conclusions are reached when comparing measured bound-Tl(I) to simulated bound-Tl(I) (Fig. 1c). The slope of the concentration isotherm (Fig. 1a), close to one (i.e. 0.86), suggests that Langmuirian behaviour dominates the process and that monodentate binding controls Tl(I) sorption onto HA [START_REF] Koopal | Analytical Isotherm Equations for Multicomponent Adsorption to Heterogeneous Surfaces[END_REF]. This is confirmed by model parameters since non-ideality parameters partly related to the type of binding (mono vs polydentate) (ni,1 and ni,2, Benedetti et al., 1995;Benedetti et al., 1996a) optimized for Tl(I) are close to 1 (Table 1). Additional data for Tl(I) are presented in Appendix A (Table S7).

Fig. 2 displays Ag(I) modelling results whereas optimized Ag(I) specific parameters are given in Table 1. For Ag(I), non-ideality parameters were substantially different from 1, suggesting more chemical ion specific binding heterogeneity as defined in NICA-Donnan papers (see above for references) during the complexation of Ag(I) when compared to Tl(I). Indeed at pH below 5, the small amount of bound-Tl(I) is controlled by low affinity type of sites. At pH > 5 and independently of thallium concentrations, high affinity sites dominate the binding, accounting for more than 65 % of total bound-Tl(I). These results derive from the high values found for the median affinity constant associated to the high affinity sites (Table 1). At low pH, 15% of total bound-Tl(I) is located in the Donnan gel via Coulombic interactions. In Sikora s study (Sikora and Stevenson, 1988) with pH = 6.5, Ag(I) is almost exclusively bound to high affinity sites and only a small amount is bound to low affinity sites or are in the Donnan gel (i.e. less than 5% of total bound silver). Ag(I) binding to humic acid is strongly controlled by high affinity sites conversely to Tl(I) and the amount of Ag(I) bound is also much higher (Fig. 3).

Ag has a higher affinity for organic matter than Tl(I) and its mobility is strongly influenced by this type of ligand (Sikora and Stevenson, 1988;Jacobson et al., 2005a). Fig. 3 also suggests that Ag(I) could compete with divalent cations for binding to NOM reactive sites. The pHdependency of Ag complexation is smaller than the one of divalent ions. At neutral pH, Ag may compete with cobalt for instance (Fig. 3) and at acidic pH, Ag(I) has more affinity for NOM proxies than Co 2+ , Mn 2+ and Cd 2+ (Fig. 3).

The S-rich functional groups.

Two recent studies evaluated the thiol group concentration in natural organic matter (NOM; [START_REF] Rao | Determination of thiol functional groups on bacteria and natural organic matter in environmental systems[END_REF]) calculated a concentration of 0.7 µmol/g for Suwanee River NOM and 3.6 µmol/g for a soil HA. Joe-Wong et al., (2012) estimated thiol group concentration at 535 µmol/g of dissolved organic matter (DOM). Regardless of the huge discrepancy between these three numbers, in our experiments, the amount of bound Tl(I) at pH 7.35 varied from 68.4 pmol/g of HA to 2.57 µmol/g of HA for the lowest and highest total Tl concentration, respectively. In Sikora s data, (Sikora and Stevenson, 1988) bound silver ranges between 87 µmol/g and 920 µmol/g of HA. The amounts of bound Tl(I) and Ag(I) are lower than the range of thiol group concentration. Ag(I) has a high affinity for thiolate [START_REF] Smith | Metal speciation in natural waters with emphasis on reduced sulfur groups as strong metal binding sites[END_REF][START_REF] Kleja | Silver(I) Binding Properties of Organic Soil Materials Are Different from Those of Isolated Humic Substances[END_REF]) and since Ag-S binding was evidenced [START_REF] Kleja | Silver(I) Binding Properties of Organic Soil Materials Are Different from Those of Isolated Humic Substances[END_REF] thiol groups could definitely play a role in its speciation but other uncharacterized S-rich functional groups cannot be excluded. A similar assumption could be relevant for Tl(I) despite limited access to data investigating the role of thiol groups for Tl(I) biogeochemistry [START_REF] Garcia Bugarin | Thallium ( I ) Interactions in Biological Fluids : A Potentiometric Investigation of Thallium ( I ) Complex Equilibria with Some Sulphur-containing Amino Acids[END_REF]Jacobson et al., 2005b;Rodrigez-Mercado et al., 2013).

However, due to the low abundance of thiol groups and their expected pKa value around 8 [START_REF] Smith | Metal speciation in natural waters with emphasis on reduced sulfur groups as strong metal binding sites[END_REF][START_REF] Rao | Determination of thiol functional groups on bacteria and natural organic matter in environmental systems[END_REF], they are probably accounted non-specifically within the high affinity sites continuous distribution of the NICA-Donnan model (Benedetti et al., 1995;Benedetti et al., 1996aBenedetti et al., , 1996b)). The log𝐾 , values 4.88 and 2.40, obtained for Ag(I) and Tl(I), respectively (Table 1), are higher than the values reported in Milne et al. s study (2003) and should be used now to simulate Ag or Tl interaction with NOM regardless of the assumptions on the role of S-rich functional groups.

Consequences for Tl(I) geochemical cycle in waters and soils.

In this study, Tl(I) aqueous speciation (dissolved phase), in various natural water systems from Kaplan and Mattigod (1998) is revisited. Data on groundwater, river water, eutrophic lake water, bog water and seawater are gathered together with constants used in Tl(I) speciation modeling in Appendix A (Table S8). The following assumptions are made to simulate the Tl(I) speciation in the above natural water systems. For groundwater, river water, eutrophic lake and sweater it is assumed that DOM was mainly FA and that it is HA for the bog water. 80% in mass of the DOM was assumed to be reactive according to [START_REF] Tipping | Cation binding by humic substances[END_REF]. In order to get HA or FA concentrations in natural waters, DOM was calculated from DOC values considering a ratio DOM to DOC of 2:1 (by mass of C) (Ren et al., 2015). Constants for other complexes than Tl(I) aqueous species are summarized in Appendix A (Table S9). The parameter values for FA were estimated by making the following hypothesis. The heterogeneity parameters ni,1 and ni,2 in NICA-Donnan are very similar for HA and FA (Milne et al., 2003). The values obtained here for a HA can thus be used for FA in combination with the other generic binding parameters.

Conversely, in Milne et al., (2003) empirical relationship linking ni,1, 𝐾 , and KOH for FA and HA are similar. Therefore, combining those two observations, we assumed that the derived Tl(I) HA parameters can be used in combination with the generic FA parameters from Milne et al. s study (2003) to simulate the Tl(I) interaction to the low affinity site of the DOM. A similar reasoning is made for the high affinity sites to derive𝐾 , . The generic parameters used to describe the FA and HA interaction with Tl(I) are given in Appendix A (Table S10). With the following assumptions, we are now able to simulate the different aquatic ecosystems and the results are given in Appendix A (Table S11) and presented in Fig. 4. This figure shows that only two dissolved aqueous species of Tl(I) would exist in natural waters, Tl(I) represents between 76 and 98% of total dissolved Tl while Tl bound to NOM analogues represents the remaining thallium, except for the seawater system where TlCl and TlCl2 -account for 46% of the total thallium. However, unlike Kaplan and Mattigod s results (1998) it seems that there is not a major contribution of Tl-NOM species in bog water (i.e. TlHA is < 10%). This is the result of the competition between protons and Tl(I) to the same type of sites. Under the low pH conditions of the peat bog the protons compete very efficiently and prevent Tl(I) binding to the bog NOM. In this study, Tl(I)-NOM complex is however slightly more important for all other conditions if compared to Kaplan and Mattigod s results (1998) (Table S11). Discrepancies with Kaplan and Mattigod s study (1998) are probably due to the different type of modelling performed in both studies as well as the available binding data. Indeed, NICA-Donnan or WHAM 7 models were proven to give much more robust prediction of metal ion speciation even outside of the range of metal ion concentrations used for their calibration (Benedetti et al., 1996b;[START_REF] Tipping | Cation binding by humic substances[END_REF]. These findings support that our modelling predictions could be more robust than previous ones as far as concentration is concerned. In addition, the range of concentration used in this study, to derive parameters, is always difficult to simulate for models (Benedetti et al., 1996b;[START_REF] Tipping | Cation binding by humic substances[END_REF]. Most models always performed well at high concentration but their extrapolations to much lower concentration ranges are always much more problematic (Benedetti et al., 1996b;[START_REF] Tipping | Cation binding by humic substances[END_REF]. As expected, no Tl(I)-NOM complexes are found in seawater and half of thallium is free Tl(I) ions and half is chloride complex species (TlCl and TlCl2, Table 1).

Thallium speciation in soil solution was modelled. Compositions of soil solutions are taken from Kinniburgh et al., (1983). Various concentrations relevant to pristine or polluted systems are taken into consideration. Many organic molecules are regrouped as NOM in soil solutions.

According to Ren et al. (2015), approximately 29% are humic substances, 66% are hydrophilic acids and 5% are non-reactive organic components. During modelling, hydrophilic acids are equally divided in acetic acid, citric acid and oxalic acid, three low molecular weight organic acids (LMWOAs). Humic substances are modelled as FA since Ren et al., (2015) and van Zomeren and Comans, (2007) revealed that they are FA and not HA as previously imagined.

Details of used binding parameters, compositions and results are presented in Appendix A (Tables S10 andS12). Results are gathered in Fig. 5. Thallium does not strongly complex with such LMWOA as shown in Vanek et al., (2012). Therefore, like for natural water systems, only two species control Tl(I) speciation: Tl(I) ions and Tl-FA. At low Tl(I) concentrations (≤ 1 nmol.L -1 ), up to 35% of the thallium is bound to NOM (Fig. 5). Conversely, at higher Tl(I) concentrations (≥ 1 nmol.L -1 ), less than 10% of Tl(I) is bound to NOM (Fig. 5). [START_REF] Wick | Thallium Adsorption onto Illite[END_REF] gathered data on Tl binding to a number of phases from clay minerals, to manganese oxides. When compared to these results, our data suggest that similar amounts of Tl(I) are complexed by humic substance as ferrihydrite, illite and smectite [START_REF] Wick | Thallium Adsorption onto Illite[END_REF][START_REF] Martin | Thallium (Tl) sorption onto illite and smectite: Implications for Tl mobility in the environment[END_REF]. In addition, our results are close to the ones from [START_REF] Liu | Sorption of thallium(I) onto geological materials: Influence of pH and humic matter[END_REF]. Despite similar affinity for organic matter and illitic clays, observations in soils showed a limited role of organic matter on thallium uptake (Vanek et al., 2009;Vanek et al., 2013;[START_REF] Voegelin | Thallium speciation and extractability in a thallium-and arsenic-rich soil developed from mineralized carbonate rock[END_REF]. Thus, thallium seems to be highly mobile and labile when it is observed in organic rich soil horizons (Vanek et al., 2009;Vanek et al., 2013) in agreement with results showed in Fig. 5. Furthermore, natural organic matter could also lead to release thallium in soil by enhancing silicate alteration/weathering as suggested in some studies (Vanek et al., 2009;Ren et al., 2015).

Tl(I) in critical zone conditions will behave more like a lithophile element close to alkali metals (K + , Rb + and Cs + ). This conclusion is supported by observations made that illitic clay systems control the mobility of Tl(I) like for K + and Cs + (Jacobson et al., 2005;[START_REF] Voegelin | Thallium speciation and extractability in a thallium-and arsenic-rich soil developed from mineralized carbonate rock[END_REF][START_REF] Wick | Thallium Adsorption onto Illite[END_REF][START_REF] Martin | Thallium (Tl) sorption onto illite and smectite: Implications for Tl mobility in the environment[END_REF]. These results also point out that in rivers, Tl(I) is predominantly a highly bioavailable free ion (Tl + ). Indeed, various studies highlighted that Tl(I) poorly reacts with particulate phases and remains mainly in the dissolved fraction as a free ion (Fig. 4) [START_REF] Law | Thallium in the hydrosphere of south west England[END_REF]Boning et al., 2017;[START_REF] Campanella | Thallium release from acid mine drainages : Speciation in river and tap water from Valdicastello mining district (northwest Tuscany)[END_REF]. However, several questions regarding thallium remain open, especially the role of Tl(III) and its abundance/stability in the environment (Lin and Nriagu, 1999;[START_REF] Twining | Oxidation of thallium by freshwater plankton communities[END_REF][START_REF] Karlsson | The effect of light and iron(II)/iron(III) on the distribution of Tl(i)/Tl(iii) in fresh water systems[END_REF][START_REF] Watanabe | An Experimental Study of Stabilization of Trivalent Thallium by Natural Organic Matter[END_REF]. Only one paper reported the binding of Tl(III) to HA [START_REF] Watanabe | An Experimental Study of Stabilization of Trivalent Thallium by Natural Organic Matter[END_REF], the Tl(III) species would be stabilized by HA but only at low pH and high redox potential values. The reactivity of Tl(III) with NOM needs more studies to fully picture the Tl environmental biogeochemistry. The combination of HPLC-ICP-MS system designed based on previous studies [START_REF] Campanella | Thallium release from acid mine drainages : Speciation in river and tap water from Valdicastello mining district (northwest Tuscany)[END_REF][START_REF] Campanella | Thallium release from acid mine drainages : Speciation in river and tap water from Valdicastello mining district (northwest Tuscany)[END_REF] and the presently used DMT approach would greatly help to make progress. Finally, in order to complete the database, Tl(I/III) interactions with other analogues of NOM should be studied.

Conclusion

Thallium complexation was compared to silver complexation using literature data and using the same NICA-Donnan formalism. We report here, for the first time, parameters for these two cations. Results display low thallium complexation to the NOM proxy while silver competes with divalent cations for the NOM binding sites. Calculated speciation for dissolved thallium highlights the dominance of free thallium (Tl + ) in solution whereas Tl-NOM complexes contribute roughly 15% to total Tl(I) species in river and lake type waters. Similar results are obtained for soil solutions, Tl-bound to NOM < 30% of total, from UK soils with different land use and geochemistry. However, several questions regarding thallium remain open, especially the role of Tl(III) and its abundance/stability in the environment.

List of tables

Table 1 Ion specific parameters (ISP) for the NICA-Donnan model selected after adjustment with experimental data. RMSE were calculated only with data used for ISP adjustments. For Tl(I) it means only data from the concentration isotherm. Subscript 1 and 2 correspond respectively to low affinity and high affinity sites of the humic substances as defined in NICA-Donnan model theory (Benedetti et al., 1995;Benedetti et al., 1996a Table S3 Operating conditions and data acquisition parameters for HR-ICP-MS Element 2 used for 205 Tl measurements. Thallium was measured only in low-resolution mode.

HR-ICP-MS

Rf power (W) 1350

Sample uptake rate (mL.min - 1 ) 0.2 Argon flow rates (L.min -1 ) 

Silver complexation with humic acids

Table S6 Parameters used during modeling with ECOSAT software for experimental data of silver complexation to three humic acids from Sikora et al. (1988). In all simulations, pH=6.5, background electrolyte was KNO3 0.1 mol/L and HA concentration was 0.5 g/L. Values in bold and italic are those that were adjusted. mi = nipi (Benedetti et al., 1995) Kinniburgh et al. (1983). DOM (Dissolved organic matter) is composed of 29.3% of humic substances, 66.2% of hydrophilic acids and 4.5% is considered non-reactive according to average from Ren et al. (2015) and Groenenberg et al. (2010). Humic substances are simplified as only fulvic acids and hydrophilic acids are simplified (one third for each) as combination of citric acid (Cit), oxalic acid (Ox) and acetic acid (Ac). Tl minerals taken in consideration are lanmuchangite, dorallcharite, TlCl(s), TlNO3(s) and Tl2SO4(s). No precipitation occurred. Only species with above 1 % are reported.

Tl-Cit 2-, Tl-Ox -, Tl-Ac, TlCl(aq), TlOH and TlSO4 -are negligible. Constants (minerals and dissolved complexes) used in calculation are summarized in Table S9. 

Fig. 1

 1 Fig. 1 (a) Evolution of bound thallium as function of free thallium. pH for measured data was 7.35 ± 0.05 with [HA] = 150 mg/L. For free Tl: RMSE = 0.04 (n = 9) and for bound Tl(I): RMSE = 0.16 (n = 9). (b) Calculated free thallium after the optimization of NICA-Donnan parameters with the data set given in (a) vs. measured free Tl(I). (c) Measured vs. calculated for complexed/bound thallium. For b and c, red lines are regression lines whereas dashed red lines correspond to the confidence area (5%) of the regressions. The dashed black lines are one to one lines. Error bars are ± 2 .

Fig. 2 Fig. 3

 23 Fig. 2 Bound silver versus free silver for three humic acids (HA1, 3 and 8). Experimental points are from Sikora and Stevenson (1988). Background electrolyte was KNO3 0.1 mol/L, pH was 6.5 and [HA] = 500 mg/L. Dashed black lines corresponding to NICA Donnan simulation obtained after adjustment of NICA-Donnan model parameters values

Fig. 4 Fig. 5

 45 Fig.4Modeled Tl speciation in various natural water systems fromKaplan and Mattigod (1998) 

Fig. S2

 S2 Fig. S2 Experimental set-up used for Tl(I) experiments. * Tl solution = D i is a mixture that contains Tl(I) + , K + , NO3 -and humic acid.

Fig. S4 Free

 S4 Fig. S4 Free Tl concentration over total Tl concentration function of pH. When Tl = K is mentioned (green dashed line), it means that ion-specific parameters, 𝐾 , , 𝐾 ,2 , ni,1 and ni,2 for b h T a d K e e he a e d i g de i g. O he i e, he T K i e i ed ( ed da hed i e), h e a a e e e e diffe e . E e i e a e ba a e 2 .

*

  Calculated from Gibbs free energy of formation a: Lin and Nriagu, (1999); b: Vink, (1983); c: Xiong, (2009) and d: Casiot et al., (2011) 

  

  )

	Element	log𝐾 ,	ni,1	log𝐾 ,	ni,2	RMSE for free	RMSE for
						ion	bound ion
	Tl(I)	0.20	0.88	2.40	0.84	0.04 (n = 9)	0.16 (n = 9)
	Ag(I)	-0.10	0.59	4.88	0.71	-	0.02 (n = 62)
	K(I)	0.2	0.88	1.14	0.84	-	-
	List of figures						

Table S1

 S1 Calculated Tl speciation in the acceptor side of the DMT. Modeled with CHESS 2.0.Only species corresponding to more than 1% of total concentration are presented here.Saturations indices indicate that under-saturation towards Tl bearing minerals (TlOH, TlNO3,) is expected during the experiments. Additional constants came fromCasiot et al. (2011).

		Total				Abundance in % of total		
	Element	concentration	Species	pH =	pH =	pH =	pH =	pH =	pH =	pH =
		(mol/L)		3	4	5	6	7	8	9
	Tl	2. 10 -10	Tl +	100	100	100	100	100	100 99.99
		2. 10 -6	Tl +	100	100	100	100	100	100 99.99
	Table S2 Compositions of donor and acceptor solutions at t=0. TlNO3 is not present because it
	only exists as a solid specie.								
							Tl isotherms		
		Donor			Tl + , K + , NO3 -, Humic Acids, Na + (after basic
								pH)		
		Acceptor					K + , NO3 -		

Estimation of experimental errors and RMSE calculations

  Uncertainties reported in this section are calculated from the propagation of known measurements or lab errors following the same approach as Reinoso-Maset et al (2014). These did not take into account the humic acid variability. Experimental errors were hence calculated for each experimental point following the propagation errors theory. The variance of a G function of different xi variable can be calculated from the variances of the variables xi using

	Spray chamber	Quartz Cyclo spray chamber
	Sampler cone	Nickel
	Cool Auxiliary Sample Skimmer cone Data acquisition No. of passes Mass window (%) Search window (%) Integration window (%) 20 16 1.0 Between 0.9 and 1.0 (depends of sensibility) Nickel Low Resolution 3 20 0 Samples per peak 25 Sample time (s) 1.0 ( 205 Tl) Table S4 Measured Tl values for TM23.4 and TM24.4 certified materials (Environment Canada). TM 23.4 TM24.4 Expected Average Measured Expected Average Measured [Tl] µg/L 3.97 4.08 (n=6) 4.20 4.27 (n = 4) Error or SD 0.33 0.10 0.34 0.06 Difference to expected value (%) -2.67 -1.55 5 NICA-Donnan model parameters Table S5 Purified humic acid specific parameters used during NICA-Donnan modeling are from Botero et al., 2017. Α β Qmax,1 (mol/kg) log 𝐾 , n1,H Qmax,2 (mol/kg) log 𝐾 ,2 n2,H p1 p2 0.60 -0.27 3.18 3.65 0.84 3.02 8.07 0.65 0.79 0.44 𝜎 2 ∑ 2 𝜎 2 = 2 ∑ ∑ 𝜎 (S Eq. 1) he e ( G/ i) is the partial derivative of G with respect to xi, 2 is the variance of xi and ij the covariance of the xi and xj variables. If these variables are independents, the covariance term is then equal to zero. Root Mean Square Error (RMSE, S Eq. 2) was calculated to assess the gap between experimental and modelled values for each series. 6 the following expression: 𝑅𝑀𝑆𝐸 ∑ log Me + , e red log Me + , odelled 2 = (S Eq. 2)
	Torch	Quartz torch with a separate quartz injector tube
	Nebulizer	PFA ST microflow nebulizer

7 Experimental data and additional modeled data

  

Constants and associated references used in this paperTable S9 Table

 S9 . of constant used in Tl(I) speciation modeling with ECOSAT software.

	2.03E-07 [NO3] (mg/L) 2.78E-07		1.72E-07 39		2.05E-04 1	-6.76	3.4	-3.69	1	23.1	0.3	7.31
	2.03E-07 [PO4] (mg/L) 2.76E-07		1.67E-07 0.1		2.39E-04 0.0767	-6.78	0.6	-3.62	0.0767	23.1 0.0614	7.31
	1.82E-06 [H4SiO4] (mg/L) 2.79E-06		HA1 1.60E-06 48		1.43E-03 20.8	HA3 -5.79		2	-2.84	HA8 20.8	23.4	4.4	7.31
	B 1.82E-06 Org. Carbon (mg/L) 2.62E-06		0.49 1.43E-06 0.7		2.57E-03 5.0	0.49 -5.84 10.0	-2.59	0.49 30.0	23.4	0.5	7.31
	Qmax1, H 1.71E-10 1.71E-10 pH	1.84E-10 1.81E-10	4.43 (from Sikora et al., 1988) 1.75E-10 1.73E-10 7.14 8.01 3.95 (from Sikora et al., 1988) n.s. -9.76 n.s. -9.76 7.70	n.s. n.s.	3.95 3.60	20.9 20.9	8.22	3.98 3.98
	p1 log 𝐾 , nH,1 1.57E-10 1.57E-10 1.45E-10 10 Reaction 1.57E-10 1.55E-10 1.39E-10		0.62 3.00 0.80 1.69E-10 1.65E-10 1.43E-10	n.s. n.s. 1.88E-08 logK (298.15K)	0.62 3.00 0.80 -9.77 -9.78 -9.85			0.62 3.00 0.80 Reference n.s. n.s. -7.73	21.6 21.6 22.3	4.87 4.87 5.78
	Qmax2, H 1.48E-10 Tl + + OH -T OH 1.28E-10	3.30 1.33E-10		9.49E-08 0.63	3.30 -9.88			3.30 This study -7.02	20.9	6.77
	p2 1.48E-10 Tl + + SO4 2-T SO4 -1.29E-10	0.41 1.34E-10		8.93E-08 1.37	0.41 -9.87			-7.05	a	0.41	20.9	6.77
	log 𝐾 ,2 1.74E-10 Tl + + Cl -T C (a ) 1.22E-10	7.00 1.38E-10		2.38E-07 0.51	7.60 -9.86			-6.62	a	7.25	22.5	7.75
	nH,2 1.34E-10 Tl + + 2Cl -T C 2 -1.13E-10	0.63 1.04E-10		1.96E-07 0.28	0.63 -9.98			-6.71	a	0.63	22.0	7.89
	log 𝐾 , 3.17E-11 Tl + + CO3 2-T CO3 -2.89E-11	0.20 2.84E-11		2.16E-08 2.16	0.20 -10.55		-7.67	0.20	22.3	7.5
	nK,1 3.17E-11	2.75E-11		0.88 2.78E-11		2.60E-08	0.88 -10.56		-7.59	0.88	22.3	7.5
	1.14 0.84 9 Kaplan and Mattigod's original data log 𝐾 ,2 nK,2 Table S8 Concentrations reported by Kaplan and Mattigod (1998) for Tl(I) speciation 1.14 1.14 0.84 0.84
	log 𝐾 , calculation in the dissolved phase in selected natural water systems. Authors reported the -0.10 -0.10 -0.10
	nAg,1 following references for water composition: Groundwater and lake water (Stumm and Morgan 0.59 0.59 0.59
	log 𝐾 ,2 1981); river water (Hem 1985); bog water (Thurman 1985); seawater (Nordstrom et al., 1979); 4.88 4.88 4.88
	nAg,2 organic carbon (Thurman 1985).	0.71			0.71			0.71
	m1 m2	0.50 0.26 Groundwater		River water	0.50 0.26 Eutrophic Lake Water	0.50 0.26 Bog water Seawater
	[Tl(I)]tot (mol/L)	3.55 .10 -8		9.79 .10 -11	9.79 .10 -11	9.79 .10 -11 6.36 .10 -11
	Table S7 Experimental data acquired for Tl(I) and used for calculations. n.s. not significant [Ca] (mg/L) 59 15 40 0.2	422
	[Tl]donor, eq (mol/L) [Mg] (mg/L) [Tl]acceptor, eq (mol/L) [Na] (mg/L)	[Tl]free,don, eq (mol/L) 26 22	[Tl]complexed (mol/kg) 4.1 6.3	log[Tl]free (mol/L) 10 9	log[Tl]complexed 0.19 (mol/kg) 1.5	Tavg (°C) 1,322 11,020	pH
	2.24E-11 [K] (mg/L) 1.67E-11		1.210E-11 4		6.84E-08 2.3	-10.92	2	-7.17	0.31	24.4	408	7.39
	2.24E-11 [CO3] (mg/L) 1.68E-11		1.16E-11 266		7.17E-08 57	-10.94 122	-7.14	0.06	24.4	145	7.39
	2.11E-10 [SO4] (mg/L) 3.08E-10		1.27E-10 108		5.59E-07 11	-9.90		24	-6.25	0.53	23.5 2,775	7.40
	1.73E-09 1.73E-09 [Cl] (mg/L) 2.59E-09 2.57E-09		1.47E-09 1.46E-09 11		1.74E-06 1.81E-06 7.8	-8.83 -8.84		9	-5.76 -5.74	0.99	24.2 24.2 19,805	7.35 7.35
	[F] (mg/L)		0.1			1			1	0.1	1.4

Table S10 Table

 S10 of generic NICA-Donnan constants used in Tl speciation modeling with ECOSAT software for the description of NOM in various aquatic systems or soil solutions.Parameters for other elements are taken formMilne et al. (2003) 

		Qmax,1 (mol/kg)	log 𝐾 ,	n1,H	Qmax,2 (mol/kg)	log 𝐾 ,2	n2,H	p1	p2
	FA	5.88	2.34	0.88	1.86	8.6	0.84	0.59	0.70
	HA	3.15	2.93	0.81	3.15	8.0	0.68	0.62	0.41

Table S11

 S11 Calculated distribution of Tl(I) species for the dissolved phase in selected natural water systems according toKaplan and Mattigod (1998). Species not reported here are negligible.

		Groundwater	River water	Eutrophic Lake Water	Bog water Seawater
	Tl +	90.4	82.7	76.8	32.4	51.9
	TlHCO3°	4.4	1.2	2.0	-	0.5
	TlCO3 -	-	-	-	-	0.1
	TlSO4 -	3.6	0.4	0.8	-	11.2
	TlCl°	0.1	0.1	0.1	-	30.7
	TlCl2 -	-	-	-	-	5.4
	Tl-Fulvate°	1.4	15.6	20.3	67.6	0.2

11 Modeling with soil solutionsTable S12 :

 S12 Calculated dissolved Tl(I) speciation in soil solution with ECOSAT. Compositions of solutions and soils characteristics are in
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