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Highlights 42 

 Thallium(I)  a major form in sulfide concentrates and metallurgical wastes. 43 

 No redox Tl reactions during sulfide processing, as revealed by XANES. 44 

 Overall small Tl isotopic variability ( 205Tl) in the studied samples. 45 

 Minimum Tl isotopic effects throughout the industrial process. 46 
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Abstract 61 

 In this study, we report combined Tl isotopic and Tl mineralogical and speciation data 62 

from a set of Tl-rich sulfide concentrates and technological wastes from hydrometallurgical 63 

Zn extraction. We also present the first evaluation of Tl isotopic ratios over a cycle of sulfide 64 

processing, from the ore flotation to pyro- and hydrometallurgical stages. The results 65 

demonstrate that the prevailing Tl form in all samples is Tl(I), without any preferential 66 

incorporation into sulfides or Tl-containing secondary phases, indicating an absence of Tl 67 

redox reactions. Although the Tl concentrations varied significantly in the studied samples 68 

(~9-280 mg/kg), the overall Tl isotopic variability was small, in the range of -3.1 and -4.4 69 

±0.7 (2 ) 205Tl units. By combining present 205Tl results with the trends first found for a 70 

local roasting plant, it is possible to infer minimum Tl isotopic effects throughout the studied 71 

industrial process. As a result, the use of Tl isotopic ratios as a source proxy may be 72 

complicated or even impossible in areas with naturally high/extreme Tl background contents. 73 

On the other hand, areas with two or more isotopically contrasting Tl sources allow for 74 

relatively easy tracing, i.e., in compartments which do not suffer from post-depositional 75 

isotopic redistributions. 76 

 77 

 78 

 79 
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1. Introduction86 

Thallium (Tl) is a toxic trace element (metal) included in the US EPA list of priority 87 

toxic pollutants (Kazantzis, 2000). Because of its acute and chronic toxicity for most living 88 

organisms (comparable to e.g. Hg or Cd) (John Peter and Viraraghavan, 2005), Tl can be 89 

thought as one of the most dangerous elements in the environment. Since metal sulfides tend 90 

to accumulate Tl (e.g., FeS2 and ZnS), their mining, metallurgical processing and co-91 

processing (mine waste recycling) all represent potential pathways of Tl entry into the 92 

environment (Kazantzis, 2000; Xiao et al., 2004, 2012; John Peter and Viraraghavan, 2005; 93 

Jakubowska et al., 2007; Karbowska et al., 2014; Gomez-Gonzalez et al., 2015; Liu et al., 94 

2016, 2019; Aguilar-Carrillo et al, 2018; Garrido et al., 2020; Wei et al., 2021; Ning et al., 95 

2021). Thallium may occur in K-silicates (K-feldspars, micas) or may specifically be 96 

adsorbed by micaceous clay minerals (mainly illite), mostly reflecting ion Tl(I)-K(I) exchange 97 

reactions. Furthermore, Tl-containing sulfide and oxide associations, including Tl(III) forms, 98 

are reported as important Tl pools or sinks in the environment (Fe-Zn sulfide deposits, Fe-Mn 99 

crusts/nodules, etc.)  et 100 

al., 2011, 2013; Voegelin et al., 2015; Nielsen et al., 2017). It should be noted that Tl has two 101 

stable isotopes (205Tl and 203Tl) with average abundances of ~70% and ~30%, respectively. 102 

Despite recent achievements in Tl isotope geochemistry in Earth and environmental sciences 103 

(Rehkämper et al., 2002, 2004; Peacock and Moon, 2012; Nielsen et al., 2013, 2017; Prytulak 104 

et al., 2013, 2017 Owens et al., 2017; Grösslová et al., 2018; 105 

Howarth et al., 2018; Rader et al., 2018, 2019; Ostrander et al., 2019, 2020; Vejvodová et al., 106 

2020, etc.), still very little is known about the behavior of stable Tl isotopes during industrial 107 

activities. For example, we do not know to what degree Tl isotope fractionation can take place 108 

during metallurgical sulfide processing, involving all the stages such as ore flotation, 109 

pyrometallurgy as well as hydrometallurgy. The only available Tl isotopic data and related 110 
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effects are known for different waste materials from specific high-temperature operations (ore 111 

roasting, coal burning)  various fly ashes/dusts, slags, etc. 2016, 2018; Liu et 112 

al., 2020). The major findings can be summarized as follows: (i) partial Tl isotopic 113 

fractionation can potentially take place during high-temperature activities, with isotopically 114 

lighter Tl present in fly ash relative to remaining slag or bottom ash (enriched in heavy 205Tl 115 

isotope); (ii) the volatile Tl fractions present in gas/vapor phases tend to be enriched in light 116 

203Tl isotope, probably due to its higher reaction rate during evaporation , 117 

2018).  118 

However, to be able to assess the behavior/fate of Tl stable isotopes throughout the 119 

metallurgical processes, the isotopic signatures of the feed treatment or final/base metal 120 

solution refinement(s) are clearly yet to be determined. In this study, we report combined Tl 121 

isotopic and Tl mineralogical and speciation data from a set of Tl-rich sulfide concentrates 122 

and technological wastes from hydrometallurgical Zn extraction. We attempt to answer the 123 

following fundamental questions: (i) How does the hydrometallurgical process influence 124 

complex Tl chemistry, i.e., what are major smelter-derived Tl-containing phases? (ii) Do 125 

changes in Tl chemistry reflect the changes in Tl isotopic composition in metallurgical 126 

wastes? (iii) To what degree can Tl isotopes be redistributed during a complete industrial 127 

cycle (pyro- and hydrometallurgy) relative to the primary Tl source (ore)?  128 

The work follows our earlier Tl isotopic research from a roasting/Waelz technology 129 

 and it offers new insights into stable Tl isotope signatures in source 130 

materials of anthropogenic origin, which can potentially be used to assess industrial Tl inputs 131 

in the environment. 132 

 133 

 134 

 135 
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2. Experimental136 

2.1 Ore and processing waste samples 137 

A set of Zn-rich sulfide concentrates and selected processing wastes (sludges) from the 138 

hydrometallurgy of Zn were investigated in this work. All studied samples originate from 139 

specific (MVT  the -type) sulfide deposits located in Europe and Asia140 

(Olkusz, Poland; Lisheen, Ireland; Pinargozu, Turkey) and were simultaneously processed in 141 

the Boleslaw Zn smelter (southern Poland) in November 2020. Detailed information about the 142 

samples, their location within the industrial process (Fig. S1), sample mineralogy and 143 

chemistry are given in the Supplementary Material section. 144 

145 

2.2 Mineralogical characterization and Tl speciation 146 

The phase compositions of the studied samples were determined by X-ray diffraction 147 

analysis (XRD) under the 148 

(30 mA), 2 theta range of 5-80°, counting time 149 

of 150 sec per step (step of 0.02°). The obtained diffraction patterns were processed using 150 

, in combination with a Crystallography Open Database 151 

(COD) . Selected ore/waste samples (1, 4, and 6) were studied using 152 

scanning electron microscopy (SEM) and electron probe microanalysis (EPMA). A JEOL 153 

JXA-8530F (JEOL, Japan) electron probe microanalyzer with a field emission gun as an 154 

electron source and an energy dispersion spectrometer (EDS) (JEOL JED-2300F) was used. 155 

This instrument was also used for quantitative microanalysis. The EPMA operating 156 

conditions, calibration standards and detection limits are reported in Table S1 (Supplementary 157 

Material). 158 

To gain information on Tl speciation, the samples with the highest Tl concentrations 159 

(to eliminate Fe, As, Sb etc. interferences, if present) were analyzed by X-ray absorption near 160 
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edge structure (XANES) spectroscopy (Tl LIII-edge, SUL-X beamline) at the Synchrotron 161 

Radiation Source, Karlsruhe Institute of Technology (KIT, Germany). These measurements 162 

were performed in fluorescence mode at room temperature. The BCR sequential extraction 163 

method was applied to the studied samples as well, using the procedure properly described in 164 

 The reason was to better assess the role of major Tl-host phases in a 165 

complex process of Tl uptake (coprecipitation). 166 

167 

2.3 Element concentrations 168 

Samples were air-dried (to a constant weight) prior to Tl/element concentration 169 

measurement. A sample aliquot of 0.2 g was dissolved in a mixture of concentrated HNO3/HF 170 

(Merck Ultrapure, Germany) (2:1 ratio, ~20 mL, total volume) and then diluted in 2% HNO3 171 

(50 mL). PTFE beakers (60-mL, Savillex, USA) and a ceramic plate (150-200 C, 48 h) were 172 

utilized throughout this step. Concentrations of Tl, Zn, Pb, and Fe in the individual solutions 173 

were determined using Q-ICP-MS (Xseries II, Thermo Scientific, Germany) in a triplicate 174 

approach. Standard reference material 2711 (Montana Soil, NIST, USA) was used for the QC 175 

of quantitative Tl analysis (Table S2, Supplementary Material). 176 

177 

2.4 Thallium isolation 178 

A two-step chemical separation of Tl with Bio-Rad AG1-X8 resin in the Cl- form 179 

without utilizing HBr was used (Supplementary Material). The technique is analogical with 180 

those used within our previous studies 181 

2018; Vejvodová et al., 2020). 182 

183 

2.5 Thallium isotope measurement 184 



8 

Detailed information about the measurement of Tl isotopic ratios using MC-ICP-MS 185 

Neptune plus (Thermo Scientific, Germany), including the analytical conditions similar to 186 

those described in e.g., Prytulak et al. (2013, 2017), and the respective QC (Table S3), are 187 

shown in the Supplementary Material section. 188 

189 
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3. Results and discussion 210 

3.1 Thallium phase associations by XRD and EPMA 211 

The XRD analysis indicated that the phase composition of the studied concentrates is 212 

dominated by sphalerite (ZnS) and pyrite (FeS2) with minor proportion of other sulfides, 213 

secondary sulfates (anglesite, PbSO4; plumbojarosite, PbFe6(SO4)4(OH)12; susannite, 214 

Pb4(SO4)(CO3)2(OH)2) and gangue phases such as quartz (SiO2), dolomite (CaMg(CO3)2) or 215 

calcite (CaCO3) (Fig. S2). In contrast, metallurgical sludges are mainly composed of a spinel-216 

family oxide (franklinite, ZnFe2O4), sphalerite and sulfates such as plumbojarosite, anglesite 217 

and gypsum (CaSO4·2H2O) (Fig. S2). The EPMA data indicate that high concentrations of 218 

EPMA-detectable Tl are found in all the sulfides: 0.03-0.09 wt.% in sphalerite, 0.04-0.07 219 

wt.% in pyrite and 0.20 wt.% in galena (Table S4). Given the high proportion of sphalerite 220 

(Figs. 1 and S2), this phase is the dominant carrier of Tl in the concentrates, in line with 221 

measured Zn concentrations (Table 1). Thallium was also detected in mixtures of secondary 222 

Pb phases, where it is probably mainly bound in plumbojarosite, with Tl concentrations in the 223 

range 0.06-0.20 wt.% (Table S5). Interestingly, high Tl amounts were also found in 224 

franklinite (0.12-0.28 wt.% Tl) and in gypsum (0.30 wt.% Tl) in the Larox sludge sample 225 

(Table S6). We assume that this can be a result of Tl coprecipitation with secondary 226 

metallurgical phases as a function of Tl concentration in the reaction media, pH, temperature, 227 

etc. However, passive Tl sorption can also be promoted by Tl(I) retention in exchangeable K-228 

exchanged positions/layers, for instance, in oxide or sulfate precipitates 229 

230 

3.2 Thallium speciation by XANES spectroscopy 231 

The Tl LIII-edge XANES spectra of selected ore and metallurgical samples (1, 2, 6 and 232 

7) are compared to reference spectra in Fig. 2. In general, the quality of the sample spectra is233 

not ideal because of spectral interferences and fluorescence attenuation caused by the very 234 
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high levels of Zn, Pb and As in the samples. Nevertheless, the spectra most closely resemble 235 

to the spectra of Tl(I)-aqueous or Tl(I)-sulfide (lorandite), indicating that most Tl is 236 

monovalent Tl(I). Due to the limited quality of the sample spectra, the lack of reference 237 

spectra for other potential Tl(I) phases, and limited spectral characteristics, our data do not 238 

allow to further constrain the speciation of Tl(I) in metallurgical samples. Only for the Larox 239 

sludge, do the spectral characteristics suggest that a fraction of the Tl(I) may be incorporated 240 

in jarosite, as would be consistent with the literature (Dutrizac, 1997). Regarding the absence 241 

of clearly detectable levels of Tl(III), this finding is in agreement with the generally low 242 

stability of trivalent Tl(III) species, which start to degrade at relatively low temperatures 243 

(~150 °C, TlCl3) as they generally have only limited/low thermal stability (Holleman et al., 244 

1995; Phillips and Perry, 1995; Lide, 2009). Moreover, the formation of Tl(III) species could 245 

only be favored under highly oxidative conditions, otherwise Tl(I) species tend to dominate 246 

247 

Although, the reliability of the BCR sequential extraction in the determination of Tl 248 

sources is generally t al., 2010), its combination with all the Tl 249 

speciation and mineralogical data allowed us to draw the following key conclusions (Table 250 

S7). With the exception of samples 6 and 7 (Larox and Dorr sludges), the samples showed a 251 

good geochemical stability, as the majority of Zn and Pb, including Tl, was associated with 252 

the oxidizable and residual fractions (Table S7). This finding indicates the dominant role of 253 

sulfides in the total process of Tl retention, as well as only limited role of sulfide weathering 254 

in Tl release. On the other hand, there is clear evidence for the formation of Tl-containing 255 

precipitates (oxides, sulfates) in metallurgical wastes with marked Tl solubility within the 256 

acid-extractable and reducible fractions. This behavior strengthens the conclusion that Tl can 257 

significantly be mobilized during hydrometallurgical Zn extraction, or the metallurgy of 258 

sulfides in general. 259 
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260 

3.3 Thallium concentrations and isotopic variability in sulfide concentrates 261 

Thallium concentrations in the studied concentrates varied substantially, from 8.6 262 

mg/kg (sample 2) to 169 mg/kg (sample 1) (Table 1). All samples are identical in their origin, 263 

as they originate from the low-T sulfide mineralizations (<200 °C) of the Mississippi Valley 264 

type (MVT) (Supplementary Material). Monovalent Tl, as a relatively conservative trace 265 

element with a chemistry similar to K, tends  fluids from 266 

which it can preferentially enter the specific low/medium-T mineral associations, including 267 

sulfides (Hetmann et al., 2014). 268 

The Tl isotopic variability observed in the concentrate samples 205Tl, 269 

ranged from -3.4 to -4.4 (±0.7). The finding suggests quite uniform isotopic compositions. 270 

Considering 205Tl value of -3.9 in the post-flotation waste (sample 5) derived from the 271 

Olkusz ores with 205Tl values of -4.4 and -4.2 (samples 3 and 4) (Table 1), it can be argued 272 

that initial sulfide pre-concentration did not affect the Tl isotopic signature of the flotation 273 

product, which is mostly absent of gangue constituents. In other words, the role of gangue 274 

mineralization in total Tl isotopic composition of the Olkusz Zn/Pb deposit is probably not 275 

important. 276 

It should also be highlighted that the identified overall 205Tl range, including the 277 

lowest 205Tl value in the concentrate from Olkusz (-4.4), is regularly observed in 278 

igneous/hydrothermal and even sedimentary rocks or phases (Prytulak et al., 2013, 2017; 279 

Nielsen et al., 2017; Howarth et al., 2018). Hettman et al. (2014) on an example of the MVT 280 

205Tl values to our ore-like 281 

samples 205Tl = -2.7 (±0.5) for sphalerite or -1.4 for galena. In general, the authors 282 

report that the main cause for the Tl isotopic variations in sulfides and accompanying trace 283 

metal-bearing minerals like sulfosalts is mass-independent fractionation (MIF), with a nuclear 284 
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volume-dependent effect as the controlling mechanism. It is assumed that the mass-dependent 285 

fractionation (MDF), which is typically associated with kinetic processes of heavy metal 286 

isotopes, including Tl, seems to be somewhat suppressed during hydrothermal processes 287 

(Hettman et al., 2014). The theory is based on the premise that the diffusivity of Tl in the 288 

sulfide melt is possibly much faster than preferential (kinetically-driven) reactions of Tl 289 

isotopes over the sulfide formation. By combining all the available Tl isotopic MVT data with 290 

the 205Tl values observed in the Earth's mantle and/or bulk continental crust samples with 291 

205Tl -2.0 (±1) on average (Nielsen et al., 2006a,b, 2017), this could also be evidence for 292 

relatively low/limited stable Tl isotope fractionation during the formation of sulfides within 293 

the MVT deposits. Therefore, some consistency in Tl isotopic signatures with the primary 294 

magmatic Tl source or differentiated crust-derived melt enriched in Tl could be assumed. 295 

296 

3.4 Thallium concentrations and isotopic variability in processing wastes 297 

The metallurgical sludges, with up to 283 mg Tl/kg (Table 1), indicate substantial 298 

Tl(I) accumulation, though mainly in specific newly formed oxides and gypsum (Table S6), 299 

in line with primary Tl source(s) such as sulfide concentrates (Tables 1 and S4). 300 

The calculated (weighted) mean 205Tl value corresponding to the metallurgical feed 301 

material used in the Boleslaw Zn smelter (as for November, 2020), which is a mixture of the 302 

concentrates 1, 2 and 3(4) in a ratio of ~1/~1/~2, respectively (Supplementary Material), 303 

equals -3.9. This value is analogous to that observed for a local post-flotation waste (Table 1). 304 

205Tl values in metallurgical sludges (-3.6 and -3.1, ±0.7) are compared with the 305 

smelter feed (-3.9, ±0.7), the data are indicative of a negligible Tl isotopic fractionation. This 306 

assumption is also consistent with only small variations 205Tl (from -4.1 to -3.3, ±0.7) that 307 

we have first observed in all local massive ore and various waste materials from a high-308 

temperature roasting/Waelz process (fly ash, slag and granulated waste) in the same 309 
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metallurgical plant . Given the limited isotopic variability in the studied 310 

samples of only 205Tl (Table 1 and Fig. S1), including that regarding the roasting 311 

technology , we assume that sulfide ore processing does not result in 312 

significant Tl isotopic fractionation(s), i.e., in terms of a complete industrial Tl cycle. Further 313 

evidence for a conservative behavior of stable Tl isotopes can be seen from Fig. 3, which 314 

shows that all samples apparently fall in a 2  range of a mean 205Tl value (-3.7). 315 

Such an isotopic homogeneity is quite surprising, at least in view of a wide range of Tl 316 

concentrations (~9-280 mg/kg) (Table 1) or a very large variability in Tl isotopic ratios in 317 

different solid wastes from pyrite roasting technology 205Tl units (from -1 to 318 

+16), as recently reported by Liu et al. (2020). Therefore, our results are more similar to data 319 

by Kersten et al. (2014), who observed even an absence of Tl isotopic fractionation for a high-320 

temperature process, albeit in relation to cement production. The authors revealed an analogy 321 

in the isotopic signature in Tl-rich FeS2, co-combusted waste from FeS2 roasting (as an 322 

additive) and emitted cement kiln dust (CKD), all exhibiting 205Tl ~0. 323 

Indeed, our earlier isotopic data for fly ash and slag in the Boleslaw Zn smelter point 324 

to isotopically lighter Tl in the fly ash, corresponding to 0.8 205Tl unit as a difference 325 

et al., 2018). The finding was explained by a higher rate of reaction kinetics of the 203Tl 326 

isotope during evaporation, followed by the accumulation of 205Tl in the remaining slag 327 

phase. From this viewpoint, the concept is synonymous to that proposed by Liu et al. (2020), 328 

who, on the basis of a Rayleigh distillation model, demonstrated marked Tl isotopic 329 

slag-vapor = 1.0010-1.0025 between the slag and model vapor phase 330 

(Liu et al., 2020). We observed similar behavior in various emitted temperature-controlled Tl 331 

vapor and condensate samples 205 between ~-6 and -10), in comparison to the bottom ash 332 

205 ~0) from industrial coal burning, thus, exhibiting a 205Tl units 333 

However, all the solid materials of fly and bottom ashes derived in the 334 
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studied coal-fired power plant (Turów, Poland) showed much lower isotopic variability, 335 

which accounted for 205Tl units  At this point, again, it should be 336 

noted that we did not observe similar marked isotopic variations in any solid material or 337 

critical reaction products throughout the currently studied metallurgical technology. 338 

Moreover, all the identified Tl shifts were insignificant, on the basis of 2  (Fig. 3). 339 

In contrast, for stable Zn isotopes during primary Cu smelting (Krompachy, Slovakia), 340 

Bigalke et al. (2010) proved significant isotopic variations, in 66Zn, -341 

grained slag . This is congruent with data 342 

detected by Cloquet et al. (2006) for stable Cd isotopes. Comparable results are also reported 343 

for Cu isotopes from the Cu smelter in Tsumeb (Namibia). The 344 

authors revealed isotopically lighter Cu in the fly ash 65 Cu 345 

isotopic signature in 65 All this information, in 346 

combination, possibly indicates the ability of lighter trace elements (Zn, Cu, Ni, Cd etc.) to be 347 

isotopically redistributed more significantly during both high- and low-temperature 348 

metallurgical operations or within anthropogenic activities in general (Wiederhold, 2015; 349 

Chrastný et al., 2015).  350 

 351 

3.5 Potential link between Tl speciation and Tl isotopic data? 352 

A combination of Tl mineralogical and speciation data and Tl isotopic compositions in 353 

the studied samples did not reveal any link between Tl forms and Tl isotopic signature. 354 

Omitting the fact that the total number of XANES and EPMA analyses was limited, 355 

apparently Tl was mainly present as Tl(I) and ZnS was a dominant Tl-host phase in all 356 

concentrate samples (Figs. 1 and S1). Thallium was also detected in other minor sulfides 357 

(FeS2, PbS). Nevertheless, the overall distribution of Tl was relatively uniform in different 358 

 secondary Tl-rich minerals 359 
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(mainly sulfates) and metallurgical precipitates (spinel oxides) did not indicate any important 360 

shifts in Tl concentrations, all exhib  S5 and S6). 361 

Regarding the absence of any relationship between Tl(I) speciation and the isotopic Tl 362 

signature, we assume that the Tl isotopes can be more efficient as qualitative tracers of the 363 

genesis of ore deposits. More specifically, Tl isotopic ratios can successfully be used as 364 

tracers of specific inter-element or mineral relationships within a specific 365 

deposit/mineralization for which, however, an accurate separation of Tl-rich minerals 366 

accompanied by selective Tl isotopic analysis is essential (Hettman et al., 2014; Rader et al., 367 

2018) 368 
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4. Environmental implications 385 

Contamination of the environment with Tl due to mining/processing of sulfides has 386 

widely been reported (Kazantzis, 2000; Xiao et al., 2004, 2012; Jakubowska et al., 2007; 387 

Karbowska et al., 2014; Gomez-Gonzalez et al., 2015; Liu et al., 2016, 2019; Aguilar-Carrillo 388 

et al, 2018; Garrido et al., 2020; Wei et al., 2021; Ning et al., 2021). Furthermore, it seems 389 

that similarly to industrial coal burning, this activity is potentially responsible for up to 1/4 of 390 

global anthropogenic Tl inputs (>0.5 Gg Tl/year) (John Peter and Viraraghavan, 2005). 391 

Here, we present the first evaluation of Tl isotopic ratios over a complex cycle of 392 

sulfide processing, from the ore flotation to pyro- and hydrometallurgical stages. We found 393 

only insignificant Tl isotopic variations (on the basis of 2 , 205Tl) between initial smelter 394 

feed  sulfide concentrates and the waste materials from hydrometallurgical Zn extraction, in 395 

spite of relatively large differences in their Tl concentrations. The present data confirmed a 396 

very good consistency with the Tl isotopic data that we first obtained solely within roasting 397 

technology in the same plant . In combination, the results point to 398 

minimum Tl isotopic effects in terms of a total industrial process. 399 

We found that the prevailing Tl form in all concentrates and metallurgical wastes is 400 

Tl(I), without any preferential incorporation into sulfides or Tl-containing secondary phases, 401 

mainly sulfates and spinel oxides. Therefore, we expect any reactions which alter Tl redox 402 

speciation (oxidation) and which could possibly be expected for some stages of 403 

hydrometallurgical processing to be absent. These reactions, if present, could lead to marked 404 

Tl isotopic effects (Wiederhold, 2015, Nielsen et al., 2017). 405 

In summary, the obtained Tl isotopic data are similar and mimic the signature of the 406 

primary Tl source in all the key stages of sulfide processing. As a result, the use of Tl isotopic 407 

ratios as a source proxy or for quantifying industrial emissions may be complicated or even 408 

impossible in areas with naturally high/extreme Tl background contents. On the other hand, 409 
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areas with two or more isotopically contrasting Tl sources allow for relatively easily tracing 410 

, for instance, in sediments or 411 

soils which do not suffer from post-depositional isotopic redistribution effects. 412 
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705 
706 
707 

Figure 1. Scanning electron micrographs in back-scattered electrons (SEM-BSE) of selected 708 
sulfide concentrates (no. 1 and 4) and a metallurgical waste/sludge (no. 6). Fragments of 709 
sphalerite, pyrite and galena associated with the gangue dolomite and quartz (1  Lisheen, 710 
Ireland); fragments of sphalerite, pyrite and gangue dolomite with residues of galena grains 711 
altered to a mixture of secondary Pb phases (4  Olkusz, Poland); fragments of sphalerite, 712 
franklinite and gypsum associated with a mixture of Pb-rich secondary weathering products (6 713 
 Larox sludge). Phase abbreviations: Dol  dolomite (CaMg(CO3)2); Frk  franklinite 714 

(ZnFe2O4); Gn  galena (PbS); Gp  gypsum (CaSO4·2H2O); Py  pyrite (FeS2); Sp 715 
sphalerite (ZnS); Qz  quartz (SiO2). 716 

717 

718 

719 

720 

721 

722 

723 
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724 
725 
726 

Figure 2. Normalized Tl LIII-edge XANES spectra in selected sulfide concentrates (no. 1 and 727 
4) and metallurgical wastes/sludges (no. 6 and 7), compared with reference spectra for Tl(III)-728 
oxide (Tl2O3, avicenite), Tl-jarosite, Tl-sulfide (TlAsS2, lorandite), aqueous Tl+ and Tl(I)-729 
chloride. 1  Lisheen, Ireland; 4  Olkusz, Poland; 6 and 7  Larox and Dorr sludges. Detailed 730 
information about the samples is available in the Supplementary Material section. 731 

732 
733 
734 
735 
736 
737 
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738 
739 
740 

Figure 3. Thallium concentration in the studied sulfide concentrates, the post-flotation waste 741 
and the metallurgical wastes/sludges (red points) vs. 205Tl. Black bold line depicts an 742 
unweighted 205Tl value calculated from all the samples (-3.7), blue dotted line depicts a 743 
calculated model 205Tl value for the metallurgical feed (-3.9). An estimated error of ±0.7 744 

205Tl (2 ) is based on our external reproducibility of multiple separate analyses of the SRM 745 
AGV-2 (USGS, USA) (Table S3, Supplementary Material).746 
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I. SAMPLE DESCRIPTION 
 
Sample 1. 
 
Concentrate from ores of the Lisheen Zn-Pb-Ag deposit 
Localization: County Tipperary in southeast-central Ireland 
 
Description of the deposit: Mississippi Valley type. Hydrothermal origin. Strata-bound pyritic 
sulfide lenses containing 22 Mt of ore with an overall grade of 11.5 percent Zn, 1.9 percent Pb, 
26 g/t Ag, and 16 percent Fe. Ores are hosted in Lower Carboniferous (Early Mississippian) 
carbonate rocks. Sulfide bodies consist of pyrite-marcasite, sphalerite, and galena with 
subsidiary sulfosalt minerals, arsenopyrite, and copper sulfides. Sulfides replace carbonate 
minerals and infill dissolution cavities. Gangue minerals intergrown with sulfides include 
dolomite, calcite, barite, and quartz (Hitzman et al., 2002). 
 
Sample 2. 
 
Concentrate from ores of the Pinargozu deposit 
Localization: Province of Adana, south-central Turkey 
 
Description of the deposit: Mississippi Valley type. Hydrothermal origin. Formed within the 
passive-margin platform carbonate sequences with fluid-flow system related to the Cimmerian 
or Alpine orogenic compression. Mining has mainly been of secondary zinc mineralization, 
formed due to supergene oxidation of massive sulfides. Primary mineralization is dominant in 
deeper parts, where coarse massive-sphalerite-rich sulfide with pyrite, massive galena occur. 
Secondary mineralization is represented by smithsonite, hemimorphite and smaller amount of 
hydrozincite, and is associated with abundant Fe-oxidee and hydrooxides and cerussite. Zn and 
Pb are accompanied by general tenor of >50 g/t silver, locally >250 g/t 
(https://miningdataonline.com). 
 
Sample 3. 
 
ZnS concentrate from ores of Olkusz deposit 
Localization: Southern Poland 
 
Description of the deposit: The Zn–Pb ore mineralization is of low temperature hydrothermal 
Mississippi Valley-Type. The age of metals emplacement is assumed to be between 150-200Ma 
(Jacher-Śliwczyńska, 2008) and 138.5 Ma (Sutkowska, 2009). The host rocks to the ore bodies 
are Middle Triassic limestones altered to ore-bearing dolomites. The bulk of the mineralization 
comprises strata-bound galena and/or sphalerite with associated pyrite and marcasite. Typical 
associated elements are Cd, Ag, Tl, As, Ba and Mn (Cabala and Teper, 2007). 
 
Sample 4. 
 
Reflot ZnS+PbS concentrate from ores of Olkusz deposit 
Localization: Southern Poland 
 
This is the concentrate produced by flotation of post-flotation wastes deposited in tailings pond 
located at Olkusz. The wastes come solely from the Olkusz ores processing (for the 
characterization, see sample 3 description) 
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Sample 5.  
 
Post-flotation waste from ores of Olkusz deposit 
Localization: Southern Poland 
 
This is a waste material produced by flotation of the Olkusz ores (for the characterization, see 
sample 3 description). 
 
Samples 6. and 7. 
 
Larox and Dorr sludges  
 
Localization: Boleslaw, Southern Poland 
 
Description of the material: Material consisting of the Olkusz (50%) and mixed 
Lisheen/Pinargozu (50%) concentrates is used in the Boleslaw processing plant (near Olkusz). 
The leaching process is adopted to treat only the calcine of the zinc oxides produced from the 
Waelz fumes by calcination in a rotary kiln. Slurry obtained is prepared for further processing 
by solution purification and zinc electrolysis. The slurry is classified in hydrocyclones. The 
overflow from the hydrocyclones is transported by gravity to Dorr thickeners. The overflow 
from the thickeners is pumped to a solution purification plant and the underflow (the pulp which 
constitutes sample 7) is pumped to low acid leaching tanks. After classification, the pulp is 
washed and filtered at Larox filters. The cake from the filters (sample 6) is transported by 
conveyors to the pyrometallurgical plant (Fig. S1). 

 
 
Figure S1. Simplified Zn metallurgical processing flowsheet showing ore concentrate (1-4), 
post-flotation waste sample (5) and metallurgical waste sample (sludge) locations (6 and 7). 
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II. MINERALOGICAL INVESTIGATIONS 
 
Table S1. Operating conditions of the EPMA, standards and detection limits for the 
measurements of sulfides and oxides, respectively. 
 
     Sulfides     

accelerating voltage 20 kV, beam current 30 nA, focused beam size 

     

Element X-ray Crystal Standard  Detection limit (wt.%) - elements 

As La TAP Gallium Arsenide 0.018 
S Ka PETJ Marcasite 0.004 

Pb Ma PETJ Galena 0.019 

Zn Ka LIF Sphalerite 0.012 

Fe Ka LIFL Marcasite 0.007 

Tl La LIFL Thallium Bromide/iodide 0.020 

          Oxides      

accelerating voltage 15 kV, beam current 30 nA, focused beam size 

     

Element X-ray Crystal Standard  Detection limit (wt.%) - oxides 

Si Ka TAP Quartz 0.03 
Al Ka TAP Al2O3 0.02 

K Ka PETJ Sanidine 0.02 

Ca Ka PETJ Diopside 0.02 

S Ka PETJ Anhydrite 0.13 

Pb Ma PETJ Crocoite 0.04 

Cd La PETJ Cadmium Metal 0.02 

Fe Ka LIFL Magnetite 0.03 

Mn Ka LIFL Rhodonite 0.03 

Zn Ka LIFL Willemite 0.05 

Tl La LIFL Thallium Bromide/Iodide 0.11 

Na Ka TAP Albite 0.02 

Mg Ka TAP MgO 0.01 
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III. QUALITY CONTROL OF THALLIUM DETERMINATION 
 
Table S2. Measured and certified Tl values for standard reference material, NIST 2711 
(Montana Soil) (National Institute of Standards and Technology, USA) The analysis was 
carried out in triplicate and depict mean (2σ). 
 

 Measured (mg/kg) Certified (mg/kg) 

NIST 2711  2.31 ± 0.39 2.47 ± 0.30 

 
 
IV. STABLE THALLIUM ISOTOPE SEPARATION AND MEASUREMENT 
 
In order to isolate Tl from the sample matrix (i.e., digested sample), a two-stage 
chromatographic separation with an anion exchange resin (Bio-Rad AG1-X8, 200-400 mesh, 
Cl- cycle) was performed. The sample was evaporated to complete dryness and then redissolved 
in 0.1 M HCl. Subsequently, Br2 was added so that the reagent had a final concentration of 1% 
(v/v) in the sample solution (0.1 M HCl). The solution was then left overnight (>12 h) to ensure 
that all the Tl(I) was oxidized to Tl(III). For Tl separation, a sample aliquot was taken so that, 
in general, 100-500 ng of total Tl was present. The first stage of the chromatography utilized a 
10-mL Poly-Prep-column (Bio-Rad, USA) filled with 2 mL of resin, followed by steps with 
reagent mixtures and volumes as follows: (i) 5×1 mL 0.1 M HCl-SO2 + 5×1 mL 0.1 M HCl, 
resin cleaning; (ii) 5×2 mL 0.1 M HCl-1% Br2, resin treatment; (iii) sample loading (0.1 M 
HCl-1% Br2); (iv) 10×2 mL 0.01 M HCl-1% Br2; (v) 6×2 mL 0.5 M HNO3-1% Br2; (vi) 6×2 
mL 2 M HNO3-1% Br2; (vii) 6×2 mL 0.1 M HCl-1% Br2; (viii) 15×2 mL 0.1 M HCl-SO2, Tl/Pb 
fraction elution. The obtained Tl/Pb fraction was evaporated and redissolved in 200 μL 0.1 M 
HCl-1% Br2 (>12 h), in preparation for the next part of the Tl purification. A PP 1.2-mL micro-
column filled with 250 μL of resin was used for the second chromatographic stage. Resin 
cleaning and treatment, as well as sample loading, were performed in the same way, with 
corresponding lower volumes of the individual reagent mixtures. Once the final Tl fraction was 
obtained, the Tl sample was evaporated and diluted in 5 mL 2% HNO3. The Tl and Pb 
concentrations were monitored after sample dissolution and Tl separation. Chemicals of 
ultrapure and suprapure quality (Merck, Germany) and deionized water (MilliQ+, Millipore, 
USA) were used for the separation techniques. 
 
Multi-collector inductively coupled plasma mass spectrometry (MC-ICP-MS) (Neptune Plus, 
Thermo Scientific, Germany) with a desolvating nebulizer (Aridus II, CETAC, USA) was used 
to determine the Tl isotope ratios. All the solutions were measured in 3 runs (50 cycles each). 
External normalization (with Pb) and standard sample bracketing (NIST SRM 997) were 
employed to eliminate the mass bias drift. The 208Pb/206Pb ratio was used for the correction of 
the raw 205Tl/203Tl ratio, i.e., using NIST SRM 981 (Common lead) added to the sample to 
obtain Pb/Tl 2–3. The Tl isotopic composition was calculated using the following equation with 
ε notation relative to NIST SRM 997 (Eq. 1). 
 

 
Repeated analyses of the Sigma-Aldrich standard solution (for ICP analysis) resulted in a mean 
ε205Tl of –0.80 and –0.90 (n = 3). The estimated error ±0.7 ε205Tl (2σ) (Table S3) for the 
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presented sample set is based on our long-term external reproducibility for the standard 
reference material AGV-2 (Andesite, USGS, USA). This approach encompasses all the critical 
steps of the complete analytical procedure (sample dissolution, ion exchange chromatography 
and mass spectrometry). 
 
 
Table S3. Measured and reference Tl concentration and Tl isotopic data for the standard 
reference material AGV-2 in our laboratory and by Prytulak et al. for comparison. 
 

Tl (μg/kg)  2σ ε205Tl 2σ n Diss. References 

272 24 –3.1* 0.4* 2 1 (Vejvodová et al., 2020) 

250 38 −2.6 0.8 3 3 (Vaněk et al., 2020) 

239 30 –3.2 0.6 2 2 (Vaněk et al., 2018) 

282 35 –2.8* 0.7* 2 1 (Grösslová et al., 2018) 

245 32 –3.4 0.7 6 6 (Vaněk et al., 2016) 

267 35 –3.0 0.6 15 8 (Prytulak et al., 2013) 

267 0 –2.7 0.2 9 5 (Prytulak et al., 2017) 
*Data calculated from repeated measurements of the same sample. 
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V. MINERALOGIAL AND THALLIUM SPECIATION DATA 
 

 
 
Figure S2. XRD patterns of ore concentrates (1-4) and metallurgical waste samples (6 and 7). 
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Table S4. Representative microprobe analyses of sulfides in wt.%, at.% and recalculated to 
structural formulae (apfu – atoms per formula unit) on the basis of 1 S+As (sphalerite, galena) 
and 2 S+As (pyrite). 
 
       Phase sphalerite sphalerite sphalerite pyrite pyrite galena 
Sample no. 1 4 6 1 4 4 
Spot 26 8 19 29 12 10 

              wt.%       
Fe     0.43 0.91 1.99 48.78 48.30 0.47 
Zn     66.68 66.67 65.18 1.73 1.78 4.67 
Pb     0.09 0.09 0.09 0.29 0.83 82.77 
Tl     0.09 0.06 0.03 0.07 0.04 0.20 
As     - - - 0.18 - - 
S      32.06 31.77 32.13 51.19 51.42 10.99 
Total   99.34 99.49 99.42 102.23 102.37 99.10 

       
at.%       
Fe     0.38 0.80 1.75 34.92 34.59 0.48 
Zn     50.28 50.29 48.98 1.06 1.09 4.71 
Pb     0.02 0.02 0.02 0.06 0.16 83.52 
Tl     0.02 0.01 0.01 0.01 0.01 0.20 
As     - - - 0.10 - - 
S      49.30 48.88 49.24 63.85 64.15 11.09 
       
apfu       
Fe     0.0077 0.0164 0.0355 1.0923 1.0786 0.0429 
Zn     1.0200 1.0289 0.9948 0.0331 0.0340 0.4248 
Pb     0.0004 0.0004 0.0004 0.0018 0.0050 7.5303 
Tl     0.0004 0.0003 0.0001 0.0004 0.0002 0.0179 
As     - - - 0.0030 - - 
S      1.0000 1.0000 1.0000 1.9970 2.0000 1.0000 
       - not detected 
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Table S5. Representative microprobe analyses of complex mixtures of secondary Pb-bearing 
phases (anglesite, plumbojarosite, susannite and/or lithagite). 
 
      Sample no. 1 4 6 6 6 
Spot  6 11 22 24 25 

      
wt.%      
Fe     0.29 2.19 1.84 2.44 2.07 
Zn     5.62 23.20 2.11 2.19 1.84 
Pb     54.13 19.12 63.29 60.88 58.12 
Tl     0.19 0.10 0.20 0.06 0.10 
S      6.58 13.49 7.27 7.25 6.86 
Total   66.81 58.10 74.71 72.82 68.99 
      
 
 
Table S6. Representative microprobe analyses of spinel-family oxides and a gypsum-like 
phase. 
 
      Phase spinel spinel spinel  gypsum 
Sample no. 6 6 6  6 
Spot 1 3 7  5 
            wt.%      
SiO2   0.04 - 0.35  0.07 
Al2O3  0.05 0.82 0.12  - 
FeO    64.29 60.82 66.80  1.86 
MnO    0.05 0.22 2.80  - 
MgO    0.11 0.47 0.26  - 
CaO    - 0.05 0.25  36.71 
Na2O   0.55 0.59 0.52  - 
K2O    0.14 0.07 -  0.03 
PbO    0.06 0.29 0.39  5.04 
ZnO    31.66 33.96 26.05  1.36 
CdO    1.35 0.64 0.11  0.23 
Tl2O3 / (Tl) 0.13 (0.12) 0.27 (0.24) 0.31 (0.28)  0.34 (0.30) 
SO3    - - -  35.07 
Total   98.44 98.19 97.96  80.71 
      
% end members*      
FeAl2O4 (hercynite) 0.00 1.19 0.03   
MnAl2O4 (galaxite) 0.00 0.00 0.03   
ZnAl2O4 (gahnite) 0.11 0.59 0.21   
MgFe2O4 (magnesioferrite) 0.68 0.90 1.59   
FeFe2O4 (magnetite) 0.86 65.03 10.45   
MnFe2O4 (jacobsite) 0.18 0.24 9.61   
ZnFe2O4 (franklinite) 98.17 32.05 78.08   
      - not detected 
* % of end members calculated by the EMG software (Ferracutti et al., 2015) 
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Table S7. Thallium, Pb and Zn concentrations in the operationally-defined chemical fractions 
obtained within the BCR sequential extraction method (n = 3; RSD ≤10%). The oxidizable 
and residual element fractions were calculated using the data from total sample digestions. 
 
      Sample no.  Tl Pb Zn  
Fraction *concentrate mg/kg g/kg g/kg  

      
Acid-extractable      
1.   Lisheen, Ireland * 10 0 31  
2.   Pinargozu, Turkey * 1 0 19  
3.   Olkusz, Poland * 4 0 20  
4.   Olkusz, Poland * 11 0 25  
6.   Larox sludge  15 0 10  
7.   Dorr sludge  19 0 90  
      
Reducible      
1.   Lisheen, Ireland * 8 7 5  
2.   Pinargozu, Turkey * 1 8 2  
3.   Olkusz, Poland * 2 8 4  
4.   Olkusz, Poland * 6 24 3  
6.   Larox sludge  95 14 10  
7.   Dorr sludge  264 16 22  
      
Oxidizable + Residual      
1.   Lisheen, Ireland * 151 18 464  
2.   Pinargozu, Turkey * 7 39 478  
3.   Olkusz, Poland * 64 10 530  
4.   Olkusz, Poland * 78 123 338  
6.   Larox sludge  12 109 160  
7.   Dorr sludge  0 63 133  
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