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Abstract 27 

The aim of this study is the development of a separation technique for geological samples, 28 

namely bismuthinites, with the goal to isolate Tl from excess amounts of Bi. This will 29 

enable an isotopic measurement of the Tl content on the ultra-trace level to identify a 30 

possible signature of Bi α-decay. The separation of Tl from other elements like e.g. Pb has 31 

been the subject of numerous studies. However, the separation of ultra-traces of Tl from 32 

bulk Bi had not yet been investigated sufficiently. This paper describes a separation 33 

technique for the system Bi/Tl for application to ultra-trace analysis. The separation 34 

technique uses a column chromatographic system, utilizing the specific redox behavior of 35 

Tl. The results show, that Tl can be successfully separated in appearance of vast excess 36 

amounts of Bi, showing recovery rates up to 96%. The developed procedure was 37 

successfully applied for the ultra-trace analysis on a number of bimuthinites using ICP-38 

MS. On base of the results it is discussed, which prerequisites bimuthinite samples must 39 

fulfill to be suitable for the quantification of Bi alpha decay on base of the Tl isotopic ratio. 40 
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Introduction 43 

First proof of the α-decay of 209Bi 44 

In 2003 de Marcillac et al. detected decay events during background measurements with a 45 

scintillation bolometer using bismuth germanate (BGO) detectors [1]. Scintillation 46 

bolometers are commonly used to discriminate -radiation from α-radiation. The detected 47 

events yielded evidence for α-particles with an energy of 3.130±0.016 MeV. In total, 128 48 

decay-events were detected with a measuring time of 432000 s using a 92 g BGO crystal 49 

[1]. These results were used to calculate a half life value of 1.9±0.2 x 1019 a for 209Bi. This 50 

is in agreement with the expected α decay of 209Bi to 205Tl based on the mass difference of 51 

these nuclei. However, no further investigations regarding the stable decay-product 205Tl 52 

were performed back then. A direct detection of the decay product 205Tl is very challening, 53 

because BGO is an artificial material and therefore it cannot be expected that the number 54 

of 205Tl atoms generated since the production of the BGO crystal is sufficient to be detected 55 

e.g. by mass spectrometry. 56 

Ambition for the direct proof of the α-decay of 209Bi 57 

However, if (geologically) old Bi containing materials are used, it can be expected that the 58 

number of generated 205Tl atoms is sufficient for detection by ICP-MS. Based on the half 59 

life, in 1 g of Bi during 1 Ma, about 108 atoms of 205Tl are generated, an amount, that is 60 

well accessible to measurements by MC-ICP-MS (multi collector inductively coupled 61 

plasma mass spectrometry). If there are already Tl traces present in the material - what 62 

cannot be excluded - 205Tl from Bi decay will shift the 205Tl/203Tl ratio. Therefore, our 63 

strategy is to proof the α-decay of 209Bi directly by isotopic deviations of the Tl content. 64 

This method has the potential for a high accuracy using old Bi materials. For this goal 65 



Journal of Radioanalytical and Nuclear Chemistry 

 4 

several previous working steps are needed, i) a suitable separation technique and ii) suitable 66 

raw materials, namely geologically old Bi minerals with low Tl content.  67 

A specific separation technique for the system Bi/Tl on ultra-trace level  68 

In 1999, Rehkämper and Halliday published their studies concerning a separation 69 

procedure, based upon the combination of previously developed separation techniques for 70 

the system Pb/Tl, for the purpose of isotope analysis of geological samples by MC-ICP-71 

MS [2]. They used a two-stage anion exchange chromatography to separate trace amounts 72 

of Tl from other elements of the geological matrix. The separation uses the specific redox 73 

behaviour of Tl (see below). This technique has been successfully applied to isotopic 74 

analysis of Tl in Pb minerals [2], e.g. isotopic analyses of Tl in seawater and deposits [3] 75 

as well as in meteorites [4]. The procedure makes use of the distinct redox behavior of Tl: 76 

Tl(III) is not thermodynamically stable in aqueous solutions, but it can be stabilized under 77 

oxidative conditions. For oxidation, a mixture of HBr-HNO3-Br2 (aq) has been used. Under 78 

this conditions, Tl forms an anionic complex [TlBr4]
-, which can be separated from the Bi-79 

species using anion exchange chromatography, while Pb is expected to run through the 80 

column as a cationic species. During the separation, the column has to be rinsed 81 

continuously with the oxidizing agent to keep constant oxidative conditions, otherwise the 82 

Tl(III) complex gets partially reduced to Tl+(aq) which is eluted prematurely. After 83 

successful separation of the Pb content, in a second step, the Tl complex is reduced with 84 

SO2 to Tl+ for elution [2]. The advantage of this method is the introduction of all redox 85 

agents in gaseous form, which can be expected to suppress the introduction as a 86 

contaminant on an ultra trace level. This technique has been successfully applied to ultra-87 

trace analysis of Tl in Pb-minerals and was adapted in this work onto the systen Bi/Tl. First 88 

pre-tests of the Bi/Tl separation chemistry were performed during the diploma thesis of 89 

Beu (2015) [5]. 90 

 91 

Suitable raw materials 92 
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The second step needed for our purpose would be the acquisition of suitable Bi raw 93 

materials, preferably untreated bismuthinites, since these minerals often contain 94 

comparatively less amounts of natural Tl impurities. Although metal sulphides also might 95 

contain Tl traces, the literature lists examples of sulphidic minerals with very low known 96 

Tl concentrations, e.g. pyrite (FeS2; <DL (10 ppb)), sphalerite (ZnS; <50 ppb) and galena 97 

(PbS; <50 ppb) [6 - 7]. This made us confident that it is possible to find also bismuthinites 98 

(Bi2S3) with such low Tl impurities. A high geological age of the samples is nevertheless 99 

essential, otherwise an isotopic shift to 205Tl would not be recognizable. The precise criteria 100 

for the selection of suitable raw materials will be discussed later in the experimental 101 

section. The measurement of the Tl content and the small expected  isotopic shift to 205Tl 102 

is technically possible using MC-ICP-MS. With these results the estimation of the half life 103 

of 209Bi is possibly more accurate than using low numbers of decay-events for a calculation. 104 

Additonally, in the case of success, the development of a geological chronometer for Bi-105 

material would be possible. 106 

Problems to be dealt within this study 107 

 The main goal of this study is the transfer of the separation technique of Rehkämper et al. 108 

on the system Bi/Tl. For proof of principle, the first approaches of the separation technique 109 

were performed using n.c.a. (non carrier added) amounts of 204Tl as radioactive tracer. The 110 

subsequent analysis was performed using liquid scintillation counting (LSC). Further, Bi 111 

minerals in sulphidic form were acquired and first screened for their natural Tl content 112 

using laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS). Finally, 113 

the developed separation technique and individual modifications were performed using 114 

bismuthinite samples with subsequent analysis using ICP-MS. Table 1 and Table 2 in the 115 

supplementary information give an overview about the selected bismuthinite samples, their 116 

Tl contents, their crystal sizes and their corresponding deposits.  117 

Experimental 118 

1. Development of a separation procedure for the system Bi/Tl and proof of principle using 119 

204Tl as a radioactive tracer 120 
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All solutions were prepared freshly at the day of use. Details of the used chemicals are 121 

given in table 1. Br2 water was prepared using 3 mL Br2 and 6 mL water. The oxidative 122 

solution 1 was prepared mixing 9 M HBr, 0.5 M HNO3 and Br2(aq) in the ratio 1:1:0.01. 123 

The reductive solution 2 was prepared bubbling SO2 through 0.1 M HCl. Aqua regia was 124 

prepared mixing 3 parts of 37% HCl with 1 part of 65% HNO3. 125 

Table 1 chemicals used for preparation of the solutions  126 

Water for dilutions Millipore water (18.2 MΩ cm) 

 Br2 ≥99.5% Br2 EMSURE® 

HBr 47% AnalaR NORMAPUR®, VWR® 

HNO3 65% p.a., VWR® 

SO2  Sigma-Aldrich® 

HCl 37% p.a., VWR® 

Liquid Scintillation cocktail Optiphase® Hi-Safe 2 

 127 

A comprehensive flow chart of the chemical separation can be found in Figure 3 of the 128 

supplement. In a 10 mL Savillex® Beaker, 0.5 to 0.8 g of Bi metal or bismuthinite were 129 

dissolved. Metal samples were dissolved in 5 mL 6 M HNO3; bismuthinite samples were 130 

dissolved in 6  mL aqua regia. The samples were evaporated to dryness at 125°C on a 131 

hotplate. The residue was converted into the bromide form using 5 mL HBr (4.5 M) and 132 

evaporated to dryness at 125°C. The remaining residue was dissolved in 5 mL oxidative 133 

solution 1. As a model for ultra-traces of Tl, a n.c.a. 204Tl stock solution was used as a 134 

radioactive tracer. With addition of 0.2 mL 204Tl solution (approximately 3 x 1012 atoms), 135 

the mixture was refluxed for at least 24 h at 125°C and cooled down to room temperature 136 

and stored for at least 1 hour. For this study 9 M HBr, instead of 0.2 M HBr (as in [2] for 137 

the Pb separation) was used as the oxidative agent to avoid the precipitation of BiOBr. 138 

BiOBr may occur as an unsolvable residue in aqueous environment and is only solvable in 139 
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concentrated HBr. Additionally, due to the usage of 9 M HBr instead of 0.2 M HBr, the 140 

recovery rates of 204Tl improved significantly. For column chromatography, a 3 mL PP-141 

pipette was used, prepared with a quartz wool plug. 2 mL wet volume of anionic resin 142 

(DOWEX® 1X8 100-200 mesh) was used as a stationary phase. The column was cleaned 143 

and equilibrated using subsequently 10 mL of reductive solution 2 and 10 mL of oxidative 144 

solution 1. After rinsing and equilibration, the sample was taken up in 6 mL oxidative 145 

solution 1 and given onto the resin. The beaker was washed out three times using 6 mL 146 

oxidative solution 1. When all Tl was washed onto the resin and Bi was eluted, Tl was 147 

eluted in a second step with 10 mL reductive solution 2 until no measurable activity 148 

remained on the resin. The beaker and the resin were checked for remaining radioactive 149 

content using a portable activity counter (S.E.A.® CoMo 170). The obtained fractions were 150 

collected into 15 mL centrifuge PP-vials and transferred into 20 mL PP-LSC vials with 151 

addition of 10 mL scintillation cocktail. The fractions were analyzed using LSC (Beckman 152 

Instuments Inc.® LS 6500 Analyzer). A reference sample of 204Tl was prepared using 153 

0.2 mL 204Tl (aq.) in 10 mL Scintillation cocktail. Additionally, a background reference 154 

was prepared using 10 mL scintillation cocktail. The samples were measured in the “Single 155 

Rack Mode”. When using the single rack mode, the LSC counts every measurable event, 156 

regardless to the radioactive nuclide. The only measurable source of  radiation was 204Tl, 157 

which was verified by the background measurement. Details on the LSC measurements are 158 

given in table 3 of the the supplement. 159 

2. Selection of suitable geological mineral samples 160 

Several bismuthinite crystals have been obtained commercially (see supplement Table 1 161 

and Table 2), in order to test the feasibility of the Bi-Tl isotope system as a geochronometer. 162 

Each bismuthinite sample was screened for its Tl content using LA-ICP-MS (Resonetics® 163 

Resolution M50E 193 nm ArF Excimer Laser). However, this technique can only deliver 164 

a first estimation since each output value corresponds to an individual laser-spot on the 165 

surface of the sample, with cylindric volume of approximately 314. mm3 (50 μm radius 166 

and approx. 30-40 μm depth). To account for inhomogenities, each sample was measured 167 

10 times. Following the procedure outlined in Longerich et al. (1996), the count rates of 168 



Journal of Radioanalytical and Nuclear Chemistry 

 8 

203Tl and 205Tl were normalized to those of an internal standard, which was either 209Bi for 169 

Bi2S3 or 33S for samples that had pyrite [8].  170 

3. First application of the separation technique to bismuthinite samples and subsequent 171 

trace analysis 172 

0.498 g bismuthinite from Karaganda/Kazakhstan and 0.477 g bismuthinite from 173 

Tazna/Bolivia were dissolved in 6 mL aqua regia and refluxed for 24 h at 125°C in a 174 

Savillex® beaker. Aqua regia was used for these approaches to ensure a complete 175 

dissolution of the bismuthinite and its matrix elements. After evaporation to dryness, the 176 

remaining solid was dissolved in 6 mL HBr (4.5 M) and evaporated to dryness. From this 177 

point, the separation procedure was followed as described above (see flow chart in Figure 178 

1 of the supplement). The obtained Tl fractions were further processed for ICP-MS 179 

measurements strictly following the procedure as given in [2]. The samples were stored at 180 

6C. Immediately before the ICP-MS measurement, the samples were evaporated until 181 

only a small drop remained which was taken up in 6 mL HNO3 (0.4 M). The samples were 182 

investigated for their Tl content using ICP-MS (Thermo Fisher® X-Series II). Each sample 183 

was measured at different dilution factors to prove consistency of the measurements. The 184 

calibration was performed using a prepared reference sample of 1 ppm Tl (dilution factor 185 

100). Details on these measurements are given in table 4 of the the supplement. To check 186 

the accuracy of the calibration, the certified TMDA-51.4 reference material with a Tl 187 

concentration of 20.4 ± 1.7 μg/L was measured. Additionally, blanks of the used acids and 188 

H2O samples were investigated for any Tl contamination, yielding evidence that Tl 189 

impurities were in all cases below the detection limit of the ICP-MS device. The detection 190 

limit for Tl of the Thermo Fisher® X-Series II was determined according to DIN32645: 191 

LOD=0.006 μg/L; LOQ=0.010 μg/L.  192 

 193 

Results and Discussion 194 
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1. Development of a separation procedure for the system Bi/Tl and proof of principle using 195 

204Tl as a radioactive tracer 196 

Our results show, that the procedure of Rehkämper could be successfully adapted for the 197 

separation of Tl from Bi. The chromatography, averaged over 8 different separations is 198 

given in Fig.1. Additionally.the values are given in the supplementary information (Table 199 

3) in counts per minute (CPM) with the corresponding recovery rates rr ([%]). The values 200 

of the 204Tl reference samples (Tlref) for the different approaches are listed there as well. 201 

 202 

Fig. 1 Plotted Averages of the obtained fractions (each 8 mL) of the LSC approaches, 203 

averaged over 9 separations (see supplementary information).  204 

The uncertainties are calculated from the count rates (2σ). The recovery rates in the 205 

experiment ranged from 76-96% (average 92%), and the main 204Tl activity was found in 206 

fraction 8 with two exceptions where the main activities were found in fractions 7 and 9, 207 

respectively. These differences are probably due to differences in the column packing, but 208 

the results show that the method is robust if all three fractions 7-9 are collected as Tl 209 

fraction.  210 

2. Selection of suitable geological mineral samples 211 
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The suitability of sample minerals depends on their individual Tl content compared to their 212 

geological age to maximize the expected radiogenic excess ε205Tl. The radiogenic excess 213 

is commonly given as ε within the geological context, with ε=1 referring to an enhancement 214 

of the isotopic ratio of 1/10000 with respect to the natural composition. The isotopic shift 215 

to 205Tl due to α-decay expected of 209Bi would only be recognizable using samples of a 216 

high geological age and low impurities of natural Tl. The radiogenic excess of 205Tl can be 217 

calculated using the common formula (1): 218 

𝜀205𝑇𝑙 =
𝑅𝑑𝑒𝑐−𝑅𝑛𝑎𝑡

𝑅𝑛𝑎𝑡
∗ 104           (1) 219 

 220 

209Bi decay leads to 205Tl. If the material contains already primordial traces of Tl, which 221 

cannot be excluded, the Tl isotopic ratio is shifted from the natural ratio Rnat 222 

𝑅𝑛𝑎𝑡 =
𝑇205 𝑙(𝑜)

𝑇203 𝑙(𝑜)
               (2) 223 

to higher values Rdec 224 

𝑅𝑑𝑒𝑐 =
𝑇205 𝑙(𝑜)+ 𝑇205 𝑙(𝑟𝑎𝑑)

𝑇203 𝑙(𝑜)
            (3) 225 

Rdec and Rnat refer to the calculated and the natural isotopic ratio of Tl in context to the 226 

geological sample age. 203Tl(o) and 205Tl(o) refer to the original isotope composition of Tl. 227 

205Tl(rad) refers to the estimated radiogenic excess of the isotope 205Tl. For the preselection, 228 

the geological age of the bismuthinite samples is essential. To maximize the expected 229 

radiogenic excess, the samples should be as old as possible and to confirm Tl traces as low 230 

as possible. For any primordial trace Tl contents, an expected ε can be calculated depending 231 

on the age, as illustrated in Fig.2. The radiogenic excess depends on both primordial Tl 232 

concentration and age. For example a sample with a primordial Tl concentration of 100 233 

ppb will show an excess of ε=1 after ~ 200 Ma or ε=5 after ~1000 Ma.  While ε=0.5 is 234 

measurable with MC-ICP-MS, the natural variation of ε due to fractionation/mineralization 235 

process is in the range of ε=-2.12±1.73 up to ε=11.7±1.3 [2]. Hence for an unbiased 236 
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determination of the radiogenic excess, ε>5 is desirable. Even without discussing 237 

geological context, deviations with >15 will be highly significant for quantification of Bi 238 

-decay. Taking geological context into account, also samples with >5 are estimated to 239 

be sufficient. 240 

 241 

 242 

Fig. 2 Calculated radiogenic excess ε205Tl. The green area represents the desirable 243 

measuring range. 244 

The results of the LA-ICP-MS- analysis are shown in Fig. 3. Because pyrite occurred as 245 

small intergrowths of FeS2 and Bi2S3, the signal obtained during LA-ICP-MS analysis of 246 

these volumes was representative of a mixture of the Tl content of both phases, which made 247 

it challenging to use the right internal standard and evaluate the data. 248 
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 249 

Fig. 3 Values of the Tl content and the corresponding geological sample age. 250 

In Fig.4 the measured Tl concentrations of the samples are plotted against the deposit age 251 

to illustrate under which conditions an isotopic analysis of the Tl content for 209Bi α-decay 252 

determination is promising.  253 
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Fig. 4 Averages of the Tl content and the estimated radiogenic excess ε205Tl in 255 

bismuthinite samples. The green area represents the desirable measuring range. 256 

All samples contain a significant Tl content. Noticeable is the minor scattering of the values 257 

of the Tazna- and the Karaganda sample as well as the minor Tl content of the Tazna 258 

sample. These are ideal features for an isotopic analysis; therefore, these 2 samples were 259 

chosen for digestion and a more precise determination of the bulk Tl content (see below). 260 

Unfortunately, the geological sample age of the Tazna sample is not in the significant range 261 

to identify an isotopic shift due to the α-decay of 209Bi. It is notable that, with the exception 262 

of the Kirchberg sample, all bismuthinite samples consist of grown crystals ≥1 cm and 263 

contain lower amounts of Tl (Tazna: 0.021 ppm; Sorata: 0.022 ppm; Pechtelsgrün: 0.027 264 

ppm). For the samples from Kirchberg, Karaganda and Tazna, the calculated radiogenic 265 

excess of 205Tl is below significance and probably below the measuring scope of MC-ICP-266 

MS (ε205Tl<1). The radiogenic excess of Sorata, Pechtelsgrün and Manitoba is about 267 

1<ε205Tl<5. For these samples, an estimated isotopic excess of 205Tl is in range of 268 

attribution to a radiogenic origin and is placed within the scope of a geological evaluation. 269 

The Manitoba sample is interesting regarding its geological deposit age. Unfortunately, 270 

this sample has insufficient material for an isotopic analysis. Therefore, only the general 271 

Tl content was investigated with LA-ICP-MS to determine whether bismuthinite samples 272 

from this region are suitable candidates for an isotopic analysis. As it is shown in Fig. 2, 273 

for a precise attribution of ε205Tl to a radiogenic origin, geological sample ages of >8 x 108 274 

years with Tl contents <20 ppb would be optimal (ε205Tl=15). To conclude, bismuthinites 275 

of a sufficient geological age were found, which are not as homogenous as they need to be 276 

for an isotopic analysis. For all samples, the radiogenic excess is probably just minor and 277 

thus insufficient for an estimation of the half-life of 209Bi. For Pechtelsgrün and Sorata, the 278 

results show some single values with ε>5, but the samples seem to be inhomogeneous. This 279 

corresponds to the enlarged scattering of the Tl concentration values of these samples, since 280 

other samples seem to be more homogeneous. The samples with minor scattering values of 281 

the Tl content contain of enlarged crystals. Especially the Tazna sample shows low Tl 282 

content. The Tazna sample would be an ideal candidate for a half-life estimation of 209Bi 283 

if it would be older. The Manitoba sample would be suitable with a low content of Tl and 284 

sufficient sample material. We are confident that there are suitable Tl samples, which both 285 
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contain a requisite low Tl content and show a significant sample age. The samples in our 286 

collection are not suitable for an isotope analysis. For the final test of the separation 287 

procedure, the Tazna and Karaganda samples were chosen, since the scattering of the Tl 288 

concentrations of the Tazna- and Karaganda sample was just minor so these samples were 289 

considered homogeneous. Although the Manitoba sample could in principle also be a 290 

promising candidate, it was not included because it was estimated that the total amount of 291 

bismuthinite in this sample was insufficient for an isotopic measurement. In contrast to the 292 

laser ablation procedure, the separation technique delivers bulk-concentrations for Tl. 293 

Therefore, the separation procedure shall verify the results of the LA-ICP-MS analysis and 294 

will be a final test for the chemistry. 295 

3. First application of the separation technique to bismuthinite samples and subsequent 296 

trace analysis 297 

The LA-ICP-MS technique described above is limited by the fact, that only several local 298 

spots in a specific area on the crystal surface can be investigated for pre-testing. But the 299 

distribution of the Tl content within the crystal is not necessarily homogenous. A complete 300 

digestion of the crystals and subsequent separation and ICP-MS-investigation was 301 

performed to clearify the pre-test results, to demonstrate the investigation of the integral Tl 302 

content. This would be an important prerequisite regarding the investigation of an isotopic 303 

shift to 205Tl.  304 

The isotopic ratio was calculated for the investigated bismuthinite samples (Tazna and 305 

Karaganda) as described before (see formula 1). The deviations between pre-testing with 306 

LA-ICP-MS and the ICP-MS analysis performed on the digested samples are shown in the 307 

following illustrations (Fig.5 and Fig.6). 308 
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 309 

Fig. 5 Radiogenic excess ε205Tl of the Tazna sample. Comparison of the LA-ICP-MS 310 

results (black) with the ICP-MS result (green). 311 
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 312 

Fig. 6 Radiogenic excess ε205Tl of the Karaganda sample. Comparison of the LA-ICP-MS 313 

results (black) with the ICP-MS result (green). 314 

While the Tl content of the Tazna sample is slightly higher than estimated on base of the 315 

LA-ICP-MS measurements, it is significantly lower in the Karaganda sample. This is a hint 316 

that the previously measured Tl might mainly be found at the sample surface. However, in 317 

both cases, the Tl content is unfortunately beyond the desired radiogenic range. However, 318 

in general, bismuthinites with a significant low natural Tl content are available, e.g. from 319 

Vickeroy mine (Zimbabwe), with a geological age of 2.7 x 109 and a Tl content in range 320 

of 100 ppt [9]. So although it was not possible in this study to quantify Bi -decay, we are 321 

confident that suitable geological samples can be found.  322 

Conclusions 323 

In this study, an established separation procedure for the system Pb/Tl by Rehkämper et al. 324 

was modified and successfully adapted on the system Bi/Tl. Ultra-traces of Tl were 325 
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successfully simulated using n.c.a. amounts of 204Tl and analyzed using LSC. The 326 

procedure was verified by an application to geological samples. Generally, the usage of 327 

gaseous components as redox reagents was very successful in avoiding contamination with 328 

Tl which was never observed during the study. The method provides a robust separation, 329 

reproducibility, high recovery rates and delivers bulk concentrations of Tl. The separation 330 

technique was successfully applied for the ultra-trace analysis of Tl in bismuthinites using 331 

ICP-MS for analysis. It was yet not possible to obtain specific material, which fulfills 332 

simultaneously both needed criteria for an isotopic analysis (old geological age as well as 333 

low Tl content). However, samples meeting these criteria separately have been identified. 334 

In consequence, although it was yet not possible in this study to quantify Bi -decay, we 335 

are confident that suitable geological samples can be found. 336 
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Supplementary information 374 

1. General remarks 375 

Attention must be paid preparing the column with a quartz wool plug. The plug should 376 

only keep back the resin. An excessively high density or thickness of the plug may hold 377 

back resulting gases as well, especially Br2 in the oxidative rinse. This leads to gas 378 

inclusions in the resin bed, which should be avoided. Another cause for this effect is a poor 379 

equilibration of the resin. The formation of Br2 can’t be avoided, which results from the 380 

decay of concentrated HBr, especially whilst heating the sample solution. The flow of the 381 

column is usually given with 10-12 drops/min. This value may differ, due to the thickness 382 

of the quartz wool plug or the addition of the sample solution with gaseous contents. 383 
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2. List of obtained bismuthinite samples 1 

Table 1 Origin, Tl content and deposit age of the purchased bismuthinite samples. 2 

Origin deposit age [Ma] crystal size [mm] 

Bolivia, Tazna 16.4 [7] 8 x 4 x 40 

Germany, Kirchberg 322 [8] <0.5 x 0.5 x 0.5 

Germany, Pechtelsgrün 287 [8] 4 x 4 x 7 

Bolivia, Sorata 180 [7] 3 x 5 x 7 

Kazakhstan, Karaganda 314 [9] 8 x 8 x 50 

Canada, Manitoba 2630 [10] 2 x 2 x 8 

3 
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Table 2 Bismuthinite collection with origin data, Tl concentration determined by LA-ICP-MA, deposit age and crystal size. The 1 

fulfillment of the relevant criteria (homogenous, low Tl content, geological age) is marked with  „x”. 2 

  3 

Sample # Bismuthinite Origin Tl [ppm] Deposit age [Ma] Crystal size [mm] homogenous less amounts of Tl geological age

1 Bolivia, Tazna 0,021 16,4 
[10] 8 x 4 x 40 x x

2 Germany, Kirchberg 11,933 322 
[11] <0.5 x 0.5 x 0.5

3 Germany, Pechtelsgrün 0,027 287 
[11] 4 x 4 x 7 x x

4 Bolivia, Sorata 0,022 180 
[10] 3 x 5 x 7 x x

5 Kazakhstan, Karaganda 0,405 314 
[12] 8 x 8 x 50 x

6 Canada, Manitoba 0,211 2631 
[13] 2 x 2 x 8 x
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3. Measurement data 1 

Table 3 Measurement of the 204Tl fractions using LSC. The values are given in counts per minute (cpm) . The values are given with 2 

substracted background. 3 

Run 

Number 

Tl 

reference 

(cpm) 

Fractions (cpm) Recovery 

rate 

rr [%] 
1 

 

2 

 

3 4 5 6 7  

(Tl-1) 

8 

(Tl-2) 

9  

(Tl-3) 

10 

(Tl-4) 

1 259537 0 171 0 0 0 0 38013 204254 16078 631 99.85 

2 269721 0 0 0 0 0 0 65 251000 223 9 93.17 

3 299945 0 0 0 0 0 0 32371 237758 3066 575 91.27 

4 271511 0 0 0 0 0 0 79135 126648 579 365 76.13 

5 266487 0 0 0 0 0 0 0 232154 2860 122 88.23 

6 275101 0 0 0 0 0 0 163459 63005 278 4 82.42 

7 301902 0 0 0 0 0 0 871 236590 54144 1708 97.15 

8 301160 0 0 0 0 0 0 0 97005 181221 12394 96.50 

 4 
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 1 

Table 4 Measurement data using ICP-MS.  2 

Sample description Dilution 

factor 

Tl [μg/L] 

measured 

Tl [μg/L] 

undiluted 

average Tl [μg/L] 

undiluted 

Tl [μg/L] corrected to 

reference 

average Tl [μg/L] 

corrected to 

reference 

H2O Blank 1 1 0.00 0  0  

H2O Blank 2 1 0.00 0  0  

Tl ref 1.0 ppm 100 9.43 943    

2% HNO3 blank 1 0.00 0  0  

HCl (0.1 M) blank 2 0.00 0  0  

Tl sample Tazna 10 5.44 54.5 54.7 51.3 51.6 

Tl sample Tazna 100 0.55 55.0 51.9 

Tl sample Karaganda 50 7.93 397 399.3 374 376.5 

Tl sample Karaganda 100 4.02 402 379 

 3 
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Fig. 1 Flow chart for the chemical separation procedure of bismuthinite samples. 1 

 2 

evaporation
hotplate, 125 C

dissolution of the sample 
0.5 to 0.8 g sample + 6 mL aqua regia, 

hotplate, 125 C, reflux, 24 h

conversion into bromide
+ 6 mL HBr (4.5 M) 

evaporation
hotplate, 125 C

dissolution
+ 6 mL HBr (9 M)-HNO3 (0.5 M)-

1%Br2(aq.), hotplate, 125 C, reflux, 
24 h

Bi fraction
+ 16-20 mL HBr (9 M)-HNO3 (0.5 M)-

1%Br2(aq.), elution of BiO+

Tl fraction
+ 70 mL HCl (0.1 M)/SO2, conversion 

to Tl+ and elution

column preparation
2 mL DOWEX 1X8 100-200 mesh, 

cleanup and equilibration:

+ 10 mL HCl (0.1 M)/SO2 

+ 10-20 mL HBr (9 M)-HNO3 (0.5 M)-
1%Br2(aq.)

column feeding
+ sample in 6 mL HBr (9 M)-HNO3

(0.5 M)-1%Br2(aq.)


